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Highlights

What is the main finding?

e  Cellulase immobilised on amine-functionalised magnetic nanoparticles achieved an
immobilisation efficiency of 80.1 & 0.6% and generated approximately 88-91% of the
glucose produced by free cellulase during the seven-hour hydrolysis of pretreated
hemp hurds.

What is the implication of the main finding?

e  The magnetically recoverable cellulase retained approximately 64% of its initial hy-
drolytic performance after five reuse cycles, demonstrating its potential as a recover-
able and reusable biocatalyst for lignocellulosic biomass conversion and sustainable
biorefinery applications.

Abstract

The enzymatic conversion of lignocellulosic biomass (LB) into fermentable sugars is im-
portant for the development of sustainable biorefineries. This study investigated the
immobilisation of Trichoderma reesei (T. reesei) cellulase on amine-functionalised magnetic
nanoparticles (MNPs) and evaluated the resulting biocatalyst for the hydrolysis of pre-
treated hemp hurd (HH) biomass. Fourier transform infrared spectroscopy (FTIR) and
scanning electron microscopy (SEM) provided evidence consistent with cellulase associa-
tion with the nanoparticles, with the estimated dry-state particle diameter increasing from
22.4 £ 0.4 to 27.8 £ 0.3 nm after immobilisation. The selected immobilised catalyst loading
produced approximately 89% of the total filter-paper assay response obtained with the
selected free-enzyme loading, although this comparison was not normalised to protein
content. During 7 h hydrolysis experiments, glucose production increased progressively for
both enzyme forms. Across the tested enzyme dilutions, immobilised cellulase generated
approximately 88-91% of the glucose produced by free cellulase. The immobilised enzyme
also retained approximately 64% of its initial hydrolysis performance after five reuse cycles.
These findings demonstrate the potential of magnetic cellulase nanobiocatalysts for recov-
erable and reusable hydrolysis of lignocellulosic biomass. However, further studies are
required to determine protein-normalised activity, immobilisation efficiency, longer-term
stability, process economics and industrial scalability.
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1. Introduction

The increasing demand for sustainable alternatives to fossil-derived resources has
intensified interest in lignocellulosic biomass as a renewable feedstock for the production
of biofuels, biochemicals, biomaterials and other value-added products [1]. Within the
transition towards a circular bioeconomy, agricultural residues and industrial biomass
by-products are increasingly being investigated as low-cost renewable feedstocks for waste-
valorisation processes [2]. Industrial hemp (Cannabis sativa L.) is particularly attractive
because of its rapid growth, high biomass productivity, relatively low agricultural input
requirements and capacity to sequester carbon during cultivation [3].

Industrial hemp processing generates substantial quantities of HHs, the lignocellulosic
inner core of the hemp stem. HHs constitute approximately 70-80% of the stem and
typically contain 40-48% cellulose, 18-24% hemicellulose and 21-24% lignin [4]. Their
substantial carbohydrate content makes them a potential renewable carbon source for
biochemical conversion. The cellulose fraction can be hydrolysed into glucose, while
hemicellulose provides additional carbohydrates that may support downstream microbial
bioconversion processes [5]. HHs therefore represent a promising feedstock for integrated
biorefinery applications.

The conversion of lignocellulosic biomass into fermentable carbohydrates generally
involves feedstock preparation, pretreatment, enzymatic hydrolysis and fermentation [6,7].
Enzymatic hydrolysis is a critical stage because cellulolytic enzymes convert cellulose into
glucose and soluble cello-oligosaccharides that can serve as carbon sources for microbial
production systems [8]. However, cellulose is embedded within a structurally complex
matrix of lignin and hemicellulose, which restricts enzyme accessibility and contributes to
biomass recalcitrance [9]. Effective pretreatment is therefore required to disrupt the lignin-
carbohydrate matrix and increase the accessibility of cellulose to cellulolytic enzymes [10].

Previous investigations of South African-grown HH demonstrated that the biomass
contained a substantial polysaccharide fraction but exhibited a compact and relatively
non-porous structure that could restrict enzyme penetration [11]. Subsequent evaluation of
organosolvent, oxidative—alkaline and ultrasound-assisted alkaline pretreatments showed
that ultrasound-assisted sodium hydroxide treatment produced the greatest structural
disruption and retained a substantial proportion of the biomass polysaccharides [12]. FTIR
and SEM analyses indicated reductions in lignin- and hemicellulose-associated features
together with increased fibre disruption and surface accessibility. Based on these findings,
ultrasound-assisted sodium hydroxide-pretreated HHs were selected as the substrate for
the present enzymatic hydrolysis study.

Efficient cellulose hydrolysis generally requires the synergistic action of endoglu-
canases, exoglucanases or cellobiohydrolases, and 3-glucosidases [13,14]. Trichoderma reesei
is widely used as an industrial source of cellulolytic enzymes because of its capacity to
secrete highly active cellulase preparations [15]. Nevertheless, the use of free cellulase may
be constrained by limited enzyme recovery and reuse, non-productive interactions with
residual biomass components, product inhibition and the cost associated with repeated
enzyme addition [16-18].

Enzyme immobilisation has been investigated as a strategy for improving catalyst
recovery, reuse and operational stability [19,20]. Magnetic nanoparticles are particularly
suitable as immobilisation supports because of their high surface-area-to-volume ratio,
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modifiable surface chemistry and responsiveness to an external magnetic field. These
properties facilitate enzyme association with the support and enable rapid magnetic sepa-
ration of the recovered catalyst from the reaction medium [21,22]. However, the catalytic
performance of an immobilised preparation depends on several factors, including the sup-
port material, immobilisation chemistry, enzyme orientation, surface loading, aggregation
behaviour and accessibility of the enzyme active sites.

Magnetic nanoparticle-associated cellulase has previously been investigated for the hy-
drolysis of different lignocellulosic substrates, including hemp-derived biomass. However,
limited information is available on its short-term hydrolytic performance and reusability
when applied to ultrasound-assisted sodium hydroxide-pretreated HH within a sequential
valorisation pathway. The contribution of the present study therefore lies in integrating a
previously optimised hemp hurd pretreatment process with a direct comparison of free
and magnetically recoverable cellulase preparations under identical hydrolysis conditions.

The objective of this study was to prepare cellulase-associated amine-functionalised
magnetic nanoparticles and evaluate their application in the enzymatic hydrolysis of
pretreated HH. Specifically, the study determined protein loading and immobilisation effi-
ciency, characterised cellulase association with the nanoparticle preparation, compared the
filter-paper activity and glucose-producing performance of free and immobilised cellulase,
calculated glucose yield and glucose-based glucan conversion, and evaluated recovery and
reuse of the immobilised preparation over five consecutive hydrolysis cycles.

This study forms the third stage of a broader hemp hurd valorisation pathway com-
prising feedstock characterisation, pretreatment optimisation and enzymatic conversion.
The glucose-containing hydrolysates generated during this stage may subsequently be
evaluated as intermediate carbon streams for microbial bioconversion. Future work will
investigate the integration of cellulolytic and polyhydroxyalkanoate biosynthetic path-
ways for consolidated bioprocessing and PHA /PHB production. Figure 1 summarises the
progression of this broader research pathway.
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Feedstock Characterisation Pretreatment Optimisation Enzymatic Saccharification
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‘ AN ivity Retention
(carbohydrate content) o Crl increased to 65.8% ] W
s * 64% Activity after

- Enhanced cellulose
o Crl = 40.2% g e o 5 Cycles

accessibility

Status: Published Status: Current Study

l SACCHARIFICATION OUTPUT
Glucose-Rich Hydrolysate
(Fermentable Sugars)
STAGE 4 STAGE 5
In Silico Strain Engineering and Pathway Integration Experimental Validation

FINAL PRODUCT

Genetic modification and combination (U Experimental validation of the
0;0\6 :’::’"’M from existing strains to = B engineered strain for simultaneous e ' ‘
o Iop a single microorganism capable TP featn PHA / PHB
o’ || of both enzyme hydrolysis (celluose ’ 0 ©  siopuastics
= — | aVy

degradation) and fermentation for to produce PHA/PHB bioplastics in

- - PHA/PHB bioplastic production @E50 2 consoldated bioprocess.
Status: Future Work Status: Future Work
BB Pubviished Work B curent Study B Future Work

Figure 1. Process development pathway for the valorisation of HH towards PHA /PHB bioplastic
production. Published studies established the physicochemical characteristics of HH and identified
ultrasound-assisted NaOH pretreatment as the preferred strategy for improving cellulose accessibility.
The current study investigates enzymatic hydrolysis using immobilised cellulase to produce a glucose-
containing hydrolysate. Future work will focus on in silico strain engineering and pathway integration
to develop a consolidated bioprocessing system capable of simultaneous cellulose degradation and
fermentation for direct bioplastic production, followed by experimental validation of the engineered strain.
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2. Materials and Methods
2.1. Preparation of Pretreated HH

The pretreated HH served as the substrate for all hydrolysis experiments. The HHs
were sourced from a mixed cultivation of ARC-CAN-01 and ARC-CAN-03 cultivars in an
approximately 50:50 ratio, during trial studies at Cedara, in collaboration with the Agricul-
tural Research Council and the Department of Agriculture, Pietermaritzburg. Chemicals
and reagents used were of analytical grade. The HHs were separated from the hemp stalk
via manual decortication, ground and sieved through a 1 mm mesh, and particles passing
through the sieve (<1 mm) were collected for all experiments. This process increased
the surface area and ensured sample homogeneity. Five grams of HH was submerged
in 50 mL of 2% (w/v) sodium hydroxide (NaOH) solution and subjected to ultrasound
treatment using a Qsonica Q700 probe sonicator (maximum rated power 700 W, Qsonica,
LLC, Newtown, CT, USA) equipped with a 12.7 mm titanium probe, operated at 60%
amplitude for 30 min at 50 °C. The ultrasound-assisted NaOH treatment disrupted the
biomass structure and improved cellulose accessibility. The final product was stored in an
airtight container to prevent moisture uptake before use.

2.2. Activation and Immobilisation of Cellulase on Amine-Functionalised Magnetic Nanoparticles

Immobilisation of cellulase was conducted using amine-functionalised iron oxide
nanoparticles (20 nm, 5 mg/mL). Although the magnetic nanoparticles were supplied with
surface amine functionalities, Sulfo-SMCC was used as a heterobifunctional crosslinker
to introduce maleimide groups onto the nanoparticle surface. These maleimide groups
were intended to react with accessible sulfhydryl groups on the cellulase preparation,
where such groups were present and sterically available under the conjugation conditions.
The number of accessible thiol groups in the commercial cellulase preparation was not
quantified before conjugation. Therefore, maleimide-thiol coupling is presented as the
intended reaction pathway rather than as a quantitatively verified binding mechanism. A
0.25 mL aliquot of the nanoparticle suspension was combined with 0.25 mL of coupling
buffer and activated by adding 0.038 mL of Sulfo-SMCC solution (10 mg/mL in DMSO).
The mixture was incubated for 1 h at room temperature with continuous mixing to promote
amide bond formation between NHS esters and surface amines. The activated nanoparticles
were purified using a NAP-10 desalting column equilibrated with coupling buffer, and
the eluted fraction (1.5 mL) was immediately mixed with 0.25 mL of the commercial
cellulase preparation. The conjugation procedure was based on the potential reaction
between nanoparticle-bound maleimide groups and accessible sulfhydryl groups within
the cellulase preparation; however, the concentration of these groups was not independently
determined. The conjugation reaction was allowed to proceed for 4 h at room temperature
with gentle agitation. The reaction was quenched by adding 0.05 mL of quenching buffer
and incubating for 30 min. Conjugated nanoparticles were purified using a SuperMag
Multitube Separator (Ocean NanoTech, LLC, San Diego, CA, USA) for 8-12 h with repeated
washing in storage buffer to remove unbound enzyme. The final immobilised cellulase
preparation was stored at 4 °C until use.

Following conjugation, the particles were magnetically separated and washed re-
peatedly to remove loosely associated enzyme. These washing steps reduced the pres-
ence of unbound protein but could not distinguish covalently attached enzyme from
protein retained through strong physical adsorption, electrostatic interactions or other non-
covalent forces.
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2.3. Determination of Protein Loading and Immobilisation Efficiency

Protein concentration was determined using a matrix-matched Bradford assay with
bovine serum albumin as the calibration standard. Protein measurements were performed
for the initial cellulase solution introduced into the immobilisation reaction, the post-
conjugation supernatant and the combined wash fractions. Samples containing nanoparti-
cles were magnetically clarified before absorbance measurement to minimise interfer-
ence from suspended particles. Appropriate buffer, reagent and nanoparticle blanks
were included.

Three independent immobilisation preparations were analysed. The mass of protein
associated with the recovered MNP preparation was calculated by protein mass balance
(Equation (1)):

Miassociated = Minitial — Msupernatant — Myvash 1)

Immobilisation efficiency was calculated using Equation (2) as follows:
Immobilisation efficiency % = (Massociated / Minitial) % 100 )

Protein loading was calculated relative to the mass of MNPs used according to
Equation (3):
Protein loading (mg-gil) = Massociated (Mg)/Mmnp (8) ®3)

Results are reported as mean =+ standard deviation from three independently prepared
immobilisation batches.

2.4. FTIR Characterisation of Cellulase Association with MNPs

Fourier transform infrared (FTIR) spectra of free cellulase, nanoparticles, and cellulase—
nanoparticle conjugates were collected using a Shimadzu IRSpirit FTIR equipped with an
attenuated total reflectance (ATR) accessory. Spectra were recorded over 4000400 cm ™! at

4 cm~!

resolution with 32 scans per sample.
The appearance of the Amide I and Amide II bands in the cellulase-associated MNP
spectrum was interpreted as qualitative evidence consistent with protein association with

the nanoparticle preparation.

2.5. Surface Morphology Using SEM

The surface morphology and dry-state particle size of the amine-functionalised MNP
were examined before and after cellulase immobilisation using a scanning electron micro-
scope (JEOL Ltd., Akishima, Japan). The dried nanoparticle samples were mounted on
aluminium stubs using conductive carbon tape and prepared for SEM imaging. The sam-
ples were examined at accelerating voltages of 10 kV. One representative SEM micrograph
was obtained for each preparation.

Indicative dry-state particle diameters were estimated from the SEM micrographs
using Image] software (National Institutes of Health, Bethesda, MD, USA; Fiji/Image]
version 1.54). Each image was calibrated using its corresponding scale bar, and the diame-
ters of clearly distinguishable particle features within the field of view were measured. A
total of n = 10 particle features were measured for each preparation. Large agglomerates
and features with poorly defined boundaries were excluded from the primary-particle
diameter estimation but were considered qualitatively when assessing particle aggregation.
The mean dry-state particle diameter and standard deviation were calculated from the
individual measurements within each micrograph. Because only one microscopic field was
analysed for each preparation, the reported standard deviations represent within-image
particle-size variation rather than variability among independently prepared samples or
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multiple fields of view. The values should therefore be regarded as indicative image-based
dry-state estimates and not as comprehensive particle-size distributions.

2.6. Determination of Enzyme Activity

The activity of free and immobilised cellulase was determined using the filter-paper
unit (FPU) assay described by Ghose. Whatman No. 1 filter-paper strips (50 mg) served
as the cellulose substrate. After incubation under standard assay conditions for 30 min,
released reducing sugars were quantified using the dinitrosalicylic acid (DNS) assay, with
glucose as the standard reference, measuring absorbance at 540 nm. Enzyme activity
(FPU/mL) was calculated according to Ghose’s equation, and relative activity was de-
termined by comparing immobilised and free cellulase activities. Enzyme activity was
expressed as FPU mL~! based on the amount of enzyme required to release 2 mg of reduc-
ing sugar from Whatman No. 1 filter paper. The cellulase activity was calculated using
the modified filter-paper activity assay based on the Ghose procedure. The dilution that
released approximately 2 mg of glucose from 50 mg Whatman No. 1 filter paper after
30 min was used to calculate cellulase activity. Under the assay conditions employed,
the free cellulase preparation exhibited an activity of 0.37 U, while immobilised cellulase
exhibited an activity of 0.33 U. Relative activity was calculated using Equation (4):

Relative Filter Paper Assay response (%) = Armmobilised / Afree X 100 4)

The Ghose assay measures cellulolytic activity using pure cellulose (Whatman No. 1
filter paper), but it does not capture the structural complexity of LB such as HH. Nonetheless,
the assay provides a reliable baseline for comparing free and immobilised enzymatic systems.

2.7. Enzymatic Hydrolysis

Enzymatic hydrolysis experiments were conducted in batch mode using pretreated
HHs at fixed substrate loading, temperature and pH. Hydrolysis reactions were performed
in 50 mM citrate buffer (pH 4.8) with 400 mg of pretreated hurds (2% w/v) in a total volume
of 20 mL. Free or immobilised cellulase was added at enzyme loadings corresponding to
Ghose assay dilution factors of 2.5, 5, 10, 15 and 20. Reactions were incubated at 50 °C
and 150 rpm for 7 h. Samples were withdrawn at hourly intervals, immediately heated to
100 °C for 5 min to deactivate enzymes, centrifuged and stored at 4 °C prior to glucose
analysis. Hydrolysis was performed at pH 4.8 and 50 °C, conditions commonly reported as
optimal for cellulase preparations derived from T. reesei [23].

The apparent average glucose release rates were calculated for descriptive comparison
of the free and immobilised cellulase preparations. The experiments were not designed for
determination of Michaelis—-Menten kinetic parameters because initial reaction rates were
not measured over a range of substrate concentrations. Consequently, K;;, Vmax and keat
were not calculated.

2.8. Glucose Quantification

Glucose released during hydrolysis was quantified by HPLC using an Aminex HPX-
87H column with 5 mM H,SO, as the mobile phase at 0.6 mL/min and 60 °C. Detection
was performed using a refractive index detector and an injection volume of 10 pL. Glucose
concentrations were calculated using external calibration with analytical standards.

2.8.1. Glucose Concentration

Glucose concentration was obtained directly from the HPLC calibration curve using
Equation (5):
Glucose concentration (g/L) = (A — b)/m (5)
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where A is peak area, m is the calibration slope and b is the intercept of the glucose
calibration curve.

2.8.2. Glucose Yield in Equation (6)

Glucose yield (g/g LB) = Glucose produced (g)/Initial dry LB (g) (6)

2.8.3. Glucan Conversion and Partial Biomass-to-Glucose Mass Balance

The glucan content of the pretreated HH was determined from three independent
compositional analyses and expressed as a percentage of dry biomass. The measured
glucan content was 42.6%.

The initial glucan mass in each hydrolysis reaction was calculated using Equation (7)
as follows:

Mglucan = Mbiomass X f glucan 7)

where Mpjomass is the initial dry mass of pretreated HH and fg)ycan is the experimentally
determined glucan fraction.

Glucose mass was calculated from the measured glucose concentration and the hy-
drolysis reaction volume using Equation (8):

Mglucose = Cglucose xV 8)

Glucose yield relative to the initial dry biomass was calculated using Equation (9)
as follows:
Glucose yield (g/g) = Mglucose /Mbiomass )

Glucan conversion was calculated by applying an anhydro correction factor of 0.90 to
convert measured glucose mass to its equivalent glucan mass using Equation (10):

Glucan conversion (%) = (Mglucose % 0.90)/Mgiycan % 100 (10)

The calculation represents conversion of the initial glucan fraction to quantified glucose
during the seven-hour hydrolysis period. Because other soluble sugars, residual insoluble
carbohydrates and processing losses were not quantified, the calculation constitutes a
partial biomass-to-glucose mass balance rather than a complete carbohydrate mass balance.

2.8.4. Apparent Average Glucose Release Rate

The apparent average glucose release rate was calculated by dividing the glucose
concentration measured at the end of the seven-hour hydrolysis period by the total reaction
time using Equation (11):

Apparent average glucose release rate = (Cy, — Cop)/7 h (11)

where Cyp, and C, represent the glucose concentrations measured at seven hours and at
the beginning of hydrolysis, respectively. Because the initial glucose concentration was
zero under the experimental conditions, the calculation was equivalent to dividing the
final glucose concentration by seven hours. These values were used only for descriptive
comparison of the free and immobilised cellulase preparations. They do not represent
initial reaction rates, kinetic rate constants or Michaelis-Menten parameters.

The analytical method was calibrated specifically for glucose, which was selected as
the principal response variable for comparing the short-term hydrolytic performance of
the free and immobilised cellulase preparations. Other soluble carbohydrates, including
cellobiose, cello-oligosaccharides and hemicellulose-derived monosaccharides, were not
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quantified because authentic standards for these compounds were not included in the
calibration procedure. The reported concentrations therefore represent glucose only and
should not be interpreted as total soluble sugar concentration.

2.9. Reusability Testing of Immobilised Cellulase of Immobilised Cellulase

Reusability tests were conducted by recovering immobilised cellulase magnetically af-
ter each hydrolysis cycle, washing the particles with citrate buffer and re-introducing them
into fresh reactions under identical conditions. Five consecutive cycles were performed.
Residual hydrolytic performance (%) was calculated by comparing glucose production
in each cycle with that measured in the first cycle. All enzymatic activity, hydrolysis and
reusability experiments were performed in triplicate. Results are reported as mean =+ stan-
dard deviation (SD) of three independent experiments.

2.10. Statistical Treatment

All enzyme-activity, hydrolysis and reusability experiments were performed as three
independent experiments. Results are presented as mean =+ standard deviation (n = 3), and
standard deviations are displayed as error bars in the corresponding figures. The study was
designed as a descriptive laboratory-scale comparison of free and immobilised cellulase
under identical experimental conditions. Accordingly, comparisons were based on mean
values, standard deviations and relative performance. Formal inferential statistical testing
was not performed, and no differences are interpreted as statistically significant.

3. Results and Discussion
3.1. Protein Loading and Immobilisation Efficiency

Quantification of protein before and after conjugation provided a mass-balance es-
timate of the amount of cellulase associated with the magnetic nanoparticle preparation.
The initial cellulase solution contained 0.0402 + 0.0004 mg protein per preparation. Fol-
lowing conjugation and magnetic separation, 0.0065 £ 0.0003 mg was detected in the
post-conjugation supernatant and 0.0015 £ 0.0002 mg was recovered in the combined wash
fractions. The calculated quantity of protein associated with the recovered MNPs was
therefore 0.0322 £ 0.0005 mg per preparation.

Based on the initial quantity of protein introduced, the immobilisation efficiency
was 80.1 & 0.6%. This produced a protein loading of 25.7 4= 0.4 mg protein g~' MNP.
These results quantitatively demonstrate that most of the protein introduced during the
conjugation step was retained in the recovered nanoparticle preparation.

Immobilisation efficiency describes the proportion of the supplied protein associated
with the recovered nanoparticle preparation. The approximately 80% immobilisation
efficiency is therefore a protein mass-balance measurement. By contrast, the selected
immobilised catalyst loading produced approximately 89% of the total filter-paper assay
response obtained using the selected free-enzyme loading. Because the two preparations
were compared on different loading bases, the 89% value should not be interpreted as
protein-normalised activity retention.

The protein mass balance results are summarised in Table 1. These results mass bal-
ance do not establish that all retained protein was attached through Sulfo-SMCC-mediated
covalent bonds. A proportion of the measured protein may have remained associated
through physical adsorption, electrostatic interactions or other non-covalent forces. Never-
theless, the low protein quantities detected in the supernatant and wash fractions indicate
substantial protein association with the recovered MNP preparation. Confirmation of
the relative contributions of covalent attachment and physical adsorption would require
crosslinker-free controls and protein-leaching measurements.
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Table 1. Protein loading and immobilisation efficiency of cellulase associated with amine-
functionalised MNPs.

Parameter MEAN =+ SD UNIT
Initial Protein Introduced 0.0402 £ 0.0004 mg per preparation
Protein In Post-Conjugation Supernatant 0.0065 =+ 0.0003 mg per preparation
Protein In Combined Wash Fractions 0.0015 £ 0.0002 mg per preparation
Calculated MNP-Associated Protein 0.0322 £ 0.0005 mg per preparation
Immobilisation Efficiency 80.1 £ 0.6 %
Protein Loading 257 £04 mg protein g~ MNP

3.2. FTIR Evidence of Cellulase Association with MNPs

FTIR spectroscopy was used to evaluate spectral changes consistent with cellulase
association with the amine-functionalised nanoparticles as shown in Figure 2. FTIR analysis
showed spectral changes consistent with protein association with the functionalised MNP
preparation through the appearance of characteristic amide bands. However, FTIR provides
qualitative rather than quantitative evidence of enzyme immobilisation. Quantitative
protein mass balance demonstrated an immobilisation efficiency of 80.1 £+ 0.6% and a
protein loading of 25.7 + 0.4 mg protein g~! MNP, complementing the qualitative FTIR
and SEM evidence of cellulase association with the nanoparticle preparation.

120 4
O-H/N-H Amide | Amide Il

stretching (C=0 stretching) (N-H bending)
100 4 ! ! /

Transmittance (%)
[+ @®
o o

o
o

N
o
i

1654 cm™'

%000 3500 3000 2500 2000 1500 1000 500
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Figure 2. FTIR spectra of free cellulase, amine-functionalised magnetic nanoparticles and cellulase-
associated magnetic nanoparticles. The appearance of Amide I and Amide II bands in the cellulase-
associated MNP spectrum is consistent with the presence of protein-associated material following the
immobilisation procedure. FTIR was used as qualitative supporting evidence and does not quantify
protein loading or distinguish Sulfo-SMCC-mediated covalent coupling from physical adsorption or
other non-covalent interactions.

The FTIR spectrum of free cellulase displayed several characteristic protein bands
(Table 2), such as a broad band at 3200-3400 cm ™! for O-H and N-H stretching, an Amide
I band at 1650 cm ™! (C=0 stretching) and an Amide II band near 1540 cm ™. Amine-
functionalised nanoparticles showed bands for surface amine groups, including N-H
stretching around 3300-3500 cm~!. After conjugation, the FTIR spectrum indicated distinct

1 was consistent

changes: the appearance of Amide I and II bands at 1650 and 1540 cm™
with protein association, while shifts and intensity reductions pointed to interactions

between the enzyme and amine groups. The observed spectral changes are consistent with
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protein association with the functionalised nanoparticle surface following the Sulfo-SMCC-
mediated immobilisation procedure. However, the spectra do not independently confirm
that maleimide-thiol coupling occurred.

Table 2. Characteristic FTIR absorption bands associated with cellulase and amine-functionalised
magnetic nanoparticles.

Sample Wavenumber (cm~—1) Functional Group Interpretation
Free cellulase ~1654 Amide I (C=0 stretch) Protein backbone
Free cellulase ~1541 Amide II (N-H bend) Protein backbone
NH,-MNPs ~3287 N-H stretching Amine groups
Cellulase-NH,-MNPs ~1654 Amide I Protein-associated amide band
Cellulase-NH,-MNPs ~1541 Amide II Protein-associated amide band

The appearance of the Amide I and Amide II bands in the cellulase-MNP spectrum
provides qualitative evidence that material associated with protein was present on the
nanoparticle surface. However, these spectral features do not establish the quantity of
cellulase attached or independently confirm the chemical nature of the attachment. The
observed changes in peak position and intensity may reflect several overlapping effects,
including interactions between enzyme functional groups and the activated nanoparticle
surface, changes in the local hydration environment, and possible conformational rear-
rangement of the protein following surface association. Depending on the orientation of
individual cellulase molecules, these interactions could leave the catalytic regions accessible
or partially restrict substrate access to the active sites.

The intended Sulfo-SMCC coupling reaction provides a chemically plausible path-
way for maleimide-thiol conjugation; nevertheless, the number of accessible sulfthydryl
groups in the commercial cellulase preparation was not determined. In addition, no des-
orption control, crosslinker-free adsorption control or protein-leaching measurement was
performed. A contribution from physical adsorption or other non-covalent interactions
therefore cannot be excluded. The FTIR results are therefore interpreted as evidence consis-
tent with cellulase association with the functionalised MNPs rather than definitive proof of
exclusively covalent immobilisation. Confirmation of the binding mechanism would re-
quire complementary measurements such as accessible thiol quantification, protein loading,
immobilisation efficiency and enzyme-leaching analysis.

Cellulase from T. reesei was immobilised on activated magnetic nanoparticles via
covalent binding, achieving up to 94% protein binding confirmed by FTIR [24]. Cellulase
produced by Aspergillus fumigatus JCF was successfully immobilised onto MnO, nanopar-
ticles, enhancing its activity and stability, with FTIR confirming the characteristics of the
MnO; nanoparticles and the cellulase-bound variants [25].

3.3. SEM Analysis

SEM was used to compare the surface morphology of the amine-functionalised MNPs
before and after cellulase immobilisation. As shown in Figure 3, both preparations con-
sisted of approximately spherical nanoscale features arranged within larger agglomer-
ated structures. The amine-functionalised MNPs had an indicative dry-state diameter
of 22.4 £+ 0.4 nm, whereas the cellulase-associated MNPs had an indicative diameter of
27.8 £ 0.3 nm. This represents an apparent increase of approximately 5.4 nm following the
immobilisation procedure. The post-immobilisation sample was visually less uniform and
had a more clustered morphology appearance.
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Dry-state diameter: 22.4 + 0.4 nm

SEI

5-15 kV

WD 8.0 mm x65,000

5-15 kV WD 8.0 mm x65,000 100 NM  ———

(A) (B)

Figure 3. SEM micrographs of (A) amine-functionalised MNPs before cellulase immobilisation
and (B) cellulase-associated MNPs after the immobilisation procedure, obtained at an accelerating
voltage of 5-15 kV and a magnification of 65,000 x. Scale bar = 100 nm. The indicative dry-state
particle diameter increased from 22.4 4 0.4 nm to 27.8 £ 0.3 nm. The apparent increase and altered
aggregation are consistent with the presence of surface-associated material after the immobilisation
procedure but do not independently demonstrate a uniform enzyme coating or covalent attachment.
Because one micrograph was analysed for each preparation, the values represent indicative image-
based estimates rather than complete particle-size distributions.

The apparent increase in dry-state diameter is consistent with the presence of ad-
ditional surface-associated material after exposure of the activated MNPs to cellulase.
However, the increase cannot be attributed exclusively to the formation of a uniform en-
zyme coating. Changes in nanoparticle aggregation during conjugation, washing, magnetic
separation and drying may also have contributed to the measured difference. Magnetic
particle-particle interactions and sample dehydration during SEM preparation may pro-
mote agglomeration, making it difficult to distinguish isolated primary particles from
closely associated particle clusters.

The observed aggregation may also have implications for catalytic performance.
Closely packed particles could reduce the effective surface area available for enzyme-—
substrate contact, create steric crowding between neighbouring enzyme molecules and
restrict the orientation of some immobilised cellulase molecules. Aggregated structures may
additionally increase the diffusion distance required for insoluble cellulose chains, soluble
oligosaccharides and glucose to move toward or away from enzyme-containing regions,
thereby contributing to local mass-transfer resistance. Conversely, cellulase molecules
positioned on exposed outer surfaces may remain accessible to the substrate and retain
substantial catalytic activity. The SEM observations therefore provide morphological evi-
dence consistent with changes following immobilisation but do not establish the extent of
enzyme coverage, active-site orientation or the chemical nature of enzyme attachment.

Only one SEM micrograph was analysed for each preparation. The reported standard
deviations therefore describe the variation among measurable particles within the selected
images and do not represent variation among independently prepared samples or multiple
microscopic fields. The diameter values should consequently be regarded as indicative
dry-state estimates rather than complete particle-size distributions. Complementary tech-
niques such as DLS, TEM and zeta-potential measurements would be required to evaluate
hydrodynamic size, aggregation behaviour and surface changes more comprehensively.

https://doi.org/10.3390/ fib14080090


https://doi.org/10.3390/fib14080090

Fibers 2026, 14, 90

12 of 20

3.4. Filter-Paper Activity

The catalytic responses of the free and immobilised cellulase preparations were evalu-
ated using the Ghose filter-paper assay with Whatman No. 1 filter paper as the cellulose
substrate [26]. The assay reflects the combined activity of the cellulase components: en-
doglucanases generate new cellulose-chain ends, cellobiohydrolases or exoglucanases
release soluble cello-oligosaccharides, and (3-glucosidase converts the soluble products to
glucose. The selected free-cellulase dilution of 1:40 released 2.00 & 0.08 mg of reducing
sugars, expressed as glucose equivalents, within 30 min, corresponding to a total assay
activity of 0.37 £ 0.02 U. The selected immobilised catalyst loading of 20 mg released
1.80 £ 0.10 mg and produced a total assay activity of 0.33 &= 0.02 U, as presented in Table 3.

Table 3. Ghose assay activity data.

Enzyme

Relative Filter-Paper

Dilution/Mass Glucose Released (mg) Activity (U) Assay Response (%)

Free cellulase
Immobilised cellulase

1:40 2.00 £ 0.08 0.37 £0.02 100 =4
20 mg 1.80 £0.10 0.33 £0.02 89 +5

Relative filter-paper assay response was calculated by expressing the total assay response of the selected immo-
bilised catalyst loading as a percentage of that obtained using the selected free-enzyme loading. Because the
preparations were compared on different loading bases, this percentage does not represent protein-normalised
activity retention. Values represent mean + SD (n = 3).

The immobilised catalyst therefore produced 89 £ 5% of the total filter-paper assay
response obtained with the selected free-enzyme loading. This result confirms that the
recovered nanoparticle-associated cellulase remained catalytically functional following
the immobilisation procedure. However, the free and immobilised preparations were
evaluated on different loading bases—enzyme dilution and catalyst mass, respectively.
The 89% value therefore represents a relative filter-paper assay response and not protein-
normalised activity retention, intrinsic activity preservation or immobilisation efficiency. It
should consequently not be compared directly with activity-retention values reported for
other immobilised enzyme systems.

The slightly lower response of the immobilised preparation may reflect altered enzyme
orientation, partial obstruction of active sites, steric crowding, nanoparticle aggregation,
restricted enzyme mobility or external mass-transfer resistance. These factors were not mea-
sured independently and are therefore presented only as plausible explanations rather than
confirmed mechanisms. Overall, the filter-paper assay demonstrates substantial catalytic
functionality of the immobilised preparation under the selected conditions but does not
establish a particular binding mechanism, improved stability or industrial performance.

The selected immobilised catalyst loading produced a relatively high filter-paper
assay response compared with the selected free-enzyme loading. However, because the
preparations were evaluated on different loading bases, the resulting 89% ratio cannot be
compared directly with protein-normalised activity-retention values reported for other
immobilised cellulase systems. The result demonstrates measurable catalytic functionality
of the recovered catalyst but does not quantify the fraction of intrinsic enzyme activity
preserved during immobilisation. The difference between free and immobilised cellu-
lase activity could have resulted from several simultaneous effects. Attachment to the
nanoparticle surface may have caused minor conformational changes around some enzyme
molecules or altered their orientation, potentially reducing active-site accessibility. Some
molecules may have been positioned with their catalytic regions facing the particle surface
or neighbouring enzymes, creating partial steric hindrance. Nanoparticle aggregation may
also have reduced the fraction of surface-associated enzyme that was directly accessible
to the filter-paper substrate. In addition, immobilisation restricts enzyme mobility and
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may introduce external diffusion or mass-transfer resistance as the insoluble substrate and
soluble products move between the bulk reaction medium and the catalyst surface [27].

Conversely, the relatively high retained activity suggests that many of the immobilised
enzyme molecules remained in orientations that allowed productive interaction with
cellulose. Surface attachment may also have limited extensive unfolding of some enzyme
molecules during the assay. Enzyme conformation, orientation and active-site exposure
were not directly measured. The result should therefore be interpreted as evidence of
substantial functional activity after immobilisation rather than confirmation of a particular
molecular mechanism.

Activity-retention values of 30-80% are commonly reported as indicators of successful
enzyme immobilisation. High retained activity is often associated with improved oper-
ational, thermal and storage stability, making immobilised enzymes more suitable for
industrial applications [28]. The 89% relative filter-paper assay achieved in the present
work falls within the upper range of values reported for magnetic nanoparticle-based immo-
bilisation systems, indicating that the selected immobilisation strategy effectively enhanced
the relative filter-paper assay response. Cellulase immobilised on MnO, nanoparticles
retained approximately 82% of its original activity following immobilisation [25], while
similar studies have reported post-immobilisation activities as high as 90 FPU g~ [29].

3.5. Glucose-Producing Performance of Free and Immobilised Cellulase

The enzymatic hydrolysis of pretreated HH was evaluated over a predefined seven-
hour period, with samples collected hourly. Glucose concentration increased progressively
for both free and immobilised cellulase, providing a short-term comparison of glucose
release under identical experimental conditions. The time-dependent glucose concentra-
tions obtained at a dilution factor of 5 are presented in Figure 4. A dilution factor of 5
was selected as a representative intermediate-to-high enzyme loading that allowed glu-
cose production by both preparations to be monitored throughout the seven-hour period
without using the maximum enzyme loading of 2.5; it was not considered an optimised
condition. At this dilution factor, free cellulase produced 3.12 g/L glucose after seven
hours, while immobilised cellulase produced 2.82 g/L, corresponding to approximately
90% of the glucose produced by the free enzyme. The time-course data were used to
describe glucose accumulation over the predefined experimental period and were not
interpreted as initial reaction rates or maximum saccharification. These results indicate that
the immobilised preparation retained substantial short-term hydrolytic functionality while
permitting magnetic catalyst recovery. A comparable study reported hydrolytic efficiencies
of 88% for free cellulase and 81% for immobilised cellulase using carboxymethyl cellulose
as the substrate [24].

The effect of enzyme dilution on glucose production after seven hours of hydrolysis is
presented in Figure 5. At the highest enzyme loading tested, corresponding to a dilution
factor of 2.5, free and immobilised cellulase produced seven-hour glucose concentrations
of 4.18 and 3.76 g/L, respectively. As the dilution factor increased from 2.5 to 20, glu-
cose concentration decreased from 4.18 to 0.98 g/L for free cellulase and from 3.76 to
0.86 g/L for immobilised cellulase. Across all tested dilution factors, the immobilised
preparation generated approximately 88-91% of the glucose produced by the free enzyme.
These results demonstrate a consistent enzyme-loading-dependent response for both en-
zyme preparations, although the comparisons are descriptive and are not interpreted as
statistically significant.
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Figure 4. Glucose concentration during the seven-hour hydrolysis of pretreated HH using free
and magnetic nanoparticle-immobilised cellulase at a dilution factor of 5. Progressive glucose
accumulation was observed for both preparations, while the immobilised cellulase maintained
approximately 90% of the glucose-producing performance of the free enzyme. Values represent
mean = standard deviation of three independent experiments (n = 3); error bars indicate standard
deviation. Differences between the enzyme preparations are reported descriptively and are not
interpreted as statistically significant.
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Figure 5. Glucose concentrations obtained after seven hours of hydrolysis of pretreated HH at
different free and immobilised cellulase dilution factors. Glucose concentration decreased with
increasing enzyme dilution, while the immobilised preparation generated approximately 88-91%
of the glucose produced by the free enzyme across the tested dilution factors. Values represent
mean =+ standard deviation of three independent experiments (n = 3); error bars indicate standard
deviation. Comparisons are descriptive and are not interpreted as statistically significant.

To express the seven-hour hydrolysis results relative to the initial biomass and experi-
mentally determined glucan content, the measured glucose concentrations were converted
to glucose mass per reaction, glucose yield and glucose-based glucan conversion. The
calculated values for free and immobilised cellulase at each enzyme dilution factor are
presented in Table 4.
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Table 4. Seven-hour glucose yield and glucose-based glucan conversion during hydrolysis of pre-
treated HH using free and magnetic nanoparticle-immobilised cellulase.

Enzyme Preparation Dilution Glucose Concentration Glucose Mass per Glucose Yield (g g1 Glucose-Based Glucan
Factor at7h(gL-1) Reaction (g) Dry Biomass) Conversion (%)
Free cellulase 2.5 418 +0.14 0.0836 + 0.0028 0.2090 + 0.0070 442 +15
Immobilised cellulase 2.5 3.76 +0.12 0.0752 £ 0.0024 0.1880 =+ 0.0060 39.7+13
Free cellulase 5 3.12£0.13 0.0624 £+ 0.0026 0.1560 + 0.0065 33.0+£14
Immobilised cellulase 5 2.82£0.11 0.0564 + 0.0022 0.1410 =+ 0.0055 298 +£1.2
Free cellulase 10 2.05£0.11 0.0410 £ 0.0022 0.1025 + 0.0055 217 +£12
Immobilised cellulase 10 1.85 £ 0.10 0.0370 £ 0.0020 0.0925 =+ 0.0050 195+ 1.1
Free cellulase 15 1.42 4+ 0.09 0.0284 £+ 0.0018 0.0710 £ 0.0045 150£1.0
Immobilised cellulase 15 1.26 £ 0.08 0.0252 £ 0.0016 0.0630 £ 0.0040 133 +£0.8
Free cellulase 20 0.98 & 0.07 0.0196 £ 0.0014 0.0490 £ 0.0035 104 £0.7
Immobilised cellulase 20 0.86 £ 0.06 0.0172 £ 0.0012 0.0430 £ 0.0030 91406

Values represent mean =+ standard deviation from three replicate measurements (n = 3).
Calculations were based on 0.400 g dry pretreated HH, a reaction volume of 0.020 L, an
experimentally determined glucan content of 42.6% and an anhydro correction factor of
0.90. The reported values represent seven-hour glucose-based conversion and do not
constitute complete saccharification or a complete carbohydrate mass balance.

The apparent average glucose release rate decreased as the enzyme dilution factor
increased. For free cellulase, the calculated values decreased from 0.60 to 0.14 g/L-h~!
as the dilution factor increased from 2.5 to 20. The corresponding values for immobilised
cellulase decreased from 0.54 to 0.12 g/L-h~!. These values represent glucose accumulation
averaged over the 7 h reaction period and should not be interpreted as initial reaction rates
or intrinsic kinetic parameters (Figure 6).

4.0 4

Glucose concentration (g/L)

Time (h)

B Free Cellulase (g/L) M Immobilised Cellulase (g/L)

Figure 6. Apparent average glucose release rates for free and magnetic nanoparticle-immobilised
cellulase at different enzyme dilution factors. Values were calculated as Cy,, — Cgp, /7 and decreased
with increasing enzyme dilution. The calculated values are descriptive process-performance indica-
tors and do not represent initial reaction rates, kinetic rate constants or Michaelis-Menten parameters.
Values represent mean + standard deviation of three independent experiments (n = 3); error bars
indicate standard deviation.

The decreasing values at higher dilution factors are consistent with the reduced quan-
tity of enzyme available for interaction with the pretreated HH substrate. The immobilised
preparation showed slightly lower apparent average glucose release rates than the free
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enzyme across the tested dilution factors. This difference may reflect several overlapping
effects, including restricted enzyme mobility following attachment, partial obstruction of ac-
tive sites, enzyme orientation on the nanoparticle surface, steric crowding and nanoparticle
aggregation. The heterogeneous structure of the hemp hurd substrate may also introduce
substrate-diffusion and external mass-transfer limitations by restricting contact between
the enzyme-bearing particles and accessible cellulose regions.

The lower apparent average glucose release rates observed for the immobilised en-
zyme are consistent with diffusion limitations, restricted enzyme mobility on the support
surface, steric hindrance effects and potential mass-transfer resistance associated with im-
mobilised biocatalysts [30]. Immobilisation may also influence enzyme orientation on the
nanoparticle surface, resulting in partial obstruction of active sites and reduced substrate
accessibility [31]. Nonetheless, the comparable concentration-dependent trends indicate
that both preparations responded similarly to decreasing enzyme loading. However, the
consistently lower values for the immobilised preparation suggest that immobilisation may
have introduced moderate accessibility or mass-transfer limitations. The present data do
not permit these effects to be quantified individually. The close correspondence between
relative activity and glucose release is consistent with retention of catalytic functional-
ity after immobilisation. However, this relationship does not independently identify the
mechanisms governing the hydrolysis response.

The calculated values represent apparent average glucose release over the seven-hour
hydrolysis period rather than intrinsic enzyme-kinetic rates. Therefore, they cannot be
used to estimate Ky, Vimax O kcat- Reliable determination of Ky, and Vs would require
measurements of initial reaction rates across multiple substrate concentrations under
conditions where substrate depletion and product inhibition are minimal. Determination
of kcat would additionally require an accurate molar concentration of catalytically active
enzyme, which is difficult to define for the commercial multienzyme cellulase preparation
used in this study.

The slightly lower apparent average glucose release observed for the immobilised
preparation may reflect several overlapping effects, including altered enzyme orientation,
partial active-site obstruction, steric crowding, nanoparticle aggregation and mass-transfer
limitations. However, these observations cannot be interpreted as changes in substrate
affinity or catalytic turnover in the absence of formal kinetic modelling.

3.6. Reusability of Immobilised Cellulase

The short-term reusability of the immobilised cellulase preparation was evaluated over
five consecutive hydrolysis cycles using pretreated HH. Glucose production declined pro-
gressively across the cycles, with approximately 64% of the initial hydrolytic performance
retained by cycle 5, as shown in Table 5.

Table 5. Short-term reusability of immobilised cellulase over five consecutive hydrolysis cycles.

Cycle Glucose Concentration (g/L) Residual Hydrolytic Performance (%)
1 2.82 £ 0.09 100 £3
2 2.45+0.11 87+ 4
3 210+ 0.12 74+ 4
4 1.92 £0.13 68 +5
5 1.80 £ 0.14 64£5

Values represent mean + SD (n = 3).
The retention of approximately 64% of the initial hydrolytic performance after five

cycles demonstrates short-term magnetic recovery and reuse under the tested laboratory
conditions. Enzyme costs remain a major contributor to the overall economics of lignocellu-
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losic biomass conversion processes [32,33]. However, this result alone does not establish
reduced enzyme consumption, improved process economics or industrial feasibility be-
cause catalyst-recovery yield, protein leaching, nanoparticle losses, washing requirements,
energy demand and reuse lifetime were not quantified.

Additional activity losses may have resulted from repeated magnetic recovery and
washing operations, gradual conformational changes during reuse cycles, or limited en-
zyme leaching from the nanoparticle surface [25]. Glucose production remained measurable
over five consecutive cycles but declined progressively. The results demonstrate short-term
recovery and reuse under the tested conditions; they do not establish preservation of
enzyme structure, intrinsic catalytic properties or long-term operational stability. A com-
parable study showed that the immobilised enzyme demonstrated 50% activity retention
over five cycles and superior thermostability at 80 °C compared to the free enzyme [24].
Kaur et al. (2021) reported that cellulase immobilised on magnetic nanoparticles retained
50.34% residual activity after four reactions in the enzymatic hydrolysis of rice straw [34].

The five-cycle experiment demonstrates that the cellulase-associated MNP preparation
could be magnetically recovered and reused under the tested laboratory conditions while
retaining measurable hydrolytic performance. Evaluation of whether this reuse provides
an economic or environmental advantage would require measurement of catalyst-recovery
efficiency, enzyme leaching, nanoparticle and crosslinker consumption, washing and sep-
aration requirements, energy demand, productivity over an extended reuse lifetime and
comparison with conventional free-enzyme hydrolysis.

4. Conclusions

The study demonstrated the preparation of catalytically active cellulase-associated
amine-functionalised MNPs and evaluated their application in the hydrolysis of pretreated
HH. FTIR analysis provided qualitative evidence consistent with cellulase association
with nanoparticle preparation, while Bradford protein mass balance quantified the protein
retained with the recovered MNPs. These analyses did not establish that the association
was exclusively covalent. Under the filter-paper assay conditions, the selected immobilised
catalyst loading produced approximately 89% of the total assay response obtained using
the selected free-enzyme loading. Because the preparations were compared on different
loading bases, this value does not represent protein-normalised activity retention.

Hydrolysis experiments showed a consistent increase in glucose production over the
7 h reaction period for both free and immobilised cellulase. Across all enzyme dilutions
investigated, the immobilised cellulase produced between 88 and 91% of the glucose
generated by the free enzyme, indicating that immobilisation had only a limited effect on
hydrolytic performance. The reported glucose concentrations and cellulose-conversion
values represent seven-hour endpoints under the tested laboratory conditions and should
not be interpreted as maximum sugar yield, complete saccharification or final glucan
conversion. Furthermore, the immobilised cellulase could be magnetically recovered and
reused for five consecutive short-term hydrolysis cycles, retaining approximately 64% of its
initial hydrolytic performance by the fifth cycle.

Collectively, these findings demonstrate that magnetic nanoparticle immobilisation
provides an effective approach for improving cellulase reusability while maintaining hy-
drolytic efficiency during the conversion of pretreated HHs into glucose-containing hy-
drolysates. The study represents the third stage of a broader hemp hurd valorisation
pathway comprising feedstock characterisation, pretreatment optimisation and enzymatic
hydrolysis. The glucose-containing hydrolysates generated in this work provide an impor-
tant intermediate stream for downstream bioconversion processes. Future research will
focus on the in silico engineering and integration of cellulolytic and polyhydroxyalkanoate
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biosynthetic pathways to develop consolidated bioprocessing microorganisms capable of
simultaneously degrading cellulose and producing PHA /PHB bioplastics. Experimental
validation of these engineered systems will contribute towards the development of an
integrated hemp hurd biorefinery platform for sustainable bioplastic production.
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ATR Attenuated Total Reflectance

BCA Bicinchoninic acid

CMC Carboxymethyl cellulose

DNS Dinitrosalicylic acid

DMSO Dimethyl sulfoxide

FPU Filter-Paper Unit

FTIR Fourier Transform Infrared spectroscopy
HH HH

HPLC High-Performance Liquid Chromatography
LB Lignocellulosic biomass

MNP Magnetic nanoparticle (plural: MNPs)
NaOH Sodium hydroxide

NHS N-hydroxysuccinimide

PHA Polyhydroxyalkanoate

PHB Polyhydroxybutyrate

SD Standard deviation

SEM Scanning Electron Microscopy

Sulfo-SMCC  Sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
TGA Thermogravimetric analysis
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