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Abstract

The present work reports an initial engineering approach for fabricating lysozyme-bound regenerated cellulose
fiber and film. Glycine-esterified cotton was dissolved in an ionic liquid solvent 1-Butyl-3—methylimidazolium
Chloride (BMIMCI) in which lysozyme was activated and covalently attached to cotton cellulose through an enzymatic
conjugation between its carboxyl groups and glycine cellulose’s amino groups. The resulting solution was extruded
for fiber/film formation in a water bath. After performing a bicinchoninic acid (BCA) protein assay, quantity of attached
lysozyme to cellulose fiber/film was evaluated. The study exhibited that a synthesis of lysozyme conjugation on
cellulose in BMIMCI could be completed in a control manor, resulting in a cellulose solution suitable for fiber/film
production. It was also found that lysozyme could be successfully immobilized onto the cellulose fiber and film
regenerated from solution spinning with a reasonable amount ranging from 197.6 to 343.7 uyg/mL.mg.
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Introduction

Biobased, bioactive, and biodegradable fiber/film biomaterials
are increasingly expanding diverse industrial applications such as
functional garments, household and personal care textiles, medical
textiles, military textiles, bioactive filters, and bio-sensing food packing
materials. Major technical advancement in producing antimicrobial
textile products has been achieved in fabric finishing and coating
processes. For example, by applying some special finish or coating
agents such as triclosan, quaternary silicones, or poly hexamethylene
biguanide (PHMB), antibacterial fabrics can be produced commercially
and economically. To improve the durability of antimicrobial
performance for those textile materials subject to daily wearing
and frequent laundering, recent research efforts have been made
for producing antimicrobial fibers. Some of the methods employed
include adding an antimicrobial agent into spinning dopes as a filler
[1] grafting a biocidal group onto fiber polymer branches [2,3] and
covalently binding an enzyme group onto fiber polymer branches [4,5].

Commercial cellulose fiber, mostly represented by cotton and
rayon, is widely used for making apparel and consuming textiles
because of its softness, moisture absorbency, easy care, and competitive
price. Cellulose fiber is also biocompatible and biodegradable, and
we have reported approaches for making bioactive cellulose fiber by
immobilizing hydrolytic enzymes [6]. Hydrolase enzymes are capable
of degrading bacterial cell walls to ultimately kill microorganisms.
When they are attached to cellulose polymer branches, the cellulose
fiber may exhibit antimicrobial activity. Surface adsorption and
covalent coupling have been investigated as major methods of enzyme
immobilization on cellulose.

Substantial progress in adsorbing enzymes to cellulose surfaces
has been reported. Xyloglucan, xyloglucan endotransglycosylase, and
chemically modified xyloglucan oligosaccharides were used to produce
aminated xyloglucan adsorbed to cellulose surfaces [7]. Arola and
his co-workers conjugated alkaline phosphatase to nano fibrillated
cellulose activated by amine, epoxy, and carboxylic acid [8]. A fusion
protein containing cellulose-binding-domain (CBD) was found
effective and stable when adsorbed to cellulose [9-15]. Research work
on adsorbing lysozyme to regenerated cellulose was reported by Suen
and his co-workers [16].

To enable the covalent attachment of enzymes to cellulose-a
polymeric structure support, activation of cellulose became a key step.
Several activation methods were suggested to address this technical
approach, among which the use of cyanogen bromide for activating
polysaccharide supports appeared to be a commonly used method in
previous research [17-27].

This activation reagent converted targeted hydroxyl groups
into reactive alkoxide, making cellulose nucleophilic. Additionally,
triethylamine could be used together with this reagent to enhance
reagent’s electrophilicity. In another approach, an organic compound
4-fluorobenzenesulfonate (fosyl chloride) was used to activate
cellulosic hydroxyls to covalently link enzymes to the cellulose fiber
[28]. A similar method of synthesizing aminocellulose derivatives
by esterification of tosylcellulose was reported [29-31]. These
aminocellulose derivatives were capable of being covalently coupled
with exidoreductase enzymes such as glucose oxidase, lactate oxidase,
or peroxidase for biosensor applications. Research was also done on a
synthesis of attaching enzymes such as urease and lysozyme terminated
with amines and carboxylic acid to cellulose and carboxymethylated
cellulose [32-34]. Continuous efforts in this direction led to recent
progress in the immobilization of lysozyme on citric acid treated
cellulose and aminosilanated cellulose [35].

All the methods of enzyme immobilization on cellulose reviewed
above either used cellulose polymer or used cellulose fiber as
precursors. Recent investigation has been reported on use of ionic
liquids to form regenerated cellulose film entrapped with laccase [36].
Similar work was also done on fabrication of cellulose and amine-
containing polymer composite film using ionic liquid solvents. After
activation, this composite film was capable of conjugating enzymes
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such as laccase or lipase B aided by a cyanoborohydride coupling agent
[37]. This paper presents a study on engineering approaches for the
synthesis of enzyme conjugation on cellulose in ionic liquid solvents
and for direct regeneration of enzyme-coupled cellulose fiber and film
biomaterials. A major purpose of this research is to investigate if the
conjugate reaction between cellulose and enzymes could be managed
in ionic liquid solvents, and if enzymatic activity could be retained after
fiber/film spinning process. The applied approach for the production of
regenerated cellulose fiber/film is scalable and has potential to enable
an eco-friendly conversion of cellulose biomass from wood, plants, and
agricultural residues into high-end biomaterials.

Materials and Methods

Raw materials and approach

Scoured and bleached cotton cellulose nonwoven was produced and
esterified in the Cotton Textile Chemistry Lab at the USDA Southern
Regional Research Center. Lysozyme from chicken egg white 47,000
Units/mg protein solids, reagent 1-cyclohexyl-3-(2-morpholinoethyl)-
carbodiimide-metho-p-touene sulfonate (CMCS), and ionic liquid 1-
Butyl-3-methylimidazolium Chloride (BMIMCI) with purity = 95%
were purchased from Sigma-Aldrich, Inc. Other chemicals were also
commercially available and were used as they were. The approach for
producing regenerated cellulose fiber/film immobilized with lysozyme
is illustrated by Figure 1. Processing steps involved in this approach
include cellulose esterification and grinding, lysozyme activation,
cellulose-lysozyme conjugation and dissolving, and cellulose fiber/film
spinning, drying, and winding.

Cellulose esterification

The method of esterifying cotton cellulose was described in details
in Edwards’ work (Edwards et al. 2000). In brief, the scoured and
bleached cotton cellulose nonwoven was pretreated with trifuoroacetic
acid (TFA) and methylene chloride (DCM), and was esterified using
Fmoc-glycine, diisopropylcarbodiimide (DIC), hydoxybenzotriazole
(HOBT), and (dimethylamino) pyridine (DMAP). The Fmoc-
glycine esterified cellulose was acetylated by acetic anhydride,
N-methylimidazole (NMI), and dimethylformamide (DMF).

Lysozyme activation

The reagent CMCS was used for activation of lysozyme carboxyl
groups in the ionic liquid solvent BMIMCl. BMIMCI in amount of
88.2 g was preheated to 85°C using a planetary mixer. Then, lysozyme
(1.29 g) and CMCS (2.71 g) were added into BMIMCI for mixing 1
min. During the activation, pH value of BMIMCI was justified to 8.0 by
adding 2 drops of trientylamine.

Cellulose-lysozyme conjugation

The glycine-esterified cotton nonwoven sample was ground and
added into BMIMCI for dissolving. The mixing operation was run for
2 hrs and 15 mins at 95°C with vacuuming and a 40-Hz mechanical
agitation. Covalent reaction completed during the cellulose dissolution
in BMIMCI, resulting in an enzymatic conjugation between the
carboxyl groups of lysozyme and amino groups in the glycine-esterified
cellulose matrix) (Figure 2).

Formation of lysozyme-attached regenerated cellulose fiber/
film

The lysozyme-attached cellulose solution was fed into a desk-top
extruder (LE-075, CSI Inc.) for fiber/film spinning. Temperatures of

rotor and spinning head were set to 85°C and 110°C respectively. Rotor
speed of the extruder was controlled within 65-85% of its full speed
capacity 260 rpm, namely 169-221 rpm. Using a dry-wet spinning
method, the cellulose solution was injected into a spin bath with tap
water, where regenerated cellulose fiber/film was precipitated. Subject
to a drawing force supplied by a take up device (CSI-194T, CSI Inc.),
the produced fiber/film was drawn through a drying tube and wound
on a spool. The spool take-up speed was 80 mm/s, allowing 11 s of
drying time when drying temperature was set within 70-90°C.

Confirmation of lysozyme immobilization

A BCA protein assay was performed on the fiber and film samples
to examine the presence of protein and to quantify the protein amount.
There was no dilution in the test using 1.5 mg/mL resulting in about
0.3375 mg (1.5 mg/mLx0.225 mL) tested in each well. The regenerated
cellulose fiber/film was also tested using an FT-IR instrument Thermo
Nicolet Avatar 370 (Thermo Electron Corporation) to examine if the
lysozyme was covalently attached to the glycine cellulose.

Surface and crystallinity characterization

The fiber and film surface structure was examined using a scanning
electron microscope (SEM) Zeiss Supra 40 VP (Carl Zeiss NTS
GmbH). The fiber crystallinity was measured using an instrument of
wide angle X-ray diffraction (WAXD) RAPID II (Rigaku Americas
Corporation). The test sample is a fiber bundle with a distance of 127.4
mm to the WAXD detector. To remove background noise, a blank
control (without sample) test was also performed.

Results and Discussion

Sample description and surface structure

Information of all experimental samples is listed in Table 1.
UT-Fiber and UT-Film are pure cellulose fiber and film samples
respectively. They were regenerated from wood pulp and used as
control samples. The samples of ARS-1,2,3 are lysozyme-immobilized
cellulose fiber regenerated from esterified cotton. Samples ARS-4 and
ARS-5 are lysozyme-immobilized cellulose film also regenerated from
esterified cotton. Figure 3 is a surface image of the fiber ARS-1 obtained
from the SEM instrument. Diameter of the experimental fiber samples
is in the range of 30-50 um. Figure 4 shows surface morphology of the
film ARS-4. Its surface is pretty smooth with a cross-sectional thickness
around 20 pm.

Lysozyme presence

The test results of the lysozyme-cellulose conjugates on the
regenerated cellulose microfibers are listed in Table 2. It can be seen
that the lysozyme was covalently attached to the cellulose fiber with
reasonable quantities. The FTIR measurement also confirmed a
successful immobilization of lysozyme onto the cellulose fiber. As
shown in Figure 5, the curve of lysozyme-attached cellulose fiber,
labeled “USDA fiber,” revealed a new N-H bond absorption peak at the
frequency around 3000 cm, and significantly enhanced absorption at
1250 cm™ by C-O-C bond and at 800 cm™ by C-H bond.

Fiber crystallinity

Figure 6 exhibits the WAXD patterns and curves of the pure
regenerated cellulose fiber (UT-Fiber) and lysozyme-bound cellulose
fiber (ARS-1) for a direct comparison of the fiber crystalline structure.
To extract the fiber crystalline profile, the WAXD 2D images were
converted into 1D profile (20 vs. intensity) via using the Rigaku
2DP software, followed by a curve fitting to establish a model that
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Figure 3: SEM of lysozyme-attached cellulose fiber (ARS-1 longitudinal view).

Sample ID Description Solution| Wash & dry cycle
UT-Fiber Control fiber regenerated from wood N/A once
UT-Film  Control film regenerated from wood N/A N/A

ARS-1 |Fiber from unprotected glycine cotton| Part 1 once
ARS-2  Fiber from unprotected glycine cotton Part 2 once
ARS-3  Fiber from unprotected glycine cotton Part 2 twice
ARS-4  Film from unprotected glycine cotton | Part 1 N/A
ARS-5  Film from unprotected glycine cotton | Part 2 N/A
Table 1: Experimental sample information
Sample ID Amt. in assay (ug/mL) Actual amt. (ug/mL) Protein* (ug/mL.mg)

UT-Fiber 6.3 — —
ARS-1 104.2 97.9 290.0
ARS-2 122.3 116 343.7
ARS-3 87.0 80.7 239.1
UT-Film 12.4 — —
ARS-4 791 66.7 197.6
ARS-5 98.2 85.8 254.2
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Figure 4: SEM of lysozyme-attached cellulose film (ARS-4)

Table 2: Amount of lysozyme attached to regenerated cellulose
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Figure 5: FTIR measurement: lysozyme-attached fiber ARS-1 (labeled “USDA
fiber”) vs. control sample UT-Fiber (labeled “Pure cellulose fiber”).
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Figure 6: Fiber WAXD patterns and crystallinity profile: (A) UT-Fiber control
sample; (B) ARS-1 sample.

enables separating the fiber crystalline and amorphous regions
through peak deconvolution of the simulated WAXD curve (red line
labeled “model-total”). From this analysis, it can be observed that the
conjugation of lysozyme on cellulose chains affects the fiber crystalline
structure. Overall, the lysozyme-bound cellulose fiber indicates a
lower crystallinity (79.28%) and bigger mean crystallite size (2.33
nm), compared to the pure regenerated cellulose fiber with calculated
crystallinity (85.12%) and mean crystallite size (2.14 nm).

Conclusions

Lysozyme was activated and covalently attached to glycine-
esterified cotton cellulose dissolved in the BMIMCl ionic liquid solvent.
Lysozyme-bound cellulose fiber and film was directly regenerated
using the dry-wet spinning method. The BCA protein assay and FTIR
measurement confirmed that lysozyme was immobilized onto the
cellulose fiber and film with a reasonable amount ranging from 197.6 to
343.7 ug/mL.mg. The developed method would enable coating protein
on cellulose fiber/film products, rendering a possibility of producing
diverse biomaterials where the protein is needed to place on fiber or
film.

We conducted a turbidity assay for evaluating bioactivity of the
lysozyme-attached cellulose fiber and film on M. lysodeikticus in 6-hr
duration of activation. We found that there was no retention of activity
for the lysozyme-attached cellulose fiber and film. Long cellulose
dissolving time and high spinning temperature might be major reasons
for the lysozyme inactivity. One way to solve this is to find a specific
ionic liquid solvent that would be able to help reduce the cellulose
dissolving time and lower the fiber/film spinning temperature.
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