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Abstract

The structural component of fungal cell walls comprises of chitin covalently bonded to glucan; this
constitutes a native composite material (chitin-glucan, CG) combining the strength of chitin and the
toughness of glucan. It has a native nano-fibrous structure in contrast to nanocellulose, for which
further nanofibrillation is required. From fungal chitin nanofibrils (FChNFs) nanopapers can be
manufactured. FChNF nanopapers are potentially applicable in packaging films, composites or
membranes for water treatment due to their distinct surface properties inherited from the composition
of chitin and glucan. Here, chitin-glucan nanofibrils were extracted from common mushroom
(Agaricus bisporus) cell walls utilizing a mild isolation procedure to preserve the native quality of
the chitin-glucan complex. These extracts were readily disintegrated into nanofibre dimensions by a
low-energy mechanical blending, thus making the extracts dispersion directly suitable for nanopaper

preparation using a simple vacuum filtration process. Chitin-glucan nanopaper morphology,



mechanical, chemical and surface properties were studied and compared to chitin nanopapers of
crustacean (Cancer pagurus) origin. It was found that fungal extract nanopapers had distinct

physico-chemical surface properties, being more hydrophobic than crustacean chitin.
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1. Introduction

Nano-sized fibrillar structures, such as polymer nanofibres or carbon nanotubes are currently a hot-
topic in material science because of their high strength and modulus [1]. Thus, also natural nano-
fibrils are an appealing approach to integrate the advantages of nano-scale fibres with sustainable
raw materials. The combination of nanosized fibres extracted from renewable raw materials thus

constitutes an important direction in the chase for novel sustainable materials solutions [2, 3].

Recently, cellulose has attracted renewed interest in this field, mostly because it can be
nanofibrillated [4]. A large variety of composites [2, 5] but also membrane applications [6-8] have
been developed from this class of material. In this regard, using nanocellulose in a macroscopic
sheet, i.e. nanopaper, has shown particularly great potential [9-13]. Next to cellulose, chitin is the
second most abundant renewable polymer. Even though Braconnot’s isolation of chitin [14, 15]
preceded Payen’s discovery of cellulose [16] by almost 30 years, research and applications of chitin
are lagging behind those of cellulose. Similar to cellulose and its function in green plants, the
primary biological function of chitin is to provide the structural scaffold supporting the exoskeleton
of crustacean and insects or the fungal cell wall [17]. This function is fulfilled differently in these
forms of life due to their different physiochemical properties. In shellfish, chitin is normally
associated with sclerotized proteins and minerals, while in fungi, depending on the species, chitin is
combined with other polysaccharides such as glucan, mannan, or chitosan [18]. So far, most reports
deal with the preparation of chitin derived from animal sources and (nano)papers or films prepared

therefrom [19-34], although, the potential of fungal chitin was recognized quite early on [35].

In fungi, chitin and glucan are covalently linked, which was shown in several studies. Unlike animal-

derived chitin, in which the residual compounds such as proteins or other polysaccharides, are



present in minor fractions, fungal chitin contains significant proportions of glucan, often even higher
than that of chitin itself [36-43]. This is, however, not considered a drawback per se but actually
constitutes a big advantage of fungal chitin as it provides different physico-chemical and surface
properties as compared to crustacean chitin. Fungal chitin is also free from the crustacean allergenic
protein, tropomyosin [44], which further extends its potential usability. This was demonstrated by
KitoZyme [45] having extracted a chitin-glucan complex from the black mold Aspergillus niger,
which is now marketed as food supplement [46]. Moreover, fungal chitin nanofibrils (FChNF) carry
already their matrix, i.e. covalently attached glucan, which improves film forming properties. In such
films or FChNF nanopapers, the chitin nanofibrils provide strength and stiffness while glucan
increases flexibility and toughness but also determines its surface properties. Further differences

between animal and fungal chitin are summarized in [47].

Whereas chitin nanomaterials derived from animal sources have been proposed as a renewable nano-
reinforcement for composite production, the uncertainty and inconsistency of shellfish availability,
which is subject to seasonal and regional supply fluctuations intensifies the need of considering
fungal chitin as a viable alternative to animal-based chitin. Furthermore, chitin in fungi is already
present in the form of nanofibrils, which can be extracted from fungal cell biomass by mild alkaline
extraction followed by low-energy blending, making it not only a potential alternative to animal
chitin but also to nanocellulose [48, 49]. Therefore, FChNF could offer a valuable source to new
chitin based materials, applicable in packaging materials, e.g. mycelium composites [49], composites

but also for water treatment.

In this study, chitin-glucan (CG) was extracted from common mushroom Agaricus bisporus (AB)
and nanopapers were prepared. CG was isolated from AB cell walls from different parts of the fungi,
i.e. stalk, cap, and whole fruiting body, utilizing a mild procedure. The chemical composition and
physical properties of the extract were analyzed and the morphology of the nanofibrils studied.
Nanopapers of varying grammage and thickness were prepared by vacuum filtration of homogeneous

FChNF dispersions and their morphology and mechanical, chemical and surface properties evaluated



in dependence of their thickness and compared to crustacean (Cancer pagurus) chitin nanofibers

(ChNF).

2. Materials & methods

2.1. Materials

Common white button mushrooms, 4. bisporus, were purchased from a local store (London, UK). As
reference material, untreated carapaces of brown edible crab, Cancer pagurus, were purchased from
C-Quest Ltd. (Dorset, UK). Chitin flakes from shrimp shells served as further reference and were
purchased from Sigma-Aldrich (C9213, practical grade). Prior to use they were finely ground in a
ball mill. Hydrochloric acid (Sigma-Aldrich, 37% w/w), sodium hydroxide (Sigma Aldrich, pellets)
and sulfuric acid (Merck, 72% w/w) were used for chitin extraction and sugar hydrolysis. Sugar
Recovery Standards (SRS) for carbohydrate analysis were prepared from D-(+)-glucose (BDH
Prolabo), D-(+)-xylose (Merck), D-(+)-galactose (Merck), D-(+)-arabinose (Chalbiochem), D-(+)-
rhamnose (BDH Prolabo), D-(+)-mannose (Merck), and D-(+)-glucosamine hydrochloride (Sigma-
Aldrich). n-Hexane, n-heptane, octane, nonane, decane, dichloromethane, ethyl acetate, acetonitrile,
and acetone for specific surface area and surface energy analysis by inverse gas chromatography
(iGC) were HPLC grade purchased from Sigma-Aldrich. Test liquids used for wicking tests were
analytical grade benzylalcohol (Sigma-Aldrich, purity > 99%), formamide (Sigma-Aldrich, purity >
99.5%), decalin (Riedel-de Haén, purity > 98%), and ethyleneglycol (Arcos Organic, purity >
99.9%). Ultrapure water (CENTRA-R 200 or PURELAB Classic, 0.055 puS cm ™' conductivity, <10

ppb inorganic impurities) was used for all experiments.

2.2. Extraction of chitin

2.2.1. Extraction of FChNF from fungi

Prior to FChNF extraction, 500 g mushrooms with an average cap diameter of 50 to 70 mm, were
rinsed with distilled water to remove any dirt and soil, followed by 5 min initial blending in a kitchen

blender (Breville VBL065 Pro 800W, Oldham, UK). Afterwards, this mushroom slurry was diluted



to 1.5 L and heated to 85 °C under stirring for 30 min to remove any water soluble components. The
suspension was then centrifuged at 7000 rpm for 15 min (ThermoScientific, Sorvall Legend RT+) to
remove excess water together with the soluble components. The gel obtained after centrifugation was
soaked in alkaline solution (1 M NaOH, total volume 1.5 L) and heated to 65 °C under stirring for 3
h to deproteinate and remove lipids as well as alkali-soluble glucan [50, 51]. Thereafter, the slurry
was neutralized by successively re-centrifuging and exchanging excess water with fresh one. The
neutral gel was re-suspended in water (0.8% w/v) and blended for another 1 min. This suspension
was stored at 4 °C prior use [48]. Apart from using never dried suspension, parts of the extracts were
also freeze-dried (ThermoScientific, Heto PowerDry LL1500 Freeze Dryer). Freeze-dried samples

were used for elemental and sugar analysis, density and surface area determination.

2.2.2. ChNF extraction from crab shells

ChNF from crabs shells (C. pagurus) with an average width of approximately 120 to 160 mm were
oven dried at 60 °C, crushed into smaller pieces, and ground for 5 min in a ball mill giving an
average particle size of 150-300 um. A similar extraction procedure as described in Section 2.2.1
was utilized except that an additional demineralization step had to be performed between hot water
extraction and deproteination: 1 M HCI was added to the gel after centrifugation (total volume 1.5 L)
and this suspension stirred for 30 min at room temperature. After demineralization, the insoluble
residue was neutralized before being subjected to alkali treatment for deproteination. The neutral
alkali insoluble gel was suspended in water (0.8% w/v) and blended for another 10 min. The
suspension was stored at 4 °C prior use. Apart from using never dried suspension, parts of the

extracts were also freeze-dried for elemental and sugar analysis and density measurements.

2.3. Preparation of chitin nanopapers

Pre-determined amounts of 0.8% (w/v) suspensions from mushroom (stalk, cap, whole) and crab
extracts, respectively, were used for nanopaper preparation. Nanopapers with a diameter of 90 mm
and a grammage of 2, 5, 10, 20, 40, 80, 160 and 240 g m™* (gsm), respectively, were produced by

vacuum filtration on cellulose filter paper (VWR 413, 5-13 um) in a Biichner funnel. The resulting



filter cake was then wet pressed between blotting papers (3MM CHR blotting paper, VWR) under 5
kg weight to remove excess water before being consolidated in an oven held at 120 °C for 3 h under
5 kg weight. Thereafter, the sample was kept overnight under weight at room temperature to prevent
shrinkage during cooling down. For most of the analysis 80 gsm papers were used. The lowest
grammage (2 gsm) nanopaper could not be produced by vacuum filtration but was instead prepared
by the casting-evaporation method on a polycarbonate petri dish, resulting in a much smoother

surface.

2.4. Characterization of ChNF, FChNF and nanopapers

2.4.1. Chemical composition of ChNF and FChNF

Elemental analysis was performed to determine the carbon, hydrogen, nitrogen, sulfur and oxygen
content in the freeze-dried extract (EA 1108 CHNS-O, Carlo Erba Instruments, Italy). Carbohydrate
analysis was carried out by high performance anion exchange chromatography (HPAEC) to identify
the mono-saccharide composition of the extracts. 300 mg freeze-dried sample were mixed with 3 mL
72% sulfuric acid at 30 °C for 60 min. The mixture was then diluted with water to a concentration of
4% and placed in an autoclave at 121 °C for 60 min. HPAEC was performed with a Dionex
ICS3000 chromatograph equipped with a CarboPac PA20 column (Dionex, Sunnyvale, CA, USA).
Sugar Recovery Standards were prepared and pre-treated under identical hydrolysis conditions prior

to HPAEC analysis. The analysis was performed in triplicates.

2.4.2. Morphology of ChNF, FChNF and nanopapers by scanning electron
microscopy

The morphology of ChNF, FChNF and nanopapers was investigated by high-resolution field
emission scanning electron microscope (SEM) with a LEO Gemini (1525 FEG-SEM, Oberkochen,
Germany) at an accelerating voltage of 5 kV. Prior to SEM imaging of the fibre extracts, 3 pL.
suspension of extracted samples (0.01% w/v) was dropped onto a 400 mesh TEM copper grid
attached on carbon tabs and air dried. Samples were chromium coated (K550 sputter coater, Emitech

Ltd., Ashford, Kent, UK) for 30 s at 80 mA.



2.4.3. Determination of density, porosity and specific surface area of the
nanopapers

The true density (puue) of freeze-dried extracts and nanopapers was determined by helium
pycnometry (AccuPyc II 1340, Micromeritics, Aachen, Germany) at 23 + 1 °C. The average of 10

measurement cycles was reported.

The porosity of nanopapers was measured by mercury intrusion porosimetry (AutoPore IV 9500,
Micromeritics). The envelope density (p.) of the sample was measured at 0.002 MPa where pores
larger than 150 um were filled by mercury while the skeletal density (ps) was measured at maximum
pressure (227 MPa). Given that the limit of mercury penetration into pores for this instrument is 6

nm at maximum pressure, the true porosity of the sample was calculated according to (1)

Porosity (%) = (1 - ”—) £100 (1)

Ptrue

where p. is the nanopaper density obtained from mercury intrusion porosimetry, while ps.. is the

nanopaper density obtained from helium pycnometry.

Brunauer-Emmett-Teller (BET) specific surface areas of the samples were determined by means of
inverse gas chromatography using a surface energy analyzer (SEA, Surface Measurement Systems
Ltd., London, UK). Approximately 100 mg freeze-dried powder or 500—700 mg nanopaper were
packed in pre-silanized iGC columns (Surface Measurement Systems Ltd., London, UK) and pre-
conditioned for 1 h at 30 °C and 0% RH. Helium at a flow rate of 10 sccm was used as a carrier gas
and methane was used to determine the dead volume correction factor. The specific BET surface area

was measured using octane as probe.

2.4.4. Chemical functionality of ChNF and FChNF nanopapers by IR
Sspectroscopy

ATR-FT-IR spectra of nanopapers were recorded using a Spectrum One FT-IR-spectrometer (Perkin
Elmer, Massachusetts, USA). Nanopapers were pressed onto a diamond crystal using a pressure arm
and the spectra were collected at a resolution of 2 cm ™', within a range of 600 cm™' and 4000 cm™'. A

total of 16 scans was measured and averaged to produce each spectrum.



2.4.5. Mechanical properties of the nanopapers

Mechanical properties of the nanopapers were investigated by dynamic mechanical thermo-analysis
(DMTA) and tensile tests. DMTA was conducted in tension mode using a RSA G2 (TA
Instruments). Temperature scans were run from 25 °C to 250 °C at a heating rate of 3 °C min"' and a
frequency of 1 Hz. Sample dimensions were 15 mm (length) and 5 mm (width). The gauge length

used was 10 mm.

Tensile tests were conducted using a TST350 tensile tester (Linkam Scientific Instruments, Surrey,
UK) on specimens cut into dog bone shape (overall length 35 mm, narrowest part 2 mm, 10 mm
gauge length) using a Zwick cutter. The specimens were secured onto testing cards using a two-part
cold curing epoxy resin (Araldite 2011, Huntsman Advanced Materials, Cambridge, UK) prior to the
test to prevent damage caused by the clamps. Specimens were conditioned at 27 + 2 % relative
humidity (RH) [52] by storage in a desiccator for at least 24 h. A 200 N load cell was used to test
nanopapers at a crosshead speed of 1 mm min™'. The machine compliance (6.38 x 10> mm N ') was
determined using ASTM C1557-14. Tensile tests were conducted adapting ASTM D638-14. The
thicknesses were determined using a handheld microscope on polished epoxy embedded samples,
calibrated using 100 x 0.01 mm microscope graticule (Graticules Ltd., Tonbridge, Kent, UK). For

each sample a total of 5 specimens were tested.

2.4.6. Characterization of wettability and surface energy

The wettability of nanopapers was characterized by water contact angles using the sessile drop
method. Contact angles on the nanopaper surfaces were measured 1 min after placing 10 L water
droplets onto the surface using DSA 10 MK2 (Kriiss, Hamburg, Germany). The experiment was

conducted at 20 °C and at least five measurements were averaged for each sample.

The critical surface energy (y.) of the nanopapers was determined using the wicking method [53].
Rectangular strips (5 mm x 20 mm) were cut from the nanopapers and mounted to one end of a K100
tensiometer (Kriiss, Hamburg, Germany) microbalance. The reservoir containing a test liquid was

moved upward toward the free end of the strip, and immediately upon contact, the movement of the



reservoir was stopped. The mass gain due to wicking into the nanopaper strip was recorded as
function of time. A total of 6 strips was tested for each test liquid. y. of the samples was then

evaluated using a modified Washburn equation (2):

2
y-cosQ=E-;7—2'mT (2)

where 7, #, p, are the surface tension, viscosity and density of the test liquids, respectively. m is the
mass gain due to capillarity action (wicking) as function of time ¢, 4 and r the average cross-
sectional area and radia of the capillaries in the fibrillar network, respectively, and 6 the contact
angle. In this study, the network geometry of the tested sample is unknown, however, by assuming
constant capillary geometry for all nanopapers, the factor [2/4%] can be grouped into a constant

factor [1/C], which results in (3):
C-y-cosl9=l-m7 3)

The critical surface energy of a porous solid, i.e. the nanopaper, can be determined in analogy to a
Zisman plot [53]. Here the maximum of the function [m*/f][5/p*] = f(y) corresponds to y. and can be
determined by performing wicking experiments using a series of different test liquids of known

surface tension (Supporting Information Table S1).

Inverse gas chromatography measurements were also performed to determine surface energies on
freeze-dried FChNF and nanopapers using a surface energy analyzer (SEA, Surface Measurement
Systems Ltd., London, UK). Approximately 100 mg freeze-dried powder or 500—700 mg nanopaper
were packed in pre-silanized iGC columns (SMS Ltd., London, UK) and pre-conditioned for 1 h at
30 °C and 0% RH. Helium at a flow rate of 10 sccm was used as a carrier gas and methane was used
to determine the dead volume correction factor. The dispersive surface energy component (y4) was
determined from the net retention volumes of a series of n-alkane probes (hexane, heptane, octane,
nonane, and decane) injected at a range of 0.1% to 30% target surface coverages (n/nm). Polar
probes (dichloromethane and ethyl acetate) were injected at the same concentrations to determine

specific (acid-base) interactions (y.»). All chromatogram peaks were defined using the first statistical



moment at the peak’s center of mass (Peak CoM) of the net retention volumes and surface energies

were calculated based on the Schultz method [54].

2.4.7. Surface charge by streaming potential measurements

The surface charge of FChNF nanopapers was investigated using {-potential measurements
(SurPASS Electrokinetic Analyzer, Anton Paar) based on the streaming potential method using an
adjustable gap cell (AGC). For each measurement, a pair of nanopapers (20 mm x 10 mm) was fixed
on the rectangular sample holders using double-sided adhesive tape. The sample holders were
inserted in the AGC such that the surfaces of the samples were facing each other separated by a gap
of approximately 100 um width. The pH-dependence of the streaming {-potential was measured by
pumping 1 mM KCI electrolyte solution through the gap with the pH value being set to 10 with 0.1
M KOH and varied between 10 and 2 by titration of 0.1 M HCI using an automatic dual syringe

pump system.

3. Results and discussion

Our extraction process yielded 14.0 g of FChNF per kilogram of fresh whole A. bisporus (AB); the
yields for stalk and cap were 15.4 g kg 'and 11.2 g kg, respectively. For crab shells, the chitin yield
was reported to be 97.2 g kg ' [48]. These variations are expected as mushrooms commonly contain
about 94% water. Thus per kg of dry mass mushroom, stalk and cap yielded 254 g and 150 g
FChNF, respectively, which is twice as high as for crab, as reported before [48]. It is important to
stress that the extraction process of FChNF from AB was very mild in order to preserve the native
quality of chitin-based fibres, as an additional acidic treatment can cause removal of glucan [55].
Whereas the extraction of chitin from crustaceans requires prolonged acid treatment for
demineralization and deproteination, this was not necessary for the extraction from fungi, due to a
lower level of inorganic compounds present [18]. As both demineralization and deproteination steps
are known to degrade the chitin chain by hydrolysis and causing partial deacetylation, a higher
quality of FChNF was anticipated [51]. Furthermore, no bleaching treatment was carried out due to

its known depolymerization effect on the biopolymer chain [36, 56, 57].

10



The elemental composition of FChNF was determined by elemental analysis and compared to chitin
extracted from crab shells and commercially available chitin (see [48]: Supporting information Table
S1). The nitrogen content of chitin extracted from crab shells was in accordance with the
commercially available one. On the other hand, the nitrogen content of the mushroom extracts was
approximately half this value, while the oxygen content was significantly higher. This confirms the
presence of glucan which does not contain nitrogen but a higher fraction of hydroxyl groups and thus

oxygen.

The ratio between chitin and glucan was determined by carbohydrate analysis (as reported before
[48]). From the ratio between glucose (monomer of glucan) and glucosamine (hydrolysis product of
chitin) the chitin:glucan ratios determined were 39:61 for stalk and 45:55 for cap, respectively.
Denser mycelium packing in the stalk correlates with the higher yield of total fibre mass but the
chitin content was higher in the cap [58]. The small amounts of mannose, xylan, and galactose might
originate from the water soluble polysaccharide fraction [59, 60] that was entrapped during the
extraction process or from residual hemicellulose-like material that cannot be removed during the
extraction process. The crab extracts at large resembled the commercial chitin, in which no glucan is

present.

Uniform FChNF with 10 to 20 nm in diameter and several um in length were obtained already
directly after chemical extraction of the whole AB (Supporting Information Fig. S1) as also found in
a previous study [48]. Further nanofibrillation proved unnecessary as the size of the fibres was
already similar to the one attained after grinding [61]. Aggregates of fibrous features were more
prevalent in the crab shell extract. After chemical extraction, 10 min post-blending of the crab extract
broke the aggregates into nanofibres with an average diameter of 80-120 nm, which is up to six times
bigger than the size typically obtained after grinding or homogenizing [62-64]. We were unable to
discern the true length of individual fibres due to the high aspect ratio of chitin nanofibres, making it
impossible to fit whole fibres in the micrograph without losing resolution, a problem common also
with other types of nanofbrils, e.g. cellulose nanofibrils [65]. As far as energy consumption is

concerned, being nanosized without undergoing any harsh post-mechanical nanofibrillation signifies

11



a clear advantage of using mushrooms over crustaceans as source for chitin nanofibers. This might
be attributed to the high water content in the mushroom fruiting body (>90%), which renders the
structural fibres in the cell wall to be always in a water-swollen state, thus suppressing the

hornification effect.

Film formation properties of both ChNF and FChNF were established by dropping and drying
suspensions of extracted samples onto a 400 mesh TEM copper grid, observed at low magnification
in the SEM. Good film forming capability in contrast to the more disintegrated nature for the animal

based ChNF was observed (Fig. 1). This can be ascribed to the presence of amorphous glucan that

4

acts as glue or a polymer matrix binding fibres together in a dense network.
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Fig. 1. (left) 0.01% w/v blended whole AB chitin-glucan extract, (right) 0.01% w/v blended pagurus

chitin extract.

3.1. Nanopapers from FChNF and ChNF

Surface properties were determined on nanopapers prepared from ChNF and FChNF by vacuum
filtration of diluted suspensions of the fibres and subsequent consolidation by heat and pressure.
Obvious differences between animal and fungal chitin were observed. Amorphous glucan acted as
the cementing material between the fibrils, making the surface of FChNF nanopaper smoother than
ChNF nanopaper [48]. This smoothing effect is analogous to the way lignin is being softened during
hot pressing, acting as binder to cellulose nanofibrils [66]. Even though both ChNF and FChNF
nanopapers had similar density (1.40 and 1.47 g cm*, respectively) and thus porosity (67 and 59 %,

respectively) [48], the FChNF nanopaper (0.22 m” g ') had approximately 8 times lower specific

12



surface area than the ChNF nanopaper (1.75 m* g '). This again was due to the presence of
amorphous glucan that masks the crystalline chitin fibre surface — a feature that can be beneficial e.g.
for barrier properties. We should also acknowledge that the presence of mannose in the ChNF
sample can contribute to the amorphous character. Nevertheless its content is much lower than that

of glucan in the FChNF sample, and thus not really affects the interpretation.

The presence of glucan also affected the mechanical properties of the nanopapers. The evolution of
the nanopaper’s storage moduli from DMTA in tensile mode across the full temperature range
analyzed is depicted in Fig. 2. At room temperature, all samples possessed approximately similar
storage moduli between 4 and 6 GPa, with a slight decrease with increasing temperature. This trend
continues until about 100 °C, when a drop by two orders of magnitude was observed for the ChNF
nanopaper. A similar drop of magnitude was also observed for the FChNF nanopaper but at
significantly higher temperatures around 140 °C for stalk and the whole AB nanopaper, and 165 °C
for the cap nanopaper, respectively. Chitin supposedly made nanopapers stiffer due to its semi-
crystalline structure. The higher chitin content in cap might explain why it retained the modulus at
higher temperature compared to the full mushroom or stalk nanopapers. The ChNF nanopaper
consisted mostly of chitin, but acid treatment during the extraction process can lead to fibre damage

and deacetylation that can compromise the inherent properties of the resulting nanopaper.
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Fig. 2. Evolution of the storage modulus as function of temperature from DMTA.
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3.1.1. Chemical functionality of chitin nanopapers by IR spectroscopy

As base for the evaluation of surface properties of chitin nanopapers, the chemical functionality of
FChNF and ChNF nanopapers was analyzed by ATR FT-IR spectroscopy (Fig. 3). Both commercial
chitin and crab chitin had very similar spectra with a split C=O0 stretching amide I band at 1620-1670
cm ' that is characteristic for the o-chitin polymorph [67]. This doublet feature could also be
observed in fungal chitin spectra but in a convoluted form due to lower crystallinity [48]. The O-H
stretching region between 3450 and 3480 cm™' was broader in FChNF compared to ChNF as a result
of additional hydroxyl groups present in glucan. It should be noted that the region of the OH-stretch
is also heavily influenced by absorbed water which is difficult to eliminate prior to IR measurements.
It might be the case that in addition to introducing more hydroxyl groups, amorphous glucan also
allowed more water to be absorbed, facilitating a broader OH-band. Similar band broadening was
also reported for other mushroom species [61, 68], while well resolved peaks are commonly

observed in higher crystalline chitin e.g. from marine algae [69].
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Fig. 3. ATR-FT-IR absorbance of nanopaper sample: bottom to top: commercial chitin, pagurus,

stalk, cap, and whole AB, respectively.

3.2. Surface properties of chitin nanopapers

3.2.1. Wettability of chitin nanopapers

The wettability of a material is characterized by its contact angle. Stalk, cap, and AB nanopapers

were relatively hydrophobic with water contact angles (~ 65°) almost three times higher than that
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(24°) of the ChNF nanopaper (Fig. 4a). Even after 1 h, FChNF nanopapers still retained the shape of
a droplet while the water droplets on ChNF nanopapers wicked into the fibre network (Fig. 4b). All
nanopapers possessed approximately similar porosity, thus the measured contact angles can be
considered to be comparable. By pressing crab chitin whiskers, Nair et al. [70] measured a contact
angle as high as 50°. A similar value of 55° was observed for animal chitin films consisting of
nanofibres of 10—20 nm in diameter [71]. We suspect that the contact angle of our ChNF nanopaper
would fall around these values if higher pressure was applied during nanopaper preparation.
However, the values reported in literature were still lower than the contact angle of our FChNF

nanopapers.

. \\ 3 /
P pagurus

stalk

Fig. 4. (a) Water contact angle after 1 min on the nanopapers from (left to right) pagurus, stalk, cap,
AB; pictures of water drops after 1 h on (b) stalk and pagurus, (c) AB coated blotting paper, (d) AB

coated filter paper.

Reduced hydrophilicity of the FChNF nanopapers was attributed to the lower polarity of the fungal
chitin-glucan complex and the lower amount of amine/amide-functionalities present as roughly half
of the material in FChNF is glucan. Although additional glucan groups supposedly have increased
the hydrophilicity of the nanopapers by adding numerous more accessible hydroxyl groups and by
absorbing water, the polar contribution in the ChNF nanopaper was found to be more significant than
in the FChNF nanopaper (this will be discussed further below in the inverse gas chromatography

section 3.2.3.). The effect of hydrophobin, a unique fungal protein that imparts hydrophobicity to the
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fungal mycelium [72] can be ruled out because of the denaturing effect of alkaline treatment toward
proteins during the extraction process. The hydrophobic nature of FChNF can be exploited, for
example, as a coating agent on an otherwise more hydrophilic material. Fig. 4c shows how a thin
coating using 0.8% w/v FChNF prevents water from being absorbed into a blotting paper. The
coatings were not only smooth, but also adhered strongly to the surface. When a suspension of
FChNF dropped on a small piece of filter paper, formation of a thin FChNF nanopaper is visible

around the outer edge (Fig. 4d).

3.2.2. Critical surface tension of chitin nanopapers determined by wicking
tests

During wicking tests, FChNF nanopapers absorbed a smaller amount of the test liquid than ChNF
nanopapers. Typical wicking curves of formamide into nanopapers are shown in Fig. 5a. The initial
slope is a result of the capillary effect imbibing the wetting liquid while the plateau is caused by the
balance between capillarity and gravity. By evaluating the initial slopes of the wicking curves, a plot
of normalized wicking rate (right hand side of Equation 3) against the surface tension of the test
liquids can be computed (Fig. 5b). The data points for each sample are averages from five individual
measurements and were fitted using a Gaussian curve. The plot maximum corresponds to Zisman’s
critical solid-vapor surface tension of the respective nanopaper (y.) [73]. Test liquids with surface
tension to the left of the maximum fully wet the nanopaper while partial wetting occurs for liquids

having surface tensions to the right of the maximum.
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Fig. 5. (a) Typical wicking curve of the nanopapers with formamide, (b) normalized wetting rates as

a function of the surface tension of the test liquids.

Stalk and cap FChNF nanopapers had similar y. of 41.0 mN m ™' and 40.8 mN m ™, respectively,

while a higher value of y. = 45.1 mN m ' was observed for the ChNF nanopaper. The higher y. value

of the ChNF nanopaper could be ascribed to its higher crystallinity and lack of glucan [48]. By
contrast, the FChNF nanopapers were composite materials consisting of semi-crystalline chitin and

amorphous glucan. Hence, the composition of the fungal extract strongly influenced the critical

surface tension of the nanopapers.

3.2.3. Surface energy of chitin nanopapers determined by iGC

Surface energy characterization by inverse gas chromatography is traditionally carried out at

‘infinite’ dilution or near zero surface coverage where only the high energy surface sites are probed.

However, a genuine solid surface is often heterogeneous as a result of (i) unevenly distributed

disparate functional groups, (ii) the presence of impurities, and/or (iii) irregular surface topography.
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A single value at ‘infinite’ dilution will thus only account for a highest surface energy estimate,
which is not necessarily representative of the whole material surface. Injecting a larger amount of
probe molecules (finite concentration) allows for more interaction to be established between the
probe molecule and low surface energy sites of the sample, hence allowing a surface heterogeneity

profile to be plotted [74].

Fig. 6 illustrates the surface energy profiles for chitin nanopapers measured by inverse gas
chromatography. The values of dispersive surface energy (y.), acid-base surface energy (y.»), and
total surface energy (y:) at ‘infinite’ dilution (n/nm = 0.01) are summarized in Table 1. The
decreasing value of surface energy with increasing surface coverage was due to interaction with less
energetic sites and the upper limit of n/nm = 0.3 was chosen to rule out vapor-vapor interaction that

can occur at higher surface coverage.
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Fig. 6. Surface energy profiles for chitin nanopapers as measured by inverse gas chromatography.

Table 1. Dispersive surface energy (yq), acid-base surface energy (yas), and total surface energy (y,) at

infinite dilution (n/nm = 0.01) for nanopapers and freeze-dried powder samples.

Sample 4 [mJ m?] Yap [MJ m?] v [m] m?]
powder nanopaper powder nanopaper powder nanopaper
Pagurus 473 54.4 10.2 18.1 57.5 72.5
Stalk 46.2 58.8 6.7 12.4 52.9 71.2
Cap 41.8 51.0 6.2 6.7 48.0 57.7
AB 38.8 46.3 5.7 6.2 44.5 52.5
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Our freeze-dried sample was first powdered using non-cryogenic milling in order to facilitate their
insertion into the iGC column. Intense milling activity generally increases ys due to the formation of
higher energy amorphous surfaces [75], but a decrease in y is also possible if a lower energy surface
was exposed during the process [76]. Low intensive milling adopted in this study (3 min, 1 cycle)
should not have markedly altered the surface energy of the powdered sample. The dispersive surface
energy of ChNF chitin was y;=47.3 mJ m2. This was significantly higher than what has been
reported in literature for crustacean chitin: y, = 3741 mJ m™ [77-79]. The disparity can be explained
by the different processing and drying techniques used. iGC results reported for chitin so far used
commercial chitin that has been heat-dried, thus the difference in the surface energy was expected.
Severe fibre collapse during the heat treatment reduces the overall surface area, hence, obstructing
potential exposure of the more active sites. In addition, our measurement performed at 0% RH
reduces the occupation of higher energy adsorption sites by water molecules, thus resulting in a

higher total surface energy value.

All powdered samples exhibited lower y, than the nanopapers due to their lower crystallinity [48].
Stalk, which possesses the largest difference in crystallinity between powder and nanopaper, had the
highest y, difference of 12.6 mJ m 2. ChNF, on the other hand, exhibited the smallest y, difference
(7.1 mJ m™?) between powder and nanopaper, which indicates the modest crystallinity difference

between the two forms.

The nanopaper surface was also found to be more heterogeneous in surface energy than the powder
surface. Among the FChNF nanopapers, the stalk nanopaper had the most heterogeneous surface
profile with a difference between the highest energy site and the lowest energy site as large as 16.1
mJ m 2 In comparison, cap and AB nanopapers had a difference of only 8.8 mJ m 2 and 4.1 mJ m 2,
respectively. A similar trend in heterogeneity (stalk > cap >AB) was also observed for the powders.
A higher fibre anisotropy in stalk, presumably longer and more oriented fibres, could be the reason

for their more heterogeneous y, profile.

The relatively high value of y. in the ChNF sample was attributed to a higher content of polar amine

and amide groups, which, in the case of FChNF samples, was lower due to the presence of glucan.
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The hydroxyl groups on glucan are less polar than the amine/amide groups on chitin. Higher surface
polarity not only caused the ChNF nanopaper to be more hydrophilic as evidenced by measured
water contact angles, but also increased its total surface energy. As a result, the ChNF sample had a
higher y; than the FChNF sample. It is worth noting that the polar component of the surface energy is
much more complex and there are many factors that influence the polarity other than just the amount
of hydroxyl and amine/amide groups. The way the amine/amide and hydroxyl groups are exposed in

the chitin crystal is crucial, for example.

3.2.4. Surface charge of chitin nanopapers

{-potential measurements provide information on the surface chemistry of a solid material when it is
in contact with an aqueous electrolyte solution. The dissociation behavior of surface functional
groups across a pH range can give an indication of surface Brensted basicity or acidity of the tested

material [80]. Fig. 7 shows the streaming (-potential of ChNF, stalk, cap and AB nanopaper as a

function of pH.
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Fig. 7. Streaming C-potential of chitin nanopapers as a function of pH.

All FChNF nanopapers exhibited a plateau at neutral and high pH, indicating that the surface was
acidic as all dissociable functional groups were fully deprotonated. The acidic character was due to
carboxyl groups present in the glucan and chitin backbones. Identical isoelectric points (iep) at pH 3
for the different FChNF nanopapers indicated similar charged surface groups for stalk, cap and AB.

The slightly lower plateau observed in stalk ({piacas = =20 mV) compared to cap or AB ({placas = —14
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to —15 mV) was ascribed to a lower amount of carboxylic acid groups present in additional
pigmentation compounds existing in cap gill. The absence of gill pigment consequently improves the

accessibility of dissociable acidic groups in the stalk nanopaper.

The ChNF nanopaper exhibited a sigmoidal £ = f(pH) curve which indicated an amphoteric surface
character due to the partial deacetylation of N-acetylglucosamine moieties in ChNF fibrils caused by
the alkaline and acidic treatment. The protonation of the free amine groups in partially deacetylated
chitin imparted a positive surface charge on the ChNF nanopaper surface, as exemplified by the
positive value of (-potential in the broad acidic region below pH 6 (iep = 5.8). By contrast, in the
FChNF nanopapers the fraction of free amine groups was much lower due to (i) the coverage of
chitin by grafted glucan, i.e. the lower relative prevalence of chitin, for glucan substituting about half
of the chitin in FChNF and (ii) milder extraction procedures causing less deacetylation. Positive (-
potential at very low pH occurred not because of amine group protonation but rather because of
adsorption of protons (H3O") on the nanopaper surface. The more negative plateau at high pH
observed for the ChNF nanopaper ({platean = —30 mV) compared to the FChNF nanopaper (Cplateau =
—14 to —20 mV) at higher pH was attributed to a higher fraction of acidic groups in chitin exposed to
the surface also caused by higher crystallinity of ChNF nanopapers [48]. Furthermore, the presence
of amorphous glucan in FChNF nanopapers promoted swelling in water. This swelling in turn caused
the transfer of the plane of shear into the electrolyte which excludes the diffusive part of the electric
double layer from mechanical and electrical interaction [81], consequently reducing the {-potential

toward 0 mV.

3.3. Influence of grammage/thickness on the properties of FChNF
nanopapers

Papers with grammages of 2, 5, 10, 20, 40, 80, 160 and 240 gsm were prepared (Fig. 8). Optically,
all nanopapers between 2 and 160 gsm were transparent against a background. Even the nanopaper
with the highest grammage (240 gsm) and thus thickness (~200 um) was found to be translucent.
These good optical properties could be ascribed to the small size of the nanofibrils and the smooth

surface of the resulting nanopapers, which reduced the effect of light scattering. The residual golden
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color of the nanopapers is a by-product of a pigment compound not removed during the mild

extraction process.

Fig. 8 Appearance of AB nanopapers against background; the numbers represent the grammage
[gsm].

The influence of the grammage of the nanopapers on the mechanical properties was evaluated by
tensile tests. The grammage and thus thickness of FChNF nanopapers significantly influenced their
mechanical properties (Fig. 9). The tensile strength as function of grammage was not straightforward
because the tensile strength is affected by the number of defects in a sample. More defects will cause
lower tensile strength. The probability of defects such as microcracks is greater when cutting a
thicker sample. A similar trend was reported by I’ Anson et al. [82, 83]. They attributed the decrease
of tensile strength to an increased probability of weak points in the fibre network with an increasing
sample volume. However, the chance of defects such as pinholes being responsible for fracture is
higher at lower grammage. Hence, the two effects were competing resulting in an optimal grammage

for tensile strength of 80 gsm, as also found before [48].
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Fig. 9. Stress-strain curves of AB nanopapers with different grammage. Data for 80 gsm was taken

from [48].

The nanopaper density (Fig. 10) at different grammage was not responsibility for this trend as it did
not vary (see Section 3.1.). However, at low grammage (2 to 40 gsm), the specific tensile strength
increased with increasing grammage, reaching a maximum between 40 and 80 gsm before gradually
decreasing at 160 and 240 gsm. On the other hand, the Young’s modulus steadily increased with
increasing grammage. This is based on the fact that the modulus is a material property and thus less

sensitive to defects.
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Fig. 10. Evolution of specific strength, specific modulus and density as a function of grammage.

iGC was performed to evaluate the impact of grammage on the surface energy. It was found that
higher grammage nanopapers (80 to 240 gsm) had slightly higher dispersive surface energy (y) than
lower grammage nanopapers (Fig. 11a). This is in particular true for surface coverages n/nm > 0.1.
With a y; of 40 mJ m ™% 2 gsm nanopapers had the fewest active sites on its surface and hence lowest
surface energy. It was also energetically less heterogeneous compared to all the other nanopapers — a
side-effect of the smoother surface generated by the slow casting-evaporation process. Little
variation of the acid-base component of the surface energy (< 2 mJ m™?) with grammage was
observed at surface coverages n/nm > 0.1, indicating that similar functional groups are exposed on

all nanopaper surfaces.
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Fig. 11. (a) Dispersive surface energy profile and (b) acid-base surface energy profile for FChNF

nanopapers with different grammages as measured by iGC.

4. Conclusions

Fungal chitin nanofibers (FChNFs) were extracted from Agaricus bisporus, i.e. common white
button mushroom, and used for the preparation of nanopapers. One kg dry mass of the raw biomass
yielded about 200 g chitin-glucan composite fibres, which is approx. double the amount of chitin
fibres that could be extracted per kg crab shells. The presence of glucan in FChNF was confirmed by
elemental analysis, sugar analysis and FT-IR spectroscopy. The primary goal of this study was to
elucidate the impact of glucan onto the surface properties of chitin nanopapers prepared from fungi
extract. FChNF nanopapers had a significantly lower water wettability compared to ChNF
nanopapers derived from crab shells. The lower wettability was due to the lower surface
tension/energy of FChN as confirmed by wicking test and inverse gas chromatography. Higher

surface energy of ChNF nanopapers indicated higher polarity due to the greater abundance of
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amine/amide groups on the surface of the nanopapers. ChNF nanopapers were amphoteric with an
iep of 5.8 indicating the presence of both amine and acidic groups, whereas FChNF nanopapers in
which the chitin was buried in a glucan matrix exhibited an acidic surface character as indicated by
the iep of 3. All these surface properties have a tremendous impact onto the applicability of the
material and hence potential applications. The presence of glucan improved film formation
properties resulting in much better mechanical properties of FChNF nanopapers as compared to
ChNF nanopapers. Moreover, FChNF nanopapers were more hydrophobic. Ultimately, it was
demonstrated that the chitin-glucan complex extracted from fungal biomass is not just an alternative
to animal chitin, in particular when used in film or nanopaper form, but the possibility to control
surface properties, for instance by growing conditions of mushrooms and/or species and/or extraction

protocols, opens up a wide range of further applications.
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