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ARTICLE INFO ABSTRACT

Keywords: Materials from biological origin composed by renewable carbon facilitate the transition from linear carbon-
Chitin nanofibrils intensive economy to a sustainable circular economy. Accordingly, we use solution blow spinning to develop
Sf)l“ﬁ‘m blow spinning fully biobased cellulose acetate films and nanofiber mats reinforced with fungal chitin nanofibrils (ChNFs), an
Life cycle assessment emerging bio-colloid with lower carbon footprint compared to crustacean-derived nanochitin. This study in-
corporates fungal ChNFs into spinning processes for the first time. ChNF addition reduces film surface roughness,
modifies film water affinity, and tailors the nanofiber diameter of the mats. The covalently bonded p-D-glucans of
ChNFs act as a binder to improve the interfacial properties and consequently load transference to enhance the
mechanical properties. Accordingly, the Young's modulus of the films increases from 200 + 18 MPa to 359 + 99
MPa with 1.5 wt% ChNFs, while the elongation at break increases by ~45 %. Life cycle assessment (LCA) is
applied to quantify the environmental impacts of solution blow spinning for the first time, providing global
warming potential values of 69.7-347.4 kg-COx-equiv.-kg 1. Additionally, this work highlights the suitability of
ChNFs as reinforcing fillers during spinning and proves the reinforcing effect of mushroom-derived chitin in bio-
based films, opening alternatives for sustainable materials development beyond nanocelluloses in the near

future.

1. Introduction environmental advantage of being composed by renewable carbon, so
their utilization does not incorporate fossil carbon from the ground into

Driven by the scarcity of raw materials, declining availability of fossil the carbon cycle above the ground. As such, materials containing
resources, and the climate crisis, there is an urgent need to transition renewable carbon have the potential to mitigate climate change by
from a linear economy, based on fossil-derived materials, to a sustain- reducing greenhouse gases over their conventional petroleum-derived
able circular economy based on renewable materials [1,2]. Materials of counterparts. Cellulose, as the most common bio-based polymer on
biological origin are generally abundant, non-toxic, and biodegradable the Earth, and its derivatives are popular materials for packaging, food
[3]. Importantly, renewable feedstocks offer the additional industry, paper industry, or construction applications. Cellulose acetate

* Correspondence to: A. Kramar, Novel Materials and Nanotechnology Group, Institute of Agrochemistry and Food Technology (IATA) Spanish Council for Sci-
entific Research (CSIC), Calle Catedratico Agustin Escardino Benlloch 7, 46980 Paterna, Spain.
** Correspondence to: E. Lizundia, Life Cycle Thinking Group, Department of Graphic Design and Engineering Projects, University of the Basque Country (UPV/
EHU), Plaza Ingeniero Torres Quevedo 1, 48013 Bilbao, Biscay, Spain.
E-mail addresses: akramar@iata.csic.es (A. Kramar), erlantz.liizundia@ehu.eus (E. Lizundia).

https://doi.org/10.1016/j.ijbiomac.2024.132046

Received 18 September 2023; Received in revised form 26 April 2024; Accepted 30 April 2024

Available online 7 May 2024

0141-8130/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:akramar@iata.csic.es
mailto:erlantz.liizundia@ehu.eus
www.sciencedirect.com/science/journal/01418130
https://www.elsevier.com/locate/ijbiomac
https://doi.org/10.1016/j.ijbiomac.2024.132046
https://doi.org/10.1016/j.ijbiomac.2024.132046
https://doi.org/10.1016/j.ijbiomac.2024.132046
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2024.132046&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Kramar et al.

(CA) is a widely used cellulose ester due to its mechanical toughness and
flexibility in the form of films or fibers, as well as adequate process-
ability. CA is partially acetylated cellulose that can be obtained from
non-edible plants using acetic acid, the main constituent of vinegar. CA
films have multiple applications, including environmental remediation
[4], active packaging [5], and gas barrier [6]. Besides, CA electrospun
nanofiber mats can be used even for tissue engineering/textiles [7].

To expand its applications, CA can be reinforced with nanoparticles.
The majority of nanofillers used in this context are metallic nano-
particles or graphene, as in the case of electrospun CA [8-11] or cellu-
lose regenerated from electrospun CA [12]. The CA electrospun mats
reinforced with nanoparticles can be used in biomedicine [8,11,13,14]
or for environmental purposes as efficient adsorbents of pollutants
[9,15]. When exploring alternatives to metallic and graphene-based
nanofillers, bio-based colloids are a promising environmental and
economical option due to their often self-excluding characteristics of
renewability, competitive thermo-mechanical behavior and biodegrad-
ability [16,17]. The mechanical, optical, thermal, and ionic properties of
bio-colloids are above the properties shown by their corresponding
parent material [17]. In recent years, nanocelluloses such as cellulose
nanocrystals (CNCs), or cellulose nanofibers (CNFs), have gained sig-
nificant attention from both academia and industry. They are now used
in areas as varied as packaging [18], construction [19], food industry
[20], additive manufacturing [21], sustainable electronics [22], or drug
delivery [23]. Nanocelluloses are isolated from native cellulose using a
top-down approach that involves a controlled mechanical or chemical
deconstruction process [17]. Currently, several companies commer-
cializing CNCs and CNFs can be found [17,24,25], indicating a notable
increase in the technology readiness level.

Given the extensive range of natural macromolecules, numerous
materials can be potentially nanofibrillated to obtain bio-based colloids,
resulting in materials with multiple functions. With a relatively similar
chemical structure to cellulose, chitin can also be deconstructed to
produce chitin nanocrystals (ChNCs) [26]. Thanks to its acetamide
groups, nanochitin offers certain advantages over its nanocellulose
analogue for applications in photonic devices [27], energy storage [28],
or barrier applications in films [29]. Conventional ChNC isolation usu-
ally requires harsh chemical and/or mechanical treatments, such as
strong acid hydrolysis (1-4 M HCI) and/or chemical oxidation steps to
demineralize the arthropod exoskeletons and remove the CaCO3. Then,
the remaining material undergoes through a deproteinization process
using NaOH material. Finally, the resulting chitin can be bleached and
fibrillated to obtain ChNCs [16]. However, these methods result in sig-
nificant wastewater generation (acidic and alkali from demineralization
and deproteinization, respectively) and a notable CO footprint, jeop-
ardizing its implementation in the industrial processing of sustainable
materials. The transition towards bio-based sustainable materials re-
quires new methods of nanochitin isolation.

Chitin is a primary component of cell walls in fungi, including fila-
mentous and mushroom-forming fungi [30]. Interestingly, fungal chitin
does not coexist with CaCO3, which suggests the possibility of avoiding
the use of strong acid hydrolysis required to demineralize crustacean
shells. Consequently, chitin nanofibrils (ChNFs) can be isolated under
mild conditions utilizing NaOH to obtain a global warming potential of
18.5 kg CO,-equiv-kg™! [31]. Although wastewater is still generated
from the deproteinization process in ChNFs (alkali treatment), signifi-
cantly lower carbon footprint values than the 543.5-906.8 kg COa-
equiv-kg ! generated upon ChNC isolation from crab or shrimp shells
can be obtained [31]. For the purposes of comparison, petroleum-
derived polymers with optimized supply chain and production pro-
cesses have global warming potential values of 2.0 kg CO»-equiv-kg ™!
for polypropylene and polyethylene, 3.8 kg CO5-equiv-kg ™" for poly-
styrene, 5.3 kg COs-equiv-kg™! for polycarbonate, or 16.6 kg COo-
equiv-kg ™! for polyvinylfluoride (according to ecoinvent v3.9.1 data-
base). These data clearly demonstrate the potential of ChNF to provide
sustainable bioproducts once production processes are optimized and
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scaled up. A particularly interesting aspect of fungal ChNFs is the
presence of covalently linked p-D-glucans, polysaccharides having p-
glucose monomers and f-glycosidic bonds. These glucans offer notable
advantages in terms of mechanical reinforcement [32], environmental
remediation [33], and transient zinc-ion batteries that degrade upon
immersion in water [34]. However, there are relatively few reports on
ChNFs compared to its analogous cellulosic counterparts, suggesting
that its full potential has yet to be explored.

For the preparation of CA materials, traditional solution casting and
electrospinning are commonly utilized techniques [35]. Solution casting
is a simple method for obtaining free-standing non-porous films, while
electrospinning produces complex morphologies and fibrous mem-
branes that can expand the application range of CA into areas such as
filtration membranes [36], or wound dressings [37]. However, elec-
trospinning requires a high electric field, which limits up-scaling pos-
sibilities due to relatively low production rates. In contrast, solution
blow spinning (SBS), first introduced in 2009, may be a faster fabrica-
tion procedure that can also produce tailored fibrous morphologies like
electrospinning [38,39]. In addition to selecting adequate processing
conditions, SBS can be utilized to produce nano/submicrometric fibers
and prepare materials that exhibit morphological features of both films
and fibers [38,40-42]. During SBS processing, a polymeric solution is
pumped through the inner channel of a nozzle while high-velocity
pressurized air at 0.5-4 bar flows along the outer channel of the
nozzle. This causes the air to exert a force on the polymer solution at the
exit of the nozzle, creating a jet and accelerating solvent elimination by
evaporation. Finally, the jet turns into a solid polymer that can be in the
form of thin fibers. Since the production of the materials is not limited to
a grounded collector, SBS can be directly applied to targeted surfaces
such as skin [43], or historical bones [44]. Another significant advan-
tage of SBS is its ability to achieve uniform nanoparticle dispersions
within polymer matrices during production [41,45].

The current work incorporates fungal ChNFs into a polymer matrix
for the first time using a spinning technique. Additionally, fungal ChNFs
are incorporated in both films and nanofibrous mats using the same
technique while changing only the composition of the solution. Most
importantly, the results obtained here provide new insights for future
design of parameters in conventional and non-conventional fiber spin-
ning techniques, including wet spinning, dry spinning, melt spinning,
electrospinning, and ultimately solution blow spinning. Finally, the
environmental impacts originated from solution blow spinning are
quantified for the first time using the well-recognized life cycle assess-
ment (LCA) methodology. Obtained carbon footprint, water consump-
tion, acidification and eutrophication impacts provide novel
information for the development of more sustainable processes in the
near future. CA was chosen as a representative matrix due to its versa-
tility for production similarly to common synthetic plastics, while pre-
serving its natural origin and biodegradation. Nanocomposites of CA
films and CA/PEO/ChNFs nanofibrous mats, containing up to 5 wt% of
ChNFs were investigated in terms of processing, structure, thermal
properties, and morphology. ChNFs exhibit a significant mechanical
reinforcing effect in CA films due to their nanofibrous morphology and
the presence of glucans, which provide a natural composite structure
[32]. When processed as nanofibrous composites, ChNFs improve the
toughness of the resulting materials and prevents sudden failure of the
material when tensile stress is applied. This work utilizes materials
having renewable carbon to demonstrate that ChNFs derived from fungi
can serve as reinforcing nanofillers in bio-based polymers, providing
further alternatives for sustainable material development beyond
nanocelluloses.

2. Materials and methods
2.1. Materials

White mushrooms, Agaricus bisporus, were obtained from a local
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store in Bilbao, Spain. Cellulose acetate (CA) with a M, of 30.000
g~mol_1 and a degree of substitution (DS) of 2.45 (determined by
saponification method according to standard ASTM D871-96), poly
(ethylene oxide) powder (PEO) (M, of 100.000 g-mol’l), acetone (Ac)
(HPLC>99.9 %), sodium hydroxide (NaOH) pellets (99 %), chloroform
(anhydrous, >99 %) and N,N,dimethylformamide (DMF) (HPLC >99.9
%) were supplied by Sigma Merck and used as received without further
purification.

2.2. Chitin nanofibril isolation

To isolate colloidal ChNFs from the whole fruiting body of Agaricus
bisporus, a top-down approach was used to selectively remove the pro-
teins in fungi [32,34]. Firstly, the fresh mushrooms were frozen at
—12 °C for seven days to prevent unwanted enzymatic degradation
events. To isolate ChNFs, 300 g of frozen Agaricus bisporus was thawed in
600 mL of distilled water for 15 min and then washed to remove the soil
and other impurities. The washed mushrooms were mechanically
blended for 5 min using a kitchen blender (Stabmixer KOENIG). The
slurry was heated at 85 °C for 30 min under magnetic stirring to remove
the water-soluble components. After washing by centrifugation at 4000
rpm for 15 min, the remaining material was treated using a 1 M NaOH at
65 °C for 180 min under magnetic stirring. This step removes proteins,
lipids, and alkaline-soluble polysaccharides. After washing and centri-
fuging at 4000 rpm for 15 min, the remaining material was re-suspended
in water at a concentration of 2 wt% and blended for 5 min. The
dispersion was stored in a refrigerator at 4 °C until use. The ChNFs
exhibited diameters of approximately 80 nm and lengths extending up to
few micrometers [34].

2.3. Solution preparation for films

The solutions were prepared by dissolving CA in a mixture of sol-
vents, specifically acetone and DMF in 7:3 ratio v/v. This was done 24 h
prior to processing, resulting in a final volume of 10 mL and CA con-
centration of 12 % (w/v). Before solution blow spinning, the ChNFs were
solvent-exchanged in acetone. To do this, the required amount of water
suspension was placed into a centrifuge tube and double volume of
acetone was added. The suspension underwent sonication for 10 min
using an Ultrasonic bath ATU ATM series, followed by centrifugation for
15 min at 9000 rpm in a Centrifuge Orto Alresa digicen 21 with fixed
rotor RT 154. The excess liquid was removed and further fresh acetone
was added. The solution was sonicated for 10 min with additional 15 s of
ultrasound probe (SONIX Vibra-cell 750 W, 20 kHz), followed by
another centrifugation at 9000 rpm for 15 min. The excess of liquid was
removed and ChNFs suspension in acetone was added to the CA solution
in acetone/DMF (Fig. 1). The final solution was sonicated for 15 s with a

ChNF in Ac

CAin Ac/DMF

CA/ChNF in Ac/DMF

Fig. 1. Photographs of solutions used for preparation of the CA/ChNF mixtures
to be processed by SBS; ChNF-chitin nanofibrils suspension in acetone, cellulose
acetate CA dissolved in acetone/DMF mixture and final mixture of CA
and ChNF.
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US probe, then treated in an ultrasonication bath for 10 min and finally
stirred for 30 min using a magnetic stirrer. The resulting material was
inserted into a syringe and processed with the solution blow spinning
machine.

2.4. Solution fabrication for polymer composite nanofibers

For solution blow spinning, individual solutions of CA and PEO were
prepared 24 h in advance [46]. CA (10 w/v %) was dissolved in pure
acetone under magnetic stirring into a reduced volume. First, 10 w/v %
PEO dissolved in acetone/chloroform 6:4 v/v was mixed and stirred with
CA solution in 8:2 ratio. Finally, the dispersed ChNFs in acetone were
added, making a total volume of 10 mL. Similarly to the films, the CA/
PEO/ChNF mixture was sonicated for 15 s, then treated in an ultra-
sonication bath for 10 min. Finally, it was subjected to an additional
homogenization by magnetic stirring for 30 min. The suspension was
then transferred to a syringe. Solvent exchange for ChNFs was always
performed immediately before spinning and adding them to CA solu-
tions to prevent their undesired aggregation in acetone and avoid
acetone evaporation.

2.5. Solution blow spinning

The solution blow spinning apparatus was designed and manufac-
tured in the Department of Materials Science and Engineering at UC3M
[38,42,45-49]. The device comprises of a 3D printed nozzle connected
to a high-pressure air supplier, a cylindrical collector rotating at 50-to-
250 rpm, and an injection pump with injection rates of 0.12-to-0.25
mL-min~!. The capillary diameter in the nozzle through which the
suspensions are made to flow is 0.6 mm. The distance from the nozzle to
the collector was set at 10 cm for film preparation and 15 cm for mat
preparation. The collector speed was set at 250 rpm, and a 10 mL syringe
volume was used. Feeding rates and air pressure were adjusted
depending on the system being injected into the nozzle to ensure unin-
terrupted processing. The sample code can be found in Table 1.

2.6. Morphology, structure and physico-chemical characterization

Room temperature X-ray diffraction (XRD) was conducted in a
PHILIPS X'PERT PRO automatic diffractometer in theta-theta configu-
ration, secondary monochromator with Cu-Ka radiation (A = 1.5418 A)
and a PIXcel solid state detector (active length in 26 3.347°). Data were
collected from 5 to 50° 20 (step size = 0.026) scan speed 0.0167° s’l, at
room temperature.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectra were acquired using a Thermo Fisher Nicolet iS5 spectrometer
coupled with an ATR device with a diamond window GladiATR (PIKE
Technologies). Measurements were performed in a range 500-3800

Table 1
Sample codes and summary of solution blow spinning conditions to prepare the
materials.

Sample code  Solution composition Injection rate  Air pressure

(mL-min~ ") (bar)

CA-F CA 12 % w/v, Ac/DMF 7:3 0.25 2.0

CA-F-ChNF 1 CA 12 % w/v, 1.5 wt% ChNF, 0.25 1.6
Ac/DMF 7:3

CA-F-ChNF2  CA 12 % w/v, 2.5 wt% ChNF, 0.12 1.6
Ac/DMF 7:3

NF 0 CA/PEO (4:1) (1 g total in 10 mL 0.25 1.6
solution)

NF-ChNF 1 CA/PEO (4:1) (10 % mix +1 wt% 0.25 1.8
ChNF)

NF-ChNF 2 CA/PEO (4:1) (10 % mix +2 wt% 0.25 1.6
ChNF)

NF-ChNF 3 CA/PEO (4:1) (10 % mix +5 wt% 0.12 1.6
ChNF)
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cm ! using 32 scans and 4 cm ™! of resolution. Background recording
was done before each sample recording.

Carbon nuclear magnetic resonance (13C NMR) experiments were
conducted using a Bruker Avance DPX 300 (Bruker, U.S.A.) at a reso-
nance frequency of 75.5 MHz. The spectrum was obtained at room
temperature using 40 mg, an inverse gated decoupled sequence, a 3 s
acquisition time, a 4 s delay time, a 5.5 ps pulse, a spectral width of
18,800 Hz, and > 10,000 scans.

The morphology of the ChNFs was observed via transmission elec-
tron microscopy (TEM) using a JEOL JEM 1400 Plus apparatus with an
acceleration voltage of 100 kV. A 3 pL droplet of a 0.05 wt% aqueous
ChNF dispersion was deposited onto a hydrophilic EMS CF300-Cu grid
treated by glow discharge treatment. Before observations, the material
was stained using 1 % uranyl acetate for 20 s, after which the uranyl
acetate was removed with a filter paper. The morphology of films and
nanofiber mats was evaluated using a HitachiS-4800 field-emission
scanning electron microscope (FE-SEM) at an acceleration voltage of 5
kV. Before imaging, samples were sputtered with a thin gold—palladium
layer. Image analysis of nanofiber mats was performed using ImageJ
software, and size distribution analysis was based on 150 measurements
of each NF sample.

Optical microscope Olympus DSX500 (Olympus Iberia, Barcelona,
Spain) was used to study roughness of films. R, (arithmetic mean
roughness) obtained from a sample area of 1994 x 1994 pm was
considered as the parameter to describe the roughness. The cut-off
wavelength . in the roughness analysis was chosen according to the
standard EN ISO 4288-1997. The final value of R, was obtained as the
average of the results arising from 10 linear profiles (5 in the X direction
and 5 in the Y direction). Both sides of the samples were considered, the
upper one (in contact with air during SBS) and that one at the bottom (in
contact with the collector).

Water contact angle was determined by depositing small drops of
distilled and deionized water on the surfaces of the materials (on both
sides for each sample) using a 23G needle. After that, photographs of the
water drops were taken and angles were measured using plugin Drop
Analysis - DropSnake [50] of the free software Fiji (ImageJ). Eight
measurements were performed for each sample (four contact angle
values on each side). Water contact angle measurements were per-
formed only on film samples, since the nanofibrous materials contain
water-soluble PEO and swell significantly, as shown in our previous
work where we optimized procedure for preparation of composite CA/
PEO nanofibers [46].

The thermodegradation of the samples (5-10 mg) was monitored
with a TA Instruments TGA instrument (model Q50-0545) using plat-
inum pans at a heating rate of 10 °C-min~! with a 60 mL-min~! N flow.

Mechanical behavior was studied using a Universal testing machine
Microtest DT/005/FR (Microtest S.A., Madrid, Spain) with a load cell of
50 N. Specimens were tested in a uniaxial tensile configuration using a
loading rate of 5 mm min~!. The dimensions of the specimens were 40
mm length, 10 mm width (NF) or 5 mm (films), and the gap between the
grips was 20 mm. Mechanical tests were done 5 times for each sample
using specimens cut in the direction of the collector rotation during SBS.
Specimen's thickness was measured before each test using Digimatic
micrometer (Mitutoyo Corporation, Barcelona, Spain) of +1 pm
accuracy.

2.7. Environmental impact assessment

The life cycle assessment (LCA) methodology has been used to
quantify the environmental impacts of fabricated films and nanofiber
mats. Our study considers the required raw materials, energy needs for
on-site production by SBS, and waste treatment, including the waste-
water generated during ChNF isolation. The electricity mix of the
Spanish grid in November 2023 was used (full distribution is shown in
Fig. S1), while the life cycle inventory is disclosed in Table S1 to facil-
itate comparison. Due to the lack of all utilized materials, certain
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approximations have been considered. Briefly, cellulose acetate was
replaced by carboxymethyl cellulose, while poly(ethylene oxide) was
replaced by the average value from ethylene glycol and polyethylene
production. The impacts corresponding to ChNFs were retrieved from a
recent report [31]. The cradle-to-gate impacts have been determined
according to the International Standards ISO 14040/14044 using
OpenLCA 2.1.0 software, ecoinvent v3.9.1 database and the ReCiPe
2016 Midpoint (H) assessment methodology. The global warming poten-
tial with a 100-year time horizon (GWP100a), marine eutrophication,
terrestrial acidification, and water consumption are reported for a func-
tional unit of 1 kg of processed films or nanofiber mats.

2.8. Statistical analysis

The statistical analysis of the mechanical properties and size distri-
bution was performed using a one-way analysis of variance (ANOVA)
and a t-test with o 0.05. The statistical analysis of contact angle mea-
surements (results of wettability) was performed using Two-way
ANOVA with level of significance of 0.05.

3. Results and discussion
3.1. Processing and morphology of films and nanofibrous mats

Colloidal chitin nanofibrils were isolated from the white mushroom
using a top-down approach that combines mild mechanical (home
blender) and chemical treatments (aqueous 1 M NaOH). The isolated
material was characterized physico-chemically and morphologically, as
summarized in Fig. 2. As indicated by the attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR) and X-ray diffrac-
tion (XRD), ChNFs present the characteristic features of a-chitin, with
absorption bands at 3650-3200 cm! (—OH stretching), the amide I
(1628 cm’l), 11 (1556 cm’l), and ITI (1315 cm™!) bands that confirm the
presence of chitin rather than chitosan, the CH3 symmetrical deforma-
tion at 1378 cm_l, and the C—O stretching at 1029 em™! [16,33]. The
isolated material exhibits a semicrystalline character as confirmed by
the two broad crystalline peaks centered at 26 = 9.2° and 19.7°, together
with a shoulder at 20 = 20.5, corresponding to the (020), (110) and
(120) planes of a-chitin, respectively. A crystallinity degree of ~59 % is
estimated according to the intensity of the (020) reflection [51]. In
addition, the relatively low intensity of the amide bands in FTIR,
together with a broad bump in XRD indicates the presence amorphous
B-glucans in the material, estimated to be ~56 wt% based on our pre-
vious analyses [51]. The presence of a-chitin and p-glucans is further
confirmed by the 1*C NMR spectrum in Fig. 2¢, with characteristic sig-
nals at 174 ppm for C=0 (chitin), 23 ppm for CH3 (chitin), no doublets
for C4/C6 (indicating the occurrence of chitin rather than chitosan), and
a smaller signal at 33 ppm from (1 — 3)-p-D-glucans [52]. Additionally,
an N-acetylation degree of 76 % is estimated according to the integral of
methyl carbon (CHjs signal at 22.8 ppm) normalized to the integrals of all
the carbon groups in the p-glucopyranosyl ring (C1 to C6). Finally, the
TEM image in Fig. 2d reveals a fibrillar structure of individual ChNFs,
with lengths extending up to 1 pm and diameters above 20 nm. ChNF
bundles could be also observed due to a strong hydrogen bonding upon
sample preparation (drying of an aqueous dispersion drop onto a hy-
drophilic carbon grid). The length and diameter of individual ChNFs
observed under TEM are above the values reported for a-chitin crys-
tallites (2-5 nm and ~ 300 nm, respectively), suggesting that ChNFs
may be composed upon the assembly of more than the conventional
18-25 chitin molecular chains of single a-chitin crystallites together
with glucans [16]. For comparison, acid hydrolysis of king crab endo-
cuticles or lobster exoskeletons yields nanochitin with a diameter of
10-18 nm and a length of 300-500, while the acid hydrolysis of shrimp
shells results in nanochitin with a diameter of 10-50 nm and a length of
50-300 nm [26]. Such dimensions are in general larger than the 9-17
nm width and 150-300 nm length observed for cellulose nanocrystals
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Fig. 2. Fungal ChNF characterization: (a) ATR-FTIR spectrum; (b) XRD pattern; (c) 13¢ NMR spectrum and (d) transmission electron microscopy (TEM) image. An
individual ChNF is highlighted by orange arrows.

isolated upon sulphuric acid hydrolysis of cellulose [53]. and ejection of polymer solution through the nozzle, as well as ensuring

The materials were processed by SBS under the conditions outlined there is no polymer accumulation at the tip of the needle that could
in Table 1 following our previously optimized process [38,46]. The cause blocking. Additionally, the overall stability of the solution blow
specific processing parameters were considered based on the feasibility spinning process was taken into account. To prepare the films, acetone

of carrying out the SBS process. This includes uninterrupted injection and DMF were chosen due to their ability to obtain high outputs with

Neat CA lm

4o

CA/ChNF films
19 &3,

(RS
CA/PEO nanofiber mat

Fig. 3. Representative FE-SEM micrographs showing the surface morphology of: CA films (a, d); CA/ChNF films (b, e- 1.5 wt%; c, f- 2.5 wt% of ChNF); and CA/PEO
nanofiber mats: (g) and CA/PEO/ChNF (h — 1 wt% and i- 2 wt% ChNF) nanofiber mats.
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high injection rates [38]. Upon adding ChNFs to the CA solution, the
injection rates and air pressure were reduced to maintain stability in the
SBS process. We found that increasing the ChNF concentration above
2.5 wt% resulted in nozzle blocking. When processing the nanofibrous
composite materials, similar but less pronounced effect occurred when
5 wt% of ChNFs was added to a polymer mixture of CA/PEO. Frequent
nozzle blockages prevented the collection of a higher amount of mate-
rial. Despite this, the collected sample was subjected to morphological,
thermal and structural characterization. However, the maximum ChNF
concentration to ensure completely stable and uninterrupted processing
of the nanofibrous mat that can be collected in higher amounts is 2 wt%.

The morphology of the films and nanofibers mats was investigated
using FE-SEM as presented in Fig. 3. While the CA-based films prepared
by SBS resulted in macroscopically flat surfaces, the micrographs reveal
distinctive surface features for neat CA and CA/ChNF films (Fig. 3a-f). At
low magnifications, polymer beads that formed as a result of coalescence
droplets during SBS can be observed. In contrast, the inclusion of ChNF
seems to decrease the presence of those polymer beads, resulting in
flatter and more uniform surfaces (larger portions of flat areas are seen
at higher magnifications in Fig. 3e,f). This is supported by the surface
roughness measurements presented in Fig. 4, where a significant
decrease of arithmetic mean roughness parameter (R,) is achieved upon
ChNF addition. Specifically, the surface roughness on the top side, which
is open to air during collecting in SBS, is reduced by 50 %. We propose
that this reduction originates from the ChNFs acting as a binder to CA
macromolecules and thereby improving film homogeneity. The presence
of glucans that remain covalently attached to ChNF improves the
cohesion and interfacial properties of the films [32]. On the other hand,
the underside of the film shows a similar surface roughness for all the
compositions, indicating that the polymer solution adopts the
morphology of the collector during SBS process. Wettability measure-
ments using water contact angle measurements showed that the inclu-
sion of ChNF increases the wettability of the surfaces in close contact
with the collector (bottom) as indicated by the reduction of the contact
angle from 74° to 55-60° (Fig. 4c). The wettability studies were only
performed onto films because nanofibrous materials swell significantly

International Journal of Biological Macromolecules 269 (2024) 132046

because of the presence of PEO component, which dissolves changing
the final morphology of the material [46]. A two-way ANOVA analysis
showed that both the side of the sample and concentration of added
ChNF influence significantly the wettability of materials.

The morphology of nanofibers spun with and without ChNFs in Fig. 3
g-1 do not show significant differences. All the samples present uniform
and defect-free features. The size distributions in terms of nanofiber
diameters for all the ChNF compositions are given in Fig. 5, with addi-
tional statistical data provided in Table S2. The addition of 1 wt% ChNF
reduces the nanofiber diameter from 591 + 251 nm (neat CA) to 532 +
200 nm. Increasing the ChNF concentration to 2 wt% results in larger
diameter values of 568 + 266 nm. Although these differences fall within
standard deviation values, further statistical analysis using ANOVA re-
veals statistically significant differences with values of p < 0.05 for all
samples. The addition of 5 wt% ChNF leads to broadening of the dis-
tribution and an increase in the mean size to 676 + 280 nm. To gain
additional insights into the size distribution, we also considered the
mode and median values (Table S2) [46]. The mode is consistent across
all samples except for NF/ChNF 1, which also shows the lowest values
for all distribution parameters. In contrast, the mean and median values
are the highest for the NF/ChNF 3 sample. This suggests that adding
ChNFs at low concentrations of 1 wt% reduces nanofiber diameters,
while higher ChNF concentrations enlarge the diameter of the nano-
fibers. It is important to note the lower nanofiber diameters obtained in
this study compared to the previous study [46], where a 12 % w/v CA
solution was used for polymer mixture preparation, as opposed to the 10
% w/v CA used here. The maximum ChNF concentration to ensure un-
interrupted processing of the nanofibrous mat was found to be 2 wt%.

3.2. Structural and conformational features

X-ray diffraction (XRD) can provide information on the semi-
crystalline structure of polymeric films and nanofiber mats. This has
direct implications in fields such as energy storage [54] and packaging
[55]. The diffractograms in Fig. 6a for films are characterized by two
main broad peaks centered at 20 = 10.1° and 17.4°, while the nanofiber
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mats in Fig. 6b present the two broad peaks at 20 = 8.5° and 18.7°. The
diffraction peaks suggest the presence of cellulose triacetate moieties
[56]. In contrast, four sharper diffraction peaks are observed at 20 =
14.9, 16.5, 22.7 and 34.4° corresponding to the presence of the planes
(1'10), (110), (200), and (004) for cellulose I (Avicel) [57,58]. The
diffractograms of the films and nanofiber mats correlate well with the
results obtained for cellulose triacetate I and II structures [59]. Small
differences may be explained by the different solvents used for pro-
cessing and the fact that the acetate used in this work is not triacetate but
one CA with a DS of 2.45. Besides, the larger intensity of the first
diffraction peak over the second one indicates a high degree of

substitution with a large presence of acetyl groups [60]. There are no
differences in peak position between the films and mats, indicating that
the inter-atomic spacing (d-spacing, Bragg's law) is not modified by the
presence of ChNFs [61]. No ChNF diffraction peaks at 26 = 9.2 and 19.7°
originating from the (020) and (110) of a-chitin is seen given the low
concentration of these bio-colloids in the material [34].

Additionally, the two diffraction peaks are found superimposed over
a broad amorphous halo, which indicates the coexistence of crystalline
and amorphous regions within the samples. To quantify the degree of
crystallinity, a peak deconvolution was used to separate the amorphous
and crystalline contributions in the diffraction pattern. The
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deconvoluted XRD patterns of ChNF-reinforced CA films and nanofiber
mats are shown in Fig. S2. This approach was chosen due to its higher
accuracy compared to other methods such as the Segal method, which
solely considers the heights of the 002 peak and the minimum found
between 002 and 101 peaks [62]. Crystallinity degrees (orange high-
lighted in Fig. 6) range from 25 to 59 % depending on the sample. The
low crystallinities of the samples when compared to Avicel cellulose
(which has crystallinity degrees of 57-92 %) [62], originate from the
substitution of the cellulosic hydroxyl groups by acetyl groups, which
have a greater volume and enlarge the interfibrillar distances and thus
increase the disorder [63]. However, both the film and nanofiber mats
show a slight increase in crystallinity when reinforced with ChNF at
intermediate concentrations. This increase may be beneficial in
achieving materials with greater stiffness.

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)

experiments were conducted to identify the occurrence of specific in-
teractions between the CA matrix and ChNFs. The ATR-FTIR spectra in
Fig. 7a and Fig. 7b show the characteristic absorption bands of cellulose
acetate for all compositions, with the cellulose backbone identified at
approximately 1035 cm ™' (symmetric C-O-C stretching). The intensity
of the band at 3650-3200 cm ! originating from the non-esterified -OH
groups, notably decreases when compared to native cellulose. This in-
dicates a disruption of hydrogen bonding in the material. The chemical
conversion to an ester is confirmed by the appearance of the band at
1735 cm™}, which corresponds to the C=0 stretching of the acetyl
group. Additionally, the bands corresponding to C—H bending and C—0O
stretching vibrations of acetyl groups are seen at 1370 cm ™! and 1220
em ™Y, respectively [56]. The bands at 2920 cm! (vcu) and 904 em !
(acetate methyl groups) are also characteristic of cellulose triacetate.
The differences between films and nanofiber mats are mainly observed
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Table 2

Characteristic thermodegradation temperatures (Tsy, and Tpeqr) and maximum degradation rates (@max) of CA/ChNF films and CA/PEO/ChNF nanofiber mats.
Sample Ts9, (°C) Tpeak (°C) Amax (%/°C)
CA-F 299.8 364.1 2.18
CA-F-ChNF 1 287.4 364.1 2.23
CA-F-ChNF 2 299.9 363.7 2.10
NF 0 294.2 362.0 1.58
NF-ChNF 1 286.4 364.2 1.70
NF-ChNF 2 288.2 361.3 1.42
NF-ChNF 3 290.4 360.8 1.53

in the bands that correlate with the crystallinity of the cellulose acetate.
As highlighted in blue in Fig. 7a and Fig. 7b, an increased intensity is
observed for the band located at 1428 cm ™! with the increase of ChNF
concentration. This band originates from the symmetric §cys at C-6 in
the crystalline phase. Likewise, the intensity of the band at 897 cm™!
decreases its intensity (8¢cy2, amorphous region). In contrast, the bands
remain unchanged in the nanofiber mat. These results suggest that the
presence of ChNFs induces an increase in crystallinity for the films,
while no changes in crystallinity are observed for the nanofiber mats.

3.3. Thermal stability of composite films and nanofibrous mats

The thermal stability of polymers is a key property to consider for
their practical implementation. A poor thermal stability can yield to a
loss in the material thermo-mechanical properties, limiting its use in
load-bearing or packaging applications. This is particularly true for
polysaccharides, which show higher sensitivity to temperature in com-
parison with their petro-based counterparts. The thermodegradation of
CA/ChNF films and CA/PEO/ChNF nanofiber mats was studied by
thermogravimetric analysis (TGA) under a Ny atmosphere. The TGA
curves and weight loss rates are shown in Fig. 8, while Table 2
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summarizes the characteristic thermodegradation temperatures and
maximum degradation rates for all the materials. No signs of DMF or Ac
evaporation were observed at temperatures up to 200 °C, indicating that
the developed materials are free of occluded solvent. All materials
exhibit high thermal stability due to the presence of acetyl groups.
Specifically, a single thermodegradation process occurs centered at
approximately 365 °C, resulting in an 85 wt% loss. This process is caused
by the breakdown of glycosidic bonds in the cellulose backbone, dehy-
dration and depolymerization, and subsequent loss of acetate groups
[64,65]. At temperatures above 400 °C, a smoother degradation process
occurs, transforming the remaining cellulosic material into carbon res-
idues [66]. Finally, a char equivalent of approximately 11 wt% at 600 °C
is achieved. This char equivalent increases by nearly 2 wt% in the
presence of ChNFs, indicating the degradation and subsequent carbon-
ization of 2-amino-2-deoxy-p-glucopyranose units (for chitin) and the
glucans [34,67].

The onset of thermal degradation of CA film, determined as the
temperature at which the first 5 % weight loss occurs, is lowered by
12 °C upon 1 wt% ChNF addition. Similarly, the thermodegradation of
nanofiber mats initiates at lower temperatures in the presence of ChNFs.
These observations suggest an accelerated thermodegradation at early
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Fig. 9. Representative stress-strain curves of films (a) and nanofibers (b) and their Young's modulus (c and d), respectively.
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stages of degradation due to the lower thermal stability of ChNFs over
CA. Nevertheless, the peak degradation temperature remains approxi-
mately at 363 °C for all compositions studied with slight variations in
weight loss rates, indicating that the overall thermal stability of neat CA
is minimally affected by ChNF incorporation. This finding has relevant
implications, particularly when considering the results observed for
other bio-colloids such as CNCs. In these cases, the surface sulfate half-
ester groups catalyze thermodegradation events of the polymeric matrix,
reducing the overall thermal stability of the composite materials
[68,69].

3.4. Mechanical properties of composite films and nanofibrous mats

The mechanical response of materials is of special interest for the
application of films and fibers, as it determines their area of application.
Nanofillers are often added to polymers to reinforce the matrix and
improve the material's stability over time. Therefore, the mechanical
properties of the materials were analyzed by uniaxial tensile testing.
Fig. 9a and Fig. 9b show the representative stress—strain curves for films
and nanofiber mats, respectively, while Fig. 9c and Fig. 9d summarize
the average and standard deviation of the Young's modulus. The films
exhibit a brittle behavior, with a failure characterized by a sharp drop in
strength and elongation at break values below 10 %. On the contrary,
nanofiber mats exhibit a behavior that could be considered ductile, as
their elongation at break values are above 30 %. However, there is no
clear evidence of plastic deformation of the materials. Instead, the
observed failure is characterized by a smooth drop of mechanical
strength. The curves in Fig. 9b do not show the typical catastrophic
failure of polymeric materials, but rather a slow decrease in tensile
strength, as if gradual failure is occurring.

Table S3 presents the ultimate tensile strength (maximum stress at
break), the strain at break, and Young's modulus for films and nano-
fibrous composites with ChNF concentrations up to 2.5 wt% and 2 wt%,
respectively. The films have higher ultimate tensile strength values in
the range of MPa, while nanofiber mats have breaking strength in the
kPa range. The Young's modulus of films is affected by the addition of
both concentrations of ChNF while in the case of nanofibers, statistically
significant difference exists between sample without ChNF and with 2
wt% ChNF. The obtained values for nanofiber mats are comparable to

.

Stage |

Stage Il
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those reported in the literature for electrospun CA nanofibrous mats
[11,13]. It is noteworthy that the addition of ChNF to both films and
nanofiber mats had opposite effects on the resulting maximum stress at
break and Young's modulus. In fact, ChNF incorporation to CA films
increases the stiffness of the material. With the addition of 1.5 wt%
ChNFs, the tensile strength and Young's modulus increase by 84 % and
80 %, respectively. Importantly, the ductility of the material is improved
as reflected by the increase on the strain at break from 5.4 + 2.3 % to 7.8
+ 3.0 %. However, further incorporation of ChNFs appears to have a
detrimental effect. The reduction in ultimate tensile strength is due to
the increased presence of ChNF, which can create weak spots in the
nanocomposite structure. This can eventually lead to a reduced breaking
strength and early failure compared to the CA/ChNF1 sample [70]. The
increase in CA films strength upon the addition of ChNF can be attrib-
uted to the increased matrix crystallinity, as determined by ATR-FTIR
and XRD. In contrast, nanofiber mats exhibit an opposing behavior,
whereby even low ChNF concentrations significantly decrease the ten-
sile strength and Young's modulus. This reduction in tensile strength
may be due to the addition of ChNF disrupting the entanglement of CA/
PEO nanofibers. However, the elasticity is maintained as evidenced by
the slight decrease in strain at break and the ability of the material to
withstand stretching. Although the nanofibrous mat with 5 wt% ChNF
was produced using DBD, the small amount of material collected made it
unfeasible to assess its mechanical properties.

A graphical representation of plausible mechanism that lies behind
the observed ductility of CA/PEO/ChNF composite nanofibers, is given
in Fig. 10 and consists of three stages. In the first stage of tensile testing
(stage I), the nanofibers remain randomly oriented. Upon external stress
application (stage II), a necking effect occurs, and the majority of the CA/
PEO nanofibers align along the direction of the applied stress due to
external mechanical forces. Finally (stage III), the materials undergo
progressive fracture events associated with the fibers as individual en-
tities. The stress-strain curves show a stress approaching zero kPa.
However, new connections and bridging sites at the fractured regions
may be present due to interfacial interactions between the matrix and
the ChNFs, presenting a small resistance to the applied stress and pre-
venting the sudden failure of the material.

Similar results in terms of maximum strength and gradual strength
decrease after fracture have been reported [11,71]. This characteristic

CA/PEO

ChNFs

)
J

Fig. 10. Graphical representation of the proposed tensile testing behavior of nanofibrous composites.
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may be important for materials that require ductility, or at least avoiding
the catastrophic failure to allow for decisions to be made before fatal
consequences occur. This is particularly relevant for biomedical scaf-
folds and other biomedical applications (wound dressing, tissue engi-
neering), where polysaccharide-based materials hold a bright future
[8,11,72].

3.5. Environmental impacts according to life cycle assessment

Life cycle assessment (LCA) methodology has been applied to
quantify, for the first time, the environmental impacts of SBS processing.
Details on the modeled inventory are given in Tables S1 and S4, while
the resulting cradle-to-gate environmental impacts per 1 kg of processed
material are summarized in Fig. 11. Results include the impact cate-
gories of global warming potential with over 100-year time horizon,
marine eutrophication, terrestrial acidification and water consumption.
Overall, the films show reduced environmental impacts compared to the
nanofiber mats, with GWP values of 69.7-173.4 kg-COy-equiv. and
152.1-347.4 kg-CO2-equiv. per kilo of fabricated material, respectively.
Although these values remain well above the carbon footprint shown by
commercial petroleum-based polymers (2.0 to 16.6 kg-CO5-equiv.-kg ™!
for polypropylene, polyethylene, polystyrene, polycarbonate, or poly-
vinylfluoride), the obtained CO5 footprint remains below the majority of
polymer nanocomposites based on carbon nanofibers, Ag nanoparticles,
TiO5 nanoparticles, and even nanocelluloses [73]. Moreover, these re-
sults also prove the potential of SBS to obtain nanofibers, which could
later be used as reinforcing agents in polymer matrices, at relatively low
environmental cost compared to processes involving homogenization of
cellulose fibers to obtain nanofibrilated cellulose (770-814 kg-COo-
equiv.-kg’l) [74].
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In any case, the relatively high GWP results indicate the need for
further process optimization in the near future. In this sense, the results
can be explained by the increased energy demand for the processing of
nanofiber mats, which requires on average 1.56 kWh-g~* compared to
0.84 kWh-g! for film formation. Despite the relatively low impact of
fungal nanochitin, significantly higher impacts are also observed for
nanocomposites with increased concentration of ChNFs. However, this
increase is due to a decrease in yield resulting from higher viscosities,
which make processing more difficult, both for films and nanofiber mats
(see Table S1 for the material and energy inventories). As a result, the
overall resource efficiency of the process is lowered, increasing the
impacts per amount of resulting material [75]. A similar trend is
observed in the terrestrial acidification and water consumption categories,
suggesting that the overall sustainability of the materials is determined
by the fabrication process to reach specific material morphology (film
vs. nanofiber mat), and ChNF concentration. However, it should be
noted that the marine eutrophication is larger on the case of film pro-
cessing. This result originates from the use of DMF during film pro-
cessing, a solvent known to increase nitrogen levels in water bodies
[76]. Altogether, these environmental results point towards future
optimization, emphasizing the necessity of achieving a proper balance
between solvent selecting, energy consumption, and material yield.

4. Conclusions

This study develops composite films and nanofiber mats containing
renewable carbon. Specifically, cellulosic-matrices reinforced with
chitin nanofibrils derived from fungi are developed, seeding new in-
formation to the growing field of fungal-derived materials. ChNFs are
isolated from Agaricus bisporus, the common white mushroom by a top-
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down approach. Unlike chitin sources from crustaceans, the process
adopted involved a mild alkaline treatment to remove proteins and was
assisted by a kitchen blender for fibrillation. Cellulose acetate is selected
as a model renewable and biodegradable polymer with a widespread
industrial application. Using solution blow spinning, a high-processing
rate emerging technology, cellulose acetate/chitin nanofibrils free-
standing films, and cellulose acetate/poly(ethylene oxide)/chitin
nanofibrils nanofiber mats were obtained. ChNF incorporation can in-
crease the crystallinity degree of composite films. The surface roughness
of neat CA films is reduced from 8.8 pm to 4.4 pm when processed into
CA/ChNF 2.5 wt% nanocomposite. This influenced the increased
wettability of films, reflected in a decrease of contact angle with
deionized water. Furthermore, thanks to the covalently linked p-D-glu-
cans, ChNFs exhibit a significant mechanical reinforcing effect in CA
films. The ultimate tensile strength increases from 8.2 + 3.9 MPa for
neat CA to 15.1 £ 4.10 MPa after the incorporation of 1.5 wt% ChNF.
Conversely, in nanofibrous mats, the incorporation of ChNF into CA/
PEO composite increases the ductility of material and prevents sudden
failure upon applied mechanical stress. This increased ductility of
nanofiber mats may be advantageous for biomedical applications. The
proposed mechanism for explaining stress-strain curves in nanofibrous
composites relies on increased interfacial interactions. These in-
teractions originate from two factors: PEO envelopes CA nanofibers
during production, while the presence of f-D-glucans in ChNFs acts as a
binder. The materials produced in this work remain thermally stable up
to 285 °C.

With global warming potential values from 69.7 to 347.4 kg-CO»-
equiv.-kg ™!, life cycle assessment results point potential environmental
benefits of solution blown cellulose acetate/chitin nanofibril materials
when compared with analogous fibrilar-like materials. Altogether, these
results demonstrate the potential of chitin nanofibrils derived from fungi
to serve as reinforcing fillers in bio-based polymeric films, such as cel-
lulose acetate using the solution blow spinning technique. This approach
offers not only new possibilities for sustainable material development
beyond nanocelluloses, but also provides a solution to use the same
process to obtain versatile morphologies (continuous films and nano-
fibers) by changing the polymer mixtures. Further optimization of the
SBS process should be done to additionally decrease the environmental
impact, especially in terms of electricity consumption and increasing the
process output.
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