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Abstract: Chitin—glucan complex (CGC) is typically extracted from fungal or yeast biomass using harsh
alkaline treatments that not only generate high-salt, organic-rich effluents, but also negatively impact the
structural and functional properties of the recovered copolymer, while wasting the yeast protein fraction,
which is discarded. In this work, we present an innovative, environmentally friendly procedure based on the
use of cholinium acetate ([Cho][OAc]), a biocompatible ionic liquid (IL), as a novel solvent to directly recover
a natural CGC—protein biocomposite from Komagataella pastoris cells. The process was optimized via
response surface methodology, achieving an overall recovery yield exceeding 40wt% under mild thermal
conditions (82-116°C) and moderate biomass loadings (7.5-15wt%), with reaction time having minimal
effect. Reaction at 90°C for 24 h, from a 11wt% yeast biomass suspension, resulted in the recovery of
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a CGC—protein biocomposite comprising 64 wt% CGC and 36 wt% protein, with minimal inorganic salts
contamination (0.8 wt%). This represents a novel, value-added biomaterial, leveraging the Generally
Recognized as Safe status of K. pastoris and combining the bioactive properties of both CGC and yeast-
derived proteins. The developed IL-based method offers a sustainable, safe, and efficient alternative to
traditional approaches and opens new possibilities for the valorization of yeast biomass and the use of
CGC—protein biocomposites in food, cosmetic, and biomedical applications. © 2025 The Author(s). Biofuels,
Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
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Introduction

hitin-glucan complex (CGC) is a biodegradable
C and biocompatible biopolymer that combines

the properties of chitin and -glucans."? Its
bioactive properties’ render CGC of interest for use in
pharmaceuticals,® wound healing,”® food products and
processes,”!? 1213
clarification.' It is extracted from fungal and yeast biomass
by procedures that commonly involve cell-wall fractioning,
followed by CGC isolation and purification. Cell-wall
fractioning is usually carried out by treatment with hot
alkali (e.g. NaOH 0.1-5 m; 40121 °C),' which disrupts the
cell wall and solubilizes most cellular components (proteins,
mannans and alkali-soluble f-glucans). Chitin-glucan
complex is then isolated and purified from the resulting
insoluble material by treating it with phosphate-buffered
saline solution,’ hydrochloric acid (1 or 6 M),'¢ acetic
acid (2%, v/v),}” and water and/or ethanol."'®!® However,
such procedures generate high-salinity effluents with a
high organic load, whose handling/disposal considerably
increases the overall process cost. Moreover, the harsh
conditions used during extraction (high temperature in an
alkaline medium) often impact on the biopolymer’s final
properties.'® Such drawbacks have driven investigation
toward novel more environmentally friendly procedures
for CGC extraction from yeast biomass. Furthermore,
Komagataella pastoris protein is discarded during such
procedures, wasting a valuable material that could find
additional uses given the GRAS (Generally Recognized as
Safe) status of the microorganism.”'®

Tonic liquids (ILs) are organic salts with a melting point

below 100°C, composed of ions (an organic cation and
an organic or inorganic anion), whose chemical and
physical properties can be tuned by suitable cation and
anion selection, according to the desired application.?*?!
This characteristic makes them attractive for several uses,
including the dissolution and processing of polysaccharides

cosmetics,'! water treatment and wine

such as cellulose, chitin and CGC.**"** For example, 1-ethyl-
3-methyl-imidazolium acetate ([C,mim][OAc]) and
1-allyl-3-methyl-imidazolium bromide ([Amim]Br) were
used for chitin extraction from crustacean.'** Another
example is the preparation of fibers using chitin and the IL
[C,mim][OAc].?® Cholinium-based ILs (cholinium acetate,
cholinium propionate and cholinium hexanoate), which

are biodegradable and possess low toxicity,*® were used to
dissolve CGC and prepare films and gels.?

This study introduces, for the first time, the use of the
biocompatible IL cholinium acetate ([Cho][OAc]) for the
recovery of a CGC—protein biocomposite from K. pastoris
cells, aiming to enhance the valorization of this yeast biomass
into value-added products. To optimize the procedure and
maximize the CGC content in the biocomposite, a statistically
robust design of experiments approach was applied,
systematically evaluating the influence of key variables (reaction
time, temperature, and biomass load) on recovery efficiency.
The resulting CGC-rich material was comprehensively
characterized with respect to composition, structure and
physicochemical properties, which were compared with that of
neat CGC obtained via conventional alkaline extraction.

Experimental

Materials

Cholinium hydroxide (46 wt% in H,O, Sigma-Aldrich)

and glacial acetic acid (Fluka™, Honeywell, Germany) were
used as received. [Cho][OAc] was synthesized as reported
by Ferreira et al.”* Briefly, glacial acetic acid (1 mol) was
added to a cholinium hydroxide aqueous solution (1 mol)
and stirred for 24 h, at 20°C. [Cho][OAc] was obtained after
water removal by rotary evaporation and subsequent drying
under vacuum, and its purity was confirmed by '"H NMR
analysis (>95%). The water content (19 wt%) was determined
using the Karl-Fischer titration method (model 831 KF
Coulometer, Methrom AG, Switzerland).
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Komagataella pastoris biomass was obtained by the
bioreactor cultivation (10 L, BioStat B-plus, Sartorius)
of strain DSM 70877, as described by Farinha et al.?’
The biomass was recovered by centrifugation (11712g,
15 min) and lyophilized (for 48 h, at - 110 °C, under
vacuum). The dry biomass was kept in a closed vessel
until further processing.

Recovery of CGC-protein biocomposite
by processing the yeast biomass with
[Cho][OACc]

Design of experiments

The reaction conditions were evaluated by response surface
methodology (RSM).2® A central composite rotatable design
was used, comprising reaction time (X;), temperature (X,) and
biomass content (X3) as independent variables. Two observed
responses were considered, namely, the overall extraction yield
(Y7) and the CGC extraction yield (Y,). Seventeen experiments
were performed: eight factorial design points (levels +1),

six axial level runs (a+ 1.682) and a central point with three
replicas (Table 1). For each experiment, the lyophilized
biomass was mixed with [Cho][OAc] (fixed mass of 5g)

and heated to the desired temperature, for different reaction
times. After cooling to room temperature, the mixtures were
centrifuged (13257g, 20min) to remove undissolved cell debris
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and the CGC-protein biocomposite was recovered from the
clarified supernatant by dialysis (12-14kDa Spectra/Por®
molecular porous membrane tubing, Spectrum Laboratories
Inc.) against deionized water. Upon removal of the IL during
the dialysis process, the biocomposite precipitated and was
recovered by centrifugation (13257g, 20 min). The resulting
pellet was lyophilized (48h, at —110°C, under vacuum) and
kept in closed vessels until further characterization. The
recovery yield (wt%) was determined as follows:

mass of dried insoluble fraction
mass of dry biomass

Extraction yield (wt. %) =

x100%
(1)
RSM model
The system’s behavior was evaluated by fitting the
experimental data to the following quadratic model:
Y, =by+b,X, +b,X, +b;X;+ b X] + by, X + b33 X5 2

+0, X, X, + b3 X, X5+ 0, X, X5

where Y is the predicted response; X;, X, X; are the
independent variables coded values; by, is the interception
coefficient estimate; b,, b, and bj are the linear terms; b}, by,

Table 1. Central composite rotatable design: independent variables time (t), temperature (T) and biomass

concentration; overall extraction yield and chitin—-glucan complex (CGC) extraction yield as the observed

responses.

Run t (h) T (°C) Biomass (wt%) Biocomposite recovery yield CGC extraction yield
(Wt%) (wWt%)
X X5 X3 Y4 Yo
1 8 80 5 4.5 0.8
2 24 80 (5) 28.3 7.8
3 8 120 5 37.9 20.7
4 24 120 5 36.5 22.8
5 8 80 15 32.9 20.9
6 24 80 15 41.9 30.1
7 8 120 15 35.9 14.4
8 24 120 15 37.1 16.4
< 2.5 100 10 42.5 25.9
10 29.5 100 10 43.7 29.1
11 16 66.4 10 15.0 10.1
12 16 133.6 10 30.8 22.6
13 16 100 1.6 9.3 2.5
14 16 100 18.4 30.3 20.5
15 16 100 10 40.0 21.2
16 16 100 10 54.1 30.9
17 16 100 10 41.4 26.7
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and bs; are the quadratic terms; and b5, b3 and b,; are the
interaction terms. MODDE 8.0 (Umetrics, Sweden) was used
for the statistical analysis. Analysis of variance (ANOVA)
and multiple linear regression (MLR) were used to assess

the model’s fitting to the experimental data. The obtained
model was evaluated considering the correlation coefficient
(R?), statistical meaning (P-value <0.05) and no lack of fit
(P>0.05) at a 95% confidence level. Statistical and surface
plot analysis were used to evaluate the effect of reaction time,
temperature and biomass content in the extraction yield.

The significance of all the factors and their interactions was
assessed by the P-value at a 95% confidence level.

Model validation

The model was validated by conducting three validation
experiments (three replicates each), as described in Table 2.

Characterization

The sample’s chitin content (Q, %) was determined by
Eqn (3):¥

Q=14.199 X N 3)

where N is the nitrogen content (%) of the sample determined
by elemental analysis (Flash EA 1112 Series CHNS analyzer),
after subtracting the nitrogen content corresponding to the
protein content. The protein content was determined by
mixing the sample (3.0-5.0mg in 5.5mL of deionized water)
with 20% NaOH (1 mL), and incubating at 100 °C, for 5 min.
After cooling on ice, 170 pL of CuSO,5H,0 (25%, w/v) was
mixed in. The mixture was centrifuged (3500g, 5min) and
the supernatant’s optical density was measured at 560 nm.
Albumin (Sigma-Aldrich) solutions (0-2.0g L) were
used as protein standards. The inorganic salts content was
determined by subjecting the samples to pyrolysis (550 °C,
24h).16

The Fourier transform infrared spectroscopy (FTIR) spectra
of the samples (~2mg) were acquired in the mid-infrared
range of 400-4000 cm !, with a Perkin-Elmer Spectrum Two™,
with a detector type L1600300 equipped with an attenuated
total reflectance accessory. Twelve scans with a resolution of

Original Article: Yeast biomass using biocompatible ionic liquids

4cm™! were acquired. Before performing the measurements,

a background spectrum was recorded, in the same conditions
as the sample spectrum. Thermogravimetric analysis was
performed on a Setaram Labsys EVO, in which the samples
(around 10 mg) were heated from 25 to 500 °C, at a heating

rate of 10 °C min !, under an argon flow of 50 mL min~ L.

Results and discussion

Recovery of CGC-protein biocomposite
from K. pastoris biomass

[Cho][OAc] was used for the recovery of the CGC—-protein
biocomposite from the yeast biomass, based on the knowledge
that this IL efficiently dissolves the biopolymer.?* Cholinium,
a quaternary ammonium cation, is an essential nutrient for
humans, necessary for the normal function and growth of

the cells.*® As reported by Petkovic et al.,? the cholinium
cation when combined with alkanoate anions, results in
biocompatible ILs with low toxicity, including [Cho][OAc].

Design of experiments

A design of experiments approach was applied to assess the
reaction conditions that maximize the recovery yield of the
biocomposite from
K. pastoris biomass, while maximizing its content in CGC.
For a fixed [Cho][OAc] mass of 5g, biomass loads ranging
from 1.6 to 18.4wt% were subjected to different temperatures
(66.4-133.6 °C) for different reaction times (2.5-29.5h),
according to the experimental design (Table 1). The
independent variables’ range was chosen taking into account
that CGC solutions in [Cho][OAc] could be prepared at a
concentration of 5wt% by exposing the mixtures at 80 or 110
°C, during 24h.** Also, previous works regarding crustacean
chitin extraction using ILs reported reaction conditions that
included temperatures from 70 to 110 °C, during 18-36h, for
raw crustacean biomass contents of 6.7-10 wt%.'**>!

The procedure consisted in contacting the lyophilized K.
pastoris biomass with [Cho][OAc] at high temperatures
[Fig. 1(a)], followed by centrifugation of the mixture to

Table 2. Model validation experiments: comparison between the obtained and predicted overall and

chitin—glucan complex (CGC) extraction yields (wt%) according to the model.

Experiment t(h) T (°C) Biomass Overall extraction yield (wt%) Protein content CGC extraction yield (wt%)
it Observed Predicted it Observed Predicted
1 8 119 10 41.8+1.8 44.4 37.5+1.1 26.1+0.2 24.8
16 100 14 40.0+5.5 44.2 36.9+5.2 252+1.9 26.3
24 90 11 46.8+1.8 46.6 35.5+1.1 30.2+0.5 28.3
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remove undissolved cell debris. Upon removal of the IL from
the solution by dialysis against deionized water [Fig. 1(b)],
the water-insoluble pellet [Fig. 1(c)] was recovered by
centrifugation and, fanally, lyophilized [Fig. 1(d)].

Response analysis

The overall recovery yield varied between 4.5 and 54.1 wt%, as
presented in Table 1. Both the temperature and the biomass
content significantly influenced the biocomposite’s recovery
yield, with the highest overall values (240 wt%) being
achieved for the runs performed at temperatures of 80 or 100
°C, with a biomass loads of 10 or 15wt% (runs 6, 9, 10, 15,

16 and 17) (Table 1), while the lowest yields (<20 wt%) were
observed for the runs conducted at either low temperatures
(66.4 °C, run 11) or with lower biomass loads (1.6 or 5wt%,
runs 13 and 1, respectively). These results suggest that

the biocomposite’s recovery process is favored by higher
temperatures and biomass contents. The reaction time, on the
other hand, is apparently not relevant as such high extraction
yields were obtained for runs conducted for periods of time
ranging from 2.5 to 29.5h. The samples’ CGC contents
ranged between 18.2 and 73.4 wt%, with protein contents
within 26.6-81.8 wt%, corresponding to CGC extraction
yields between 0.8 and 30.1 wt% (Table 1). The highest CGC
extraction yields (>25wt%) were achieved in runs 6, 9, 10, 16
and 17, for which the highest biocomposite recovery yields
were also accounted for.

Response surface methodology modeling

Response surface methodology was used to evaluate the
interactions between the three studied variables (reaction
time, temperature, and biomass content) and their
combined effect on the biocomposite recovery yield and
the CGC extraction yield. The statistical model was also

L AR B ) (b)
R
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used to determine the variables’ ranges that resulted in

the highest extraction yields, for both studied responses.
Correlation values of 0.899 and 0.939 were obtained for

the overall extraction yield and the CGC extraction yield,
respectively (Table 3). According to Lundstedt et al.,?® a good
fit corresponds to R?*>0.90, but R?>0.80 is considered an
acceptable fit. Both responses had significance as shown by
the P-value below 0.05, with no evidence of lack of fit (P-
value >0.05), meaning that the pure errors of the responses
and the model error are in the same range.

Influence of reaction time, temperature and
biomass load on biocomposite recovery yield

As shown by the MLR analysis (Table 4), the biocomposite
recovery yield was positively affected by the linear terms of
temperature and biomass concentration (P-value <0.05).
The reaction time showed to have less effect on the studied
response, being two times smaller than the biomass influence,
with P-values >0.05. On the other hand, despite the positive
effect of linear terms of temperature and biomass, the
interaction between them had a negative impact on the
overall extraction yield (Table 4).

The 3D response surface plots (Fig. 2) showing the
interactions between the three variables and their effect
on the response agree with the MLR analysis results, in

Table 3. Analysis of variance (ANOVA) of the

central composite design.

P-value R?
Model Lack of fit
Overall extraction yield (Y) 0.009 0.777 0.899
CGC extraction yield (Yo) 0.002 0.885 0.939

CGC, Chitin-glucan complex.

Figure 1. Extraction of chitin-glucan complex with [Cho][OAc]: (a) biomass suspended in [Cho][OAc]; (b) mixture after the
removal of cell debris by centrifugation, placed in a dialysis membrane; (c) sample at the end of the dialysis against deionized
water, evidencing the water-insoluble pellet; (d) freeze-dried sample obtained by centrifugation of the dialyzed sample.
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Table 4. Multiple linear regression (MLR) analysis of the polynomial model.

Responses (Y)

Overall extraction yield (Y4)

CGC extraction yield (Y5)

Effect Coefficient P-value Coefficient P-value
Constant 44.892 4.57 x10°® 26.346 3.06 x107°
Linear

Time (X;) 2.535 0.173 1.880 0.081
Temperature (X5) 4.860 0.023 2.616 0.025
Biomass (Xa) 5.559 0.013 4.391 0.002
Quadratic

Time x time (X1,) 0.218 0.909 0.161 0.879
Temperature x temperature (Xao) -6.922 0.007 -3.780 0.008
Biomass x biomass (X3y) -8.018 0.003 -5.495 0.001
Interaction

Time x temperature (X;X5) -4.125 0.101 -1.513 0.251
Time x biomass (X1 X3) -1.525 0.508 0.263 0.834
Temperature x biomass (X>X3) -5.425 0.042 -6.888 0.001

CGC, Chitin—glucan complex.

which the biocomposite recovery yield was not significantly
influenced by the reaction time [Fig. 2(a—c)], but the
reaction temperature and the biomass load had a relevant
impact [Fig. 2(d-f,g-i)]. Based on the RSM model, the
parameters that would lead to higher biocomposite recovery
yields, within the tested parameters range, were estimated:
temperature within the range of 82-116 °C and biomass
loads within 7.5 and 15wt%, irrespective of the reaction time

[Fig. 2(c)].

Influence of reaction time, temperature and
biomass load on the CGC extraction yield

Similar to the biocomposite recovery, the CGC extraction
yield was positively affected by temperature and biomass load
(P-value <0.05), with the reaction time showing lower effect
on the studied response, being also two times lower than

the biomass influence, with P-values >0.05 (Table 4). The
parabolic form of the 3D plots [Fig. 3(a—c)] corroborates the
influence of both linear and quadratic terms of temperature
and biomass concentration on CGC extraction yield, shown
by the MLR analysis. More specifically the effect of the
quadratic terms of temperature and biomass load, shown

by the P-value <0.05 (Table 4), represents that the optimal
values for CGC extraction are not in the extremes of the
experimental values but within it. Further, the interaction
between temperature and biomass load had a more
pronounced negative impact, meaning that the increase

of temperature/biomass decreased the effect of biomass/
temperature, respectively, on the CGC extraction yield.
Therefore, from the analysis of the 3D response surface plots,

it is possible to observe that the highest CGC extraction
yields (>26.6 wt%) could be achieved for reaction times of
16 and 24 h. However, for the reaction time of 24 h, high
CGC extraction yields can be achieved for a wider range
of conditions [Fig. 3(c)], being the extraction favored by
temperatures lower than 117 °C and biomass loads above
8wt%.

Model validation

To validate the developed model, three experiments with
different extraction conditions were performed and the
obtained overall and CGC extraction yields were compared
with the ones predicted by the model (Table 2). For each
experiment, three replicates were performed. From the
obtained results, a good correlation was found for both
studied responses between the observed and the predicted
values (relative error <10.5%), thus showing good accuracy
of the model to the experimental data. As predicted, the
conditions applied in experiment 3 (reaction time, 24 h;
temperature, 90 °C; biomass, 11 wt%) led to the highest
overall extraction yield (46.8+ 1.8 wt%) and also to the
highest CGC extraction yield (30.2+0.5wt%).

Characterization of the CGC-protein
biocomposite

The biocomposite sample obtained under the optimal
conditions of validation experiment 3 (24h, 90 °C and

11 wt%) was characterized for its composition, structure, and
thermal properties.
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Figure 2. Response surface plots of the experimental design model for the overall extraction yield, (a—c) as a function of
temperature and biomass concentration, (d-f) as a function of reaction time and biomass concentration, and (g-i) as a
function of reaction time and temperature.

Composition which is within the range of the values reported for the
The sample had CGC and protein contents of 64 and 36 wt%, copolymer extracted by the hot alkaline procedure (23.8-
respectively, corresponding to a CGC extraction yield of 35.6%).”*** These results show that using [Cho][OAc]
30.2 wt%. Inorganic salts were detected at trace amounts for treating K. pastoris biomass, although resulting in the
(0.8+0.05Wt%), comparable with the values obtained by recovery of a CGC-protein biocomposite, did not affect the
alkaline extraction with NaOH reported by Farinha et al. copolymer’s composition, maintaining its chitin content.
(<1Wt%),?” and well below those reported by Roca et al. Furthermore, given the GRAS status of K. pastoris, the high
(15wt%).! The biocomposite’s chitin content, determined protein content of the obtained biocomposite renders it a
based on the elemental analysis data, was counted as 28%, biomaterial of additional value. Yeast biomasses are known

© 2025 The Author(s). Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd. 7
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Figure 3. Response surface plots of the experimental design model for the chitin-glucan complex extraction yield, (a—c) as a
function of temperature and biomass concentration, (d-f) as a function of reaction time and biomass concentration, and (g-i)

as a function of reaction time and temperature.

to commonly have a wide spectrum of amino acids, with
nutritional benefits making them suitable for use as food
supplements.*

Fourier transform infrared spectroscopy

(Fig. 4). The CGC-protein biocomposite presented a
spectrum similar to that of the CGC_NaOH, except for the
two large bands appearing near 1630cm ™" (instead of two
peaks near 1653 and 1629 cm™Y) and 1532cm™! (instead of
a peak near 1546cm™"), which can be related to the proteins

A structural analysis of the CGC-protein biocomposite was present in the biocomposite (35.5wt%). Characteristic peaks

performed by Fourier transform infrared spectroscopy-
attenuated total reflectance and compared with the CGC
extracted by the hot alkaline procedure (CGC_NaOH)

of proteins were reported to include the vibration frequencies

of amide I, near 1650 cm ™!, and amide II, near 1550 cm™.%°

In this way, protein bands can be overlapped with the

© 2025 The Author(s). Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.

| Biofuels, Bioprod. Bioref. (2025); DOI: 10.1002/bbb.70093

i) SUORIPUOD PUE SWLB L 8U} 885 *[9202/20/52] U0 ARIqITBUIIUO AB1IM ‘SEDIPS N SBIOLRID 8P Spepinded 00UdS BIIPRIN YAON Ad £600L G40/200T OT/10P/w0d™A8 1M Aeld Ul juo S euno 1as//sdny woiy pepeojumod ‘0 ‘TE0TZEET

Rom A

35UB01 7 SUOWILWOD dAIRR1D) 3 |edl(dde au Aq pausenoB ae sapie YO ‘8N JO sajnJ 1o Afeld 1 autuQ AS[IM Uo (suonij



Original Article: Yeast biomass using biocompatible ionic liquids

characteristic bands of chitin, resulting in the two large bands
observed in the CGC-protein biocomposite’s spectrum.
Nevertheless, the presence of chitin is confirmed by the
peaks near 1455 and 1313cm ™, related to C-H deformation
(asymmetric) and to the amide ITI, respectively,* while the
peaks assigned to the $-(1,3)-glucans linkage near 1373, 1158
and 890 cm ™ are also observed.””*® The peak near 1744cm™,
which can be related to the presence of -(1,6)-glucans

linkage, is also observed.”

CGC-NaOH

Transmittance (a.u.)

CGC-Protein biocomposite f455 1156

1332
890

T T T T T T T
3000 2500 2000 1500 1000
Wavenumber (cm-)

T T
4000 3500

Figure 4. Comparison of Fourier transform infrared
spectroscopy-attenuated total reflectance spectra of
chitin—glucan complex (CGC)-protein composite obtained
after extraction using ionic liquids, and the CGC obtained
through the alkaline extraction with NaOH.
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Thermogravimetric analysis

The thermogravimetric analysis of the CGC—protein
biocomposite [Fig. 5(a)] comprised a first weight loss step
corresponding to water evaporation®® observed as the
temperature increased from 35 to 135 °C (T pea =83 °C),
and a main degradation step occurring between 210 and
450 °C, with a weight loss of around 60%, corresponding
to the degradation of the biocomposite components, which
probably comprises an overlap of different degradation
processes. The first degradation process can be related to
the #-glucans and protein degradation, represented by

a narrow peak in the derivative curve (Tqpeq =271 °C)
[Fig. 5(a)]. These two components have been reported as
the ones with the lowest degradation temperatures.'**’ The
second degradation process probably corresponds to the
dehydration of the saccharide rings and decomposition of
the chitin units,*' represented by a small shoulder in the
dTG curve (Tgpeac =303 °C). The final degradation process
corresponds to the biocomposite’s complete degradation,
traduced through a peak (T peq =362 °C) and small shoulder
(T4 peak=400 °C) in the dTG curve, with a char yield of 33%,
at 550 °C.

Overall, the decomposition temperature range of the
CGC-protein biocomposite [Fig. 5(a)] can be correlated with
that of CGC reported in previous works [Fig. 5(b)], with a
T4cq between 302 and 315 °C.'63 The main differences in
the thermogravimetric analysis profiles of the CGC—-protein
biocomposite and the alkaline extracted CGC reside in the
lower thermal stability of the first (Tqpeq =271 °C) that is
probably related to the presence of proteins (35.5wt%).
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Figure 5. Thermogravimetric curve (TG; full line) and respective derivative (dTG; dashed line) for (a) chitin—glucan complex
(CGC)-protein biocomposite (this work); (b) CGC (adapted from Aratijo et al.®3).
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Overall assessment of the IL-based
recovery procedure

The recovery of the IL used in the developed procedure is an
important factor to account for since ILs are known to have
a higher cost of production when compared with traditional
organic solvents.** Hence, to guarantee the economic viability
of the process, it is important that the IL is recovered and
reused. Thus, an overall assessment of the proposed IL-based
extraction procedure was made regarding the life cycle of
the used [Cho][OAc], taking into account its synthesis,
recyclability and disposal. When considering [Cho][OAc]
synthesis (acid-base reaction of cholinium hydroxide with
acetic acid), the only subproduct formed is water. After water
removal, no further purification steps are required, and the
IL can be used. Regarding the recovery, in general ILs can

be recovered from aqueous mixtures by distillation owing

to their low vapor pressure and high thermal stability.'**>*
In the developed IL-based procedure proposed here, [Cho]
[OAc] can be recovered from the dialysis water using a
distillation process, such as vacuum evaporation, followed
by a purification step using an organic solvent, if necessary,
to remove dissolved impurities such as protein, salts or
carbohydrates, that were present in the biomass and solubilized
in the IL. Finally, another essential factor is the disposal of
the IL and, consequently, its environment safety. It has been
reported that cholinium-based ILs have a low cytotoxicity.**
[Cho][OAc] was also reported to be readily biodegradable,45
and also non-toxic to the activated sludge microbiota. Mena
et al.*® reported that [Cho][OAc] did not affect the microbial
activity in activated sludge, being completely degraded, thus
indicating that [Cho][OAc] is degraded in sewage treatment
plants, which eliminates any environmental issues of the
developed IL-based procedure.

Conclusions

In this study, a novel and sustainable procedure based

on the use of the biocompatible IL cholinium acetate

was successfully developed for the efficient recovery of a
CGC-protein biocomposite enriched in CGC, from the
biomass of the GRAS yeast K. pastoris. The procedure

yielded a previously unreported natural biocomposite,
primarily composed of CGC with a significant protein
fraction (36 wt%). Importantly, the procedure preserved

the chemical integrity and chitin content of the copolymer,
while the co-extracted protein had no detrimental effect on
the material’s overall thermal stability, despite altering its
degradation profile. The use of K. pastoris — a GRAS organism
- alongside a green, solvent-free extraction strategy highlights

| Biofuels, Bioprod. Bioref. (2025); DOI: 10.1002/bbb.70093
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the biocompatibility and safety of the final biomaterial.

The synergistic combination of CGC and yeast-derived
proteins enhances the functional value of the biocomposite,
positioning it as a promising candidate for high-value
applications in the food, cosmetic, and biomedical sectors.
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