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A B S T R A C T

This study represents the first creation and characterization of a 3D chitin/chitosan composite scaffold derived 
from the naturally pre-structured skeleton of the cultivated marine demosponge Aplysina aerophoba, aiming to 
preserve the intricate architecture of the unique tube-like chitin while incorporating chitosan layers. Advanced 
staining methods, including the use of iodine and Cibacron Brilliant Red (CBR), were employed to distinguish 
these polysaccharides. ATR-FTIR spectroscopy confirmed the system’s structural integrity and identified the 
optimal chitin/chitosan balance, achieved after 60-minute treatment in 38 % NaOH at 95 ◦C. Fluorescent mi
croscopy using fluorescein isothiocyanate (FITC) effectively confirmed the presence of chitosan layers in the 
created chitin/chitosan scaffolds. Scanning electron microscopy analysis further elucidated significant 
morphological distinctions, where chitin fibers displayed a smooth, uniform surface, contrasting with the ragged 
and irregular texture of chitosan-containing fibers, indicating significant surface modifications. Zeta potential 
measurements confirmed the partial transformation of chitin into chitosan. The dual-layer configuration, con
sisting of a resilient chitin core and a versatile chitosan exterior, not only provides structural support, but also 
enhances the scaffold’s functionality for potential technological and biomedical applications. The preferential 
metallization of the chitosan phase by copper nanoparticles in the created 3D chitin/chitosan composite opens 
the way to the potential use of such scaffolds in catalysis.

1. Introduction

In addressing current needs relating to modern technologies in the 
field of structural biomimetics, significant emphasis is placed on so
phisticated three-dimensional (3D) manufacturing processes (Prem 
Ananth & Jayram, 2024). Diverse fabrication techniques and special 
manufacturing methods have recently been reviewed in the literature 
(Abdelaziz et al., 2023; Suamte et al., 2023). Both synthetic and natu
rally occurring materials (i.e. biomaterials) (Nikolova & Chavali, 2019) 
are crucial for the development of corresponding scaffolds for effective 
application in technology and biomedicine (Li et al., 2020; Shimojo 
et al., 2020). Essential to tissue engineering, 3D scaffolds are required to 

meet strict guidelines, including delivering precise structural and me
chanical prompts for use in technological applications and ensuring bio- 
and eco-compatibility, along with particular biological, immunological, 
and physicochemical properties qualifying them for use in this field 
(Tsurkan et al., 2021). The pivotal criterion for such scaffolds is their 
ability to support optimal cell growth, differentiation, and proliferation 
(Wysokowski et al., 2023), thereby unlocking their potential applica
tions across diverse fields of modern biomedicine. In modern scaffolding 
strategies (Tsurkan et al., 2021) two clear directions have emerged: the 
optimization of methods for producing synthetic scaffolds to ensure 
their structural and functional similarity to corresponding biological 
structures (Flores-Jiménez et al., 2023), and the use of pre-structured 

* Corresponding authors.
E-mail addresses: izabela.dziedzic@amu.edu.pl (I. Dziedzic), kamil.dydek@pw.edu.pl (K. Dydek), herehr@amu.edu.pl (H. Ehrlich). 

Contents lists available at ScienceDirect

Carbohydrate Polymer Technologies and Applications
journal homepage: www.sciencedirect.com/journal/ 

carbohydrate-polymer-technologies-and-applications

https://doi.org/10.1016/j.carpta.2024.100587

Carbohydrate Polymer Technologies and Applications 8 (2024) 100587 

Available online 10 October 2024 
2666-8939/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license ( http://creativecommons.org/licenses/by- 
nc/4.0/ ). 

mailto:izabela.dziedzic@amu.edu.pl
mailto:kamil.dydek@pw.edu.pl
mailto:herehr@amu.edu.pl
www.sciencedirect.com/science/journal/26668939
https://www.sciencedirect.com/journal/carbohydrate-polymer-technologies-and-applications
https://www.sciencedirect.com/journal/carbohydrate-polymer-technologies-and-applications
https://doi.org/10.1016/j.carpta.2024.100587
https://doi.org/10.1016/j.carpta.2024.100587
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carpta.2024.100587&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


biomaterials that already exist in nature in the form of skeletons – 
conditional, of course, on the renewability of such biological raw ma
terials (Khrunyk et al., 2020; Krishani et al., 2023; Unnithan et al., 
2018).

In the pursuit of biomimetic approaches, recent biomaterials- 
inspired research has focused on naturally pre-fabricated skeletal 
structures of marine origin, particularly those with the unique 3D ar
chitecture found in skeletons of diverse sponges (Porifera) (Ehrlich, 
Luczak, et al., 2022; Ehrlich et al., 2024; Jesionowski et al., 2018; 
Voronkina et al., 2023). In particular, the exoskeletons of marine 
sponges of the class Demospongiae, optimized over more than 800 
million years of evolution (Ehrlich et al., 2013), represent unique, me
chanically stable, fiber-based, micro-, and macroporous biocomposite 
3D constructs made of collagen-like spongin (Petrenko et al., 2019) or 
aminopolysaccharide chitin (Klinger et al., 2019), with or without in
clusions of diverse mineral phases. Under marine farming conditions, 
both keratosan and verongiid demosponges, with spongin- and 
chitin-based skeletons respectively, are recognized as organisms of value 
to the marine bioeconomy, with high skeleton regeneration rates 
(Bierwirth et al., 2022; Binnewerg et al., 2020) and consequently of
fering high large-scale potential (Tsurkan et al., 2021; Amato et al., 
2024).

Chitin, an abundant structural biopolymer characterized by β-1,4- 
linked N-acetylglucosamine units, manifests in three polymorphs: alpha- 
, beta-, and gamma-chitin (Kaya et al., 2017, 2018). The chemistry, 
analytics and material properties of chitin are well studied (for overview 
see Joseph et al., 2021; Kadokawa, 2024; Kertmen & Ehrlich, 2022; D. 
Tsurkan et al., 2021; M.V. Tsurkan et al., 2021). Alpha-chitin alone has 
been documented in nearly twenty marine and three freshwater sponge 
species (Talevski et al., 2020). Of particular note is the distinctive 3D 
microfibrous and macroporous architecture exhibited by poriferan 
chitin, especially in species of the order Verongiida (class Demo
spongiae). In diverse representatives of this order, naturally 
pre-fabricated tubular scaffolds, both 3D cylindrical (Nowacki et al., 
2022) and flat (Kertmen et al., 2021), characterize their skeletal 
morphology (Ehrlich et al., 2010). These distinctive attributes imply 
excellent prospects for the successful utilization of such ready-to-use 
scaffolds across diverse applications, including uranium waste treat
ment (Schleuter et al., 2013), tissue engineering (Choi & Ben-Nissan, 
2019; Mutsenko et al., 2019), and the advanced field within materials 
science known as extreme biomimetics (Ehrlich et al., 2022; Wyso
kowski et al., 2015). The tube-like chitin of verongiids has also been 
studied with regard to its capillarity, with possible applications in drug 
release (Kovalchuk et al., 2019; Schubert et al., 2019). In addition, the 
material properties of chitinous matrices of sponge origin have recently 
been studied (for details see Duminis et al., 2023; Dziedzic et al., 2023).

To our best knowledge, there are no reports on the use of poriferan 
chitin scaffolds for the production of chitosan. This is logical, because 
there is no need to destroy poriferan chitin, uniquely pre-structured in 
the form of scaffolds, to obtain powdered chitosan, as happens when raw 
materials from fungi or crustaceans are used (Kou et al., 2021; Kozma 
et al., 2022). Chitosan, a derivative of chitin obtained commonly from 
the microfibrils of crustacean shells, is a biopolymer known for its 
extensive application in diverse fields due to its biocompatibility and 
biodegradability (for overview see Kertmen et al., 2023). Chitosan 
constitutes a family of polymers comprising extended chains of N-ace
tylglucosamine units. It is categorized based on its degree of deacety
lation, which may be low (55–70 %), medium (70–85 %), high (85–95 
%) or ultrahigh (95–100 %) (Lv, 2016). Within a molecular weight range 
of 50–2000 kDa, chitosan exhibits insolubility in water and alkaline 
solutions, yet it readily dissolves in nearly all aqueous acids. Its bio
logical activity is intricately linked to the positioning of sulfate groups 
within glucosamine residues (Nuc & Dobrzycka-Krahel, 2021). The 
presence of polar groups imparts excellent hygroscopicity, moisture 
retention (Xing et al., 2018), and electrostatic attraction, thereby facil
itating mucoadhesion (Sogias et al., 2008).

Chitosan production currently relies on both biological and chemical 
approaches (Kertmen et al., 2023). The biological strategy leverages 
chitin deacetylase, providing a pathway that is notably more sustainable 
and less environmentally harmful. Nevertheless, the higher costs and 
fluctuating degrees of deacetylation (DD%) associated with this method 
place constraints on its attractiveness for industrial applications (Younes 
& Rinaudo, 2015). Chemically, chitosan is produced by treating chitin 
with a strong alkaline solution, often at above 100 ◦C, over extended 
periods, with NaOH concentrations reaching up to 50 % and in some 
instances even 70 % (Sivashankari & Prabaharan, 2017). The degree of 
deacetylation increases with the duration of the reaction, temperature, 
and the concentration of the base, and although this method results in a 
reduction of molecular weight and generates significant amounts of 
toxic wastewater, its simplicity and effectiveness mean that it remains 
the preferred industrial process (Gîjiu et al., 2022). Furthermore, recent 
investigations have considered the application of ionic liquids for the 
deacetylation of chitin, uncovering their potential to augment the ac
tivity of chitin deacetylase and elevate the degree of deacetylation in 
chitosan (Ma et al., 2020). Notwithstanding these benefits, the high 
costs, prolonged reaction times, and ecological implications associated 
with the use of ionic liquids pose significant barriers to their broad 
integration within industrial practices. Chitosan has been used for the 
manufacture of various types of membranes, porous films and scaffolds 
(Beleño Acosta et al., 2023; Gholap et al., 2024; Jana et al., 2012). All 
such processes entail the use of additional reagents and energy costs 
(Bergonzi et al., 2019; Królczyk et al., 2020; Tyliszczak et al., 2020), 
because the chitosan powder must be transformed into 3D constructs.

However, in the case of pre-existing poriferan chitin 3D scaffolds, 
these problems are no longer present. The motivating goal of the present 
study was to confirm the possibility of obtaining chitosan layers on the 
surface of mechanically robust sponge chitin fibers in such a way that 
the unique architecture of the 3D chitin skeleton remains exceptionally 
preserved. The aim of the work, then, was to create a structural chitin/ 
chitosan composite matrix resembling the size and shape of an initial 
chitin-based sponge skeleton, here using the example of the cultivated 
marine demosponge Aplysina aerophoba. While chitin/chitosan com
posites have been reported in some previous studies (Anandhavelu et al., 
2017; Mushi et al., 2014; Sivanesan et al., 2021), the distinctive and 
innovative feature of the present work is the assembly of 3D scaffolds 
that make use of these biopolymers’ inherent advantages. The potential 
scalability of the manufacturing process, coupled with the scaffolds’ 
adaptability to various biomedical uses, underscores the significance of 
this advance. By exploring the frontier of chitin/chitosan-based 3D 
scaffolding, this work aims to provide a foundation for future in
novations in regenerative medicine and tissue engineering, heralding a 
new era of development of bio-compatible and sustainable biomaterials 
of marine origin.

2. Materials and methods

2.1. Isolation of chitin scaffolds from Aplysina aerophoba

Sponges identified as Aplysina aerophoba (Nardo, 1833) by Prof. 
Zoran Klijaic (Institute of Marine Biology, Montenegro) in 2008 (Fig. 1
a) were carefully gathered using scuba diving methods from Kotor Bay, 
Montenegro, part of the Adriatic Sea, at depths ranging from 3 to 5 m, in 
close proximity to a marine aquaculture facility.

In the first stage of processing, the sponges were submerged in 500 
ml of distilled water and subjected to ultrasonic treatment for a duration 
of 1 h at ambient temperature. They were next immersed in approxi
mately 500 ml of a 20 % acetic acid solution (STANLAB Sp. z o.o., 
Lublin, Poland), and subjected to a 2 h sonication process in an ultra
sonic bath (Bandelin, Berlin, Germany) with the temperature main
tained at 40 ◦C. Following this step, the acetic acid solution was replaced 
with a fresh batch, and the samples were subjected to an additional 2 h 
of sonication. The obtained sponge skeletons were subsequently rinsed 
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with distilled water until reaching a pH of 6.5, and were then immersed 
in 500 ml of a 10 % NaOH solution (Sigma Aldrich, St. Louis, MO, USA) 
and subjected to sonication for 3 h with the temperature maintained 
within a range of 50–55 ◦C. The resulting skeleton scaffolds (see Fig. 1 b) 
were rinsed with water and immersed in a 20 % acetic acid solution for 
approximately 20 h to eliminate any residual calcium carbonate debris. 
Following this, the scaffolds were submerged in a fresh 200 ml solution 
of 10 % NaOH and subjected to a 3-hour sonication process at 50–55 ◦C. 
Finally, the resulting colorless chitin scaffolds were thoroughly washed 
with distilled water until a pH of 6.5 was reached.

2.2. Preparation of 3D chitin/chitosan scaffolds

The process of deacetylation applied to the sponge chitin samples 
involved treatment at a temperature of 95 ◦C, employing NaOH solu
tions sourced from Sigma Aldrich (St. Louis, MO, USA) with concen
trations of 25 %, 38 %, and 50 % (Fig. 1 b). These treatments were 
administered for different durations, namely 15, 30, 60, and 180 min, to 
determine the differential effects. The primary objective of this research 
was to fabricate a 3D composite structure that would combine chitin’s 
structural skeleton with chitosan’s versatile properties and its potential 
for further chemical modifications due to its solubility in acidic aqueous 
solutions (Harugade et al., 2023). To achieve this, chitin sourced from 
A. aerophoba sponge skeleton underwent deacetylation at 95 ◦C at 
selected time intervals in NaOH solutions of 25 %, 38 %, and 50 % 
concentrations to form a chitin/chitosan scaffold. However, it was 
observed that samples treated with 50 % NaOH exhibited instability, 
losing their three-dimensional integrity during neutralization, while 
those treated with 25 % NaOH underwent discoloration in an iodine test. 
For these reasons, further work was focused on the analysis of 3D chi
tin/chitosan scaffolds for which the deacetylation process was carried 
out in 38 % NaOH solution.

2.3. Methods

2.3.1. Attenuated total reflectance Fourier transform infrared spectroscopy 
(ATR-FTIR)

The Fourier-transformed infrared spectra of all samples were recor
ded with a Nicolet iS50 FTIR spectrometer (Thermo Scientific, Inc., 
Waltham, MA, USA). The analyses were performed using a sophisticated 
built-in attenuated total reflectance (ATR) accessory, ensuring precise 
measurements. Measurements were made in a wavenumber range of 
4000–400 cm-1. The recorded spectra then underwent postprocessing, 
leveraging the advanced capabilities of OriginLab 2023 software (Ori
ginPro, Version 2023, developed by OriginLab Corporation, North
ampton, MA, USA). This detailed analysis and interpretation of the 
spectral data enabled insights into the structural characteristics and 
compositional variation within the samples.

2.3.2. Microscopy
Diverse microscopic techniques were employed for analysis. Digital 

microscopy involved the use of cutting-edge imaging systems, including 
the VHX-6000 digital microscope paired with VH-Z20R zoom lenses, 
providing magnifications up to 200 ×, alongside the Keyence VHX-7000 
digital optical microscope equipped with VHX E20 zoom lenses 
(magnification up to 100 ×) and VHX E100 (magnification up to 500 ×), 
all supplied by Keyence (Osaka, Japan). Scanning electron microscopy 
was performed with the Quanta 250 FEG instrument (FEI Ltd., Czech 
Republic), complemented by an energy dispersive X-ray spectrometer 
with EDX Team Software for comprehensive analysis. The analyses also 
included fluorescence microscopy, using the Olympus IX73 Inverted 
Microscope operating within the spectral range Ex/Em = 460–495/510- 
IF nm, to elucidate specific fluorescence properties of the investigated 
samples.

2.3.3. Fluorescein isothiocyanate (FITC) staining
Fluorescein 5(6)-isothiocyanate (Sigma Aldrich, St. Louis, MO, USA) 

with a concentration of 2 mg/ml in ethanol was used for selective 
staining of chitosan. The chitin and chitosan samples were soaked in 

Fig. 1. (a) Selected sample of dried Aplysina aerophoba sponge used in the study; (b) schematic representation of the process of isolating chitin scaffolds and pre
paring 3D chitin/chitosan scaffolds from A. aerophoba demosponge.
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prepared FITC solution and placed in the dark for 24 h. Afterwards, the 
samples were rinsed with distilled water with limited access to light 
until there was no change in the color of the rinsing water. Specimens 
were investigated using fluorescence microscopy.

2.3.4. Iodine test
Following the procedure outlined by Campbell (1929), a few drops of 

5 % solution of iodine dissolved in potassium iodide were added to the 
samples, the excess solution was removed, and a few drops of a 1 % 
solution of sulfuric acid (STANLAB Sp. z o.o.) were added. The samples 
were thoroughly rinsed with distilled water. Specimens were investi
gated using digital light microscopy.

2.3.5. Cibacron Brilliant Red staining
Samples were soaked in a 0.3 % solution of Cibacron Brilliant Red 

3B-A (Sigma Aldrich, St. Louis, MO, USA) and thoroughly washed with 
distilled water. Specimens were investigated using digital light 
microscopy.

2.3.6. Zeta potential tests
The surface zeta potential (SZP) of the 3D chitin/chitosan scaffold 

samples was calculated based on electro-osmotic measurements per
formed using a Zetasizer Nano ZS equipped with a surface zeta potential 
accessory (Malvern, UK). The tracers used were 1 ml of negatively 
charged carboxylated polystyrene latex particles (ZTS1240 Malvern, 
UK) and positively charged amidine polystyrene latex particles (Thermo 
Fisher Scientifics, USA) at the appropriate pH. The following conditions 
were applied for the measurements: 12.8◦ forward scatter with the 
attenuator in position 9, 2500–12000 kcps count rate, five distance 
position measurements at 125 μm steps, with five repetitions for each 
step (each measurement consisted of 30 sub-runs with a 60 s interval). 
The electro-osmotic tracer mobility was determined over 100 sub-runs. 
All measurements were made at 25 ◦C.

2.3.7. Synthesis of Cu nanocrystals
To determine the different complexing capacities of sponge chitin 

and chitin/ chitosan scaffold to copper(II) ions 10 mg of each material 
have been placed in 20 ml of 0.050 M CuCl2 ⋅ 2 NH4 Cl (Sigma-Aldrich) 
stock solution. Both scaffolds of pure chitin and chitin/chitosan origin 
remained in the copper solution for 24 h at room temperature. After that 
concentration of Cu2+ ions have been determined using OES.

The reduction of the copper(II) ions was carried out with fructose in a 
basic medium. 5 ml of a D-(-)-Fructose (Sigma-Aldrich) solution (150 
mg/ml) was heated to approximately 60 ◦C in a Petri dish. After that 
four drops of 2.5 M NaOH have been added. After fructose begins to 
decompose (appearance of yellow colour), the chitin and chitin/chito
san scaffolds samples previously immersed within the stock solution 
under study and already complexed with copper have been given to the 
solution. Finally, the obtained samples were dialyzed against deionized 
water using 14 kDa membrane (Carl Roth, Germany). Dried on air 
specimens have been studied using SEM (ESEM XL 30, Phillips).

2.3.8. Optical emission spectroscopy (OES analysis)
The determination of the copper concentrations was carried out 

using the optical method Perkin-Elmer Optima 7000DV emission 
spectrometer.

2.3.9. Estimation of the degree of deacetylation
The evaluation method relies on forming ratios between the extreme 

values of the derivative spectrum for both measurement and reference 
bands. For this study, the FTIR derivative method uses the minimum at 
1164 cm⁻1 as the reference point and the maximum at 1364 cm⁻1 as the 
measurement point. The 1164 cm⁻1 minimum is ideal as a reference 
because it represents the peak increase of the asymmetric C–O–C 
bridge stretching oscillation and is unaffected by the adjacent signal at 
1204 cm⁻1. This wavenumber range includes a stable plateau-like 

absorption due to water, minimizing its impact on sample 
measurements.

Spectra were normalized using the reference band at 1164 cm⁻1. 
Only the extreme values of the amide III and symmetric CH₃ deformation 
oscillations are suitable for measurement. The amide I and amide II 
bands, however, are not ideal due to interference from atmospheric 
water vapor, which causes significant noise. The maximum at 1364 cm⁻1 

was selected as the measurement band because it exhibits a consistent 
decline with increasing deacetylation.

ATR-FTIR calibration was conducted using chitin-chitosan samples 
obtained during deacetylation of A. aerophoba in a 38 % NaOH solution, 
along with chitin and chitosan standards. The acetylation levels were 
measured through UV/Vis analysis, as per Zivanovic’s method (Wu & 
Zivanovic, 2008). The relationship between extreme value ratios and 
acetylation degrees follows a cubic polynomial. Interestingly, the 
curve’s inflection point is near 50 % acetylation, indicating the transi
tion between chitin and chitosan.

The acetylation levels of the chitin-chitosan composite samples 
under study were determined using the calibration function: 

y =
(
2⋅10− 6)3

−
(
2,84⋅10− 4)x2 +

(
1, 87⋅10− 2)x + 0,154 

The acetylation levels of the samples were calculated and presented 
in the Table 1.

2.3.10. Procedure of the reduction of 4-nitrophenol (4NP) to 4-amino
phenol (4AP) (for details see Petrenko et al., 2019)

The 2.5 ml of aqueous solution of 4-nitrophenol (0.13 mM) was 
mixed with 0.5 ml freshly prepared aqueous solution of sodium boro
hydride (0.1 M) and yellow mixture was obtained. To the above solution 
an appropriate amount of catalyst was added to start reduction, the 
reaction was finished until the solution became colourless. During the 
reaction the mixture was continuously stirred and the progress of re
action was monitored using a UV-Vis spectrophotometer (Jasco V-750), 
the spectra was recorded after each 60 s of reaction.

The calculation of the reduction kinetics:
Due to the fact that concentration of NaBH4 was much higher than 

concentration of 4-NP, it can be considered as constant during the re
action. Consequently, the reaction were concluded as pseudo-first order 
reaction model with respect to the concentration of 4-NP and reaction 
constant (k) was calculated from the Eq. (1): 

ln
(

Ct

C0

)

= − kt (1) 

where, Ct is the concentration of 4-NP at the specified time t, C0 is the 
initial concentration and k is the first-order rate constant (s-1).

2.3.11. Nanoindentation
Nanomechanical measurements were performed with an Agilent 

G200 nanoindenter The instrument was calibrated before the measure
ment using the Oliver–Pharr method (Oliver& Pharr, 1992).

A DCMII measurement head was used, performing indentations with 
a maximum depth of 1600 nm. CSM mode was used during the 

Table 1 
Calculated acetylation degrees for the A. aerophoba chitin/chitosan samples 
obtained during deacetylation in 38 % NaOH solutions at 95 ◦C as well as 
A. aerophoba chitin, α-chitin and chitosan standards.

Sample Acetylation degree

α-Chitin standard 86 %
A. aerophoba chitin 95 %
A. aerophoba chitin/chitosan 38 % 15 min 63 %
A. aerophoba chitin/chitosan 38 % 30 min 56 %
A. aerophoba chitin/chitosan 38 % 60 min 48 %
A. aerophoba chitin/chitosan 38 % 180 min 26 %
Chitosan standard 9 %
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measurements. The indenter used was made of diamond and had a 
Berkovich-type geometry. Measurements were made on fibres immobi
lized in resin, at the centre of the fibre cross-section. Each fibre type was 
analysed by indentation at several locations for several fibres (n = 10) in 
a given series. Experimental data were statistically analysed through 
one-way ANOVA and Tukey’s multiple pairwise comparisons test. A p- 
value of 0.05 was considered to be significantly different. Data are 
expressed as mean ± standard deviation (n = 10).

3. Results and discussion

3.1. Iodine test and Cibacron Brilliant Red staining

Identification of the chitosan layer on the surface of a chitin matrix is 

not a simple task. For this purpose, we took the methodological ap
proaches described below. Careful staining analysis of chitin and chi
tosan was performed to visualize and to distinguish between these two 
structurally similar yet functionally distinct polysaccharides. Fig. 2
shows a series of digital microscopy images of A. aerophoba chitin and 
chitin/chitosan scaffold treated for 60 min in a 38 % NaOH solution, 
analyzed using both the iodine staining test and Cibacron Brilliant Red 
(CBR) dye.

The iodine test, also known as the van Weaseling method (Campbell, 
1929), is useful for differentiating chitin from chitosan. Fig. 2 a and b 
depict the initial appearance of A. aerophoba chitin and chitin/chitosan 
scaffolds prior to staining. Upon treatment, chitosan displays a deep 
purple to nearly black hue, a color that remains stable even on thorough 
rinsing with deionized water (Fig. 2 d). Conversely, chitin initially 

Fig. 2. Digital microscopy images showing A. aerophoba sponge chitin scaffold at various stages: (a) untreated, (c) post-iodine test, and (e) after CBR staining. No 
coloration is visible. In contrast, images of chitin/chitosan scaffold obtained after treatment with a 38 % NaOH solution for 60 min at 95 ◦C show (b) no color when 
untreated, (d) dark violet color after the iodine test, and (f) pink color after CBR staining. While chitin loses its color entirely upon washing with water, chitosan 
retains its coloration.

I. Dziedzic et al.                                                                                                                                                                                                                                 Carbohydrate Polymer Technologies and Applications 8 (2024) 100587 

5 



presents an orange or brown coloration that diminishes significantly 
with repeated washes, resulting in a substantially faded appearance 
(Fig. 2 c).

Cibacron Brilliant Red (CBR), widely recognized for its usefulness in 
quantifying chitosan concentrations via UV spectrophotometric 
methods (Hoffmann et al., 2016; Muzzarelli, 1998; Wischke & Borchert, 
2006), produces a stark contrast in staining outcomes between chitosan 
and chitin. When applied to chitosan scaffolds, CBR imparts a vivid, 
durable pink coloration (Fig. 2 f). This color does not disappear upon 
washing with distilled water. In comparison, although chitin initially 
absorbs the CBR dye and appears pink, it loses this coloration rapidly 
upon rinsing, resulting in a discernibly paler hue (Fig. 2 e).

What are the specific binding interactions between iodine/Cibacron 
Brilliant Red dyes with the chitosan/chitin molecules? Chitosan, which 
contains free amino groups, easily binds with iodine. This interaction 
forms charge-transfer complexes that give a deep purple color. However, 
this color is unstable at room temperature and tends to fade over time 
(Yajima et al., 2001). In contrast, chitin typically produces only a faint 
brownish color that fades away after rinsing with water. This is due to 
chitin’s acetylated structure, which does not interact with iodine (Kato 
et al., 1981).

Cibacron Brilliant Red dye forms much stronger and more specific 
bonds with chitosan through electrostatic interactions. The dye’s sul
fonic groups (-SO₃⁻) bond to the protonated amino groups (-NH₃⁺) in 
chitosan under acidic conditions, resulting in a bright, permanent stain 
(Hoffmann et al., 2016; Muedas-Taipe et al., 2020).

As stated by Giles and Hassan (1958), the hydroxyl groups in chitin 
are highly hydrated in water, which significantly limits their ability to 
form hydrogen bonds with dyes. Nevertheless, dyes can still adsorb onto 
chitin through the formation of hydrogen bonds, van der Waals 

interactions, and ion exchange with other chitin’s functional groups 
(Giles & Hassan, 1958). This may explain the weaker and less stable 
chitin staining observed with Cibacron Brilliant Red.

These staining techniques not only facilitate visual differentiation 
between chitin and chitosan, but also underscore the distinct chemical 
and physical properties of these biopolymers. The persistent coloration 
of chitosan with both iodine and CBR dyes enables confirmation of its 
presence within the developed chitin/chitosan scaffolds.

3.2. Attenuated total reflectance Fourier transform infrared spectroscopy 
(ATR-FTIR)

Further analysis was carried out on the sample processed in a 38 % 
NaOH solution for 60 min, chosen for its good color retention during the 
iodine test compared with the corresponding sample processed for 15 
min. FTIR analysis of this sample resulting from treatment of chitin for 
60 min indicates a favorable chitin/chitosan balance, while the spec
trum of the 30 min sample resembles that of chitin, and that of the 180 
min sample is close to that of chitosan, implying that such treatment 
compromises the stability of the scaffold. Fig. 3 a, b shows the infrared 
spectra of all samples treated in 38 % NaOH solution, showing the 
gradual disappearance of the band around 1110 cm-1 in the 180 min 
sample, along with the shift of the chitin-characteristic band at 1428 cm- 

1 to 1417 cm-1 in both the 60- and 180 min samples, reflecting the 
behavior observed in the case of chitosan standards.

Additionally, for comparative purposes, Fig. 3 c, d present the FTIR 
spectrum for chitosan derived from A. aerophoba sponge after 60-minute 
treatment of sponge chitin in a 38 % NaOH solution at 95 ◦C. This is 
compared with the spectra of chitin and chitosan standards, alongside 
the spectrum of A. aerophoba sponge chitin. The chitosan product shows 

Fig. 3. ATR-FTIR spectra: of the samples obtained in 38 % NaOH solution, compared with chitin and chitosan standards as well as A. aerophoba sponge chitin, in the 
ranges (a, c) 4000–400 cm-1 and (b, d) 1800–400 cm-1.
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spectral characteristics akin to both the chitin and chitosan standards. 
Notably, its spectrum exhibits bands at 3103 cm-1 (indicative of N–H 
stretching vibrations), 1625 cm-1 (amide I vibrations), and 952 cm-1 

(CH3 wagging vibrations) that are similar to bands found in the chitin 
spectrum but not in the chitosan standard. Conversely, a band at 1417 
cm-1, which corresponds to CH2 bending vibrations, matches the chi
tosan standard, deviating from the 1428 cm-1 band found in the chitin 
spectrum. Moreover, a band around 1110 cm-1, associated with C–O–C 
and C–O stretching, is faintly present on the product’s spectrum, in 
contrast to its pronounced appearance in the chitin spectrum and its 
absence in the spectrum of the chitosan standard. Details of the band 
wavelengths and their assignments are provided in Table 2. The optimal 
processing time for the newly developed 3D chitin/chitosan scaffolds 
was found to be 60 min, as that sample showed the desired balance 
between the properties of chitin and chitosan as indicated by FTIR 
analysis, while the 30 min sample was highly similar to chitin and the 
180 min sample approached chitosan, threatening the stability of the 
scaffold.

3.3. Fluorescein isothiocyanate (FITC) staining

Fluorescein isothiocyanate (FITC) is commonly used to target and 
react with the amino groups present in chitosan, forming a fluorescent 
complex that facilitates the precise identification of chitosan within the 
samples (Lee et al., 2017; Li et al., 2015; Moussa et al., 2013; Zhao & Wu, 
2006). Consequently, the differentiation of the chitin and chitin/chito
san samples under study was further advanced using fluorescent mi
croscopy, a technique known for its high sensitivity and specificity. 
Fig. 4 presents fluorescent microscopy images of the samples after FITC 
staining. In the case of the pure A. aerophoba sponge chitin scaffold 
(Fig. 4 a) no characteristic fluorescence was observed, confirming the 

absence of the reactive amino groups typically associated with chitosan. 
Conversely, the obtained chitin/chitosan scaffold (Fig. 4 b) exhibited a 
distinct green fluorescence, indicative of successful FITC binding. 
Notably, the fluorescent intensity was higher along the outer walls of the 
fibers (indicated by a white arrow), while the centers of the fibers 
exhibited lower intensity (red arrow). This differential fluorescence 
pattern suggests a structural configuration in which the chitosan forms 
an outer layer around a core of chitin fiber (see also Fig. 5). Such an 
arrangement implies a partial deacetylation process, where the outer 
regions of the chitin fibers are more accessible to NaOH treatment, 
resulting in their conversion to chitosan. This observation is critical, as it 
underscores the heterogeneity within the treated samples, providing 
insights into the deacetylation dynamics and the resulting structural 
integrity of the biopolymer constructs.

The thickness of the chitosan layers was measured using ImageJ 
software (ImageJ 1.53t, National Institutes of Health, USA), revealing a 
range between 20 and 60 μm. The distribution of layer thickness was as 
follows: 29 % of the layers fell within the 20–30 μm range, 38 % within 
the 30–40 μm range, 24 % within the 40–50 μm range, and 10 % within 
the 50–60 μm range.

The optimal thickness range of chitosan layers for practical appli
cations varies depending on the application and the desired mechanical, 
biochemical, or cell interaction properties.

For example, in skin regeneration and wound healing, the optimal 
thickness of chitosan layers ranges from 10 μm, where chitosan mem
branes in mesh form significantly promoted re-epithelialization and 
granular layer regeneration (Azad et al., 2004), to 60 ± 5 μm, where 
chitosan membranes with glycerol as a plasticizer demonstrated great 
wound healing properties (Ma et al. 2017), and up to less than 1 mm in 
the case of dermal regeneration (Haifei et al., 2014).

In the field of drug delivery, particularly for ocular applications, a 
thin chitosan-based film of around 3.5 μm was found to be optimal, 
offering high corneal permeability and rapid drug release (Li et al., 
2020). The antibacterial activity and drug delivery properties can be 
adjusted by modifying pH and degree of deacetylation. The highest 
absorption of Rose Bengal dye (used as a model drug) occurred in the 
thickest hyaluronic acid and chitosan film, around 200 nm, as thicker 
films generally promote greater drug penetration and loading capacity 
(Rocha Neto et al., 2021).

For tissue engineering, chitosan membranes with a thickness of 
60–80 μm were shown to support cell attachment and biodegradation, 
providing a favourable environment for fibroblast growth in skin tissue 
engineering (Ma et al., 2001). In corneal applications, films with a 
thickness of approximately 50 μm provided an optimal balance of me
chanical stability, transparency, and permeability, making them ideal 
substrates for the attachment, proliferation, and implantation of autol
ogous corneal endothelial cells, and highly suitable for minimally 
invasive procedures in corneal endothelial tissue engineering (Ozcelik 
et al., 2013). For cell proliferation studies, thicker chitosan membranes, 
particularly those between 90 and 170 μm, enhanced cell spreading, 
with mesenchymal stem cells and hepatocytes responding positively to 
increased membrane thickness (Uygun et al., 2010).

3.4. Microstructural observations

Initially, light microscopy was used to examine the surface 
morphology and structural characteristics of the obtained wet chitin/ 
chitosan scaffolds. The appearance of a thin layer (Fig. 5) on the surface 
of this material that differs from the typical surface layers of poriferan 
chitin is well visible. To obtain more detailed information on structural 
changes of the surface of chitin scaffolds in comparison to that of the 
chitin/chitosan constructs, SEM studies were further carried out.

The SEM images presented in Fig. 6 offer a comparative visualization 
of A. aerophoba chitin fibers and their transformed product following 
deacetylation in a 38 % NaOH solution for 60 min at 95 ◦C. At lower 
magnifications (Fig. 6 a and c) the chitin fibers exhibit a typical smooth 

Table 2 
Wavenumbers from FTIR spectra of chitin and chitosan standards compared 
with A. aerophoba chitin and A. aerophoba chitosan obtained using 38 % NaOH 
solution for 60 min at 95 ◦C, and their assignments.

Chitin 
standard 
(cm-1)

A. aerophoba 
chitin (cm-1)

A. aerophoba 
chitosan (cm-1)

Chitosan 
standard 
(cm-1)

Peak 
assignment

3425 3418 - 3357 O-H 
stretching

3261 3267 3268 3300 N-H 
stretching

3101 3103 3103 - N-H 
stretching

2932 2921 - - CHx 

stretching
2876 2875 2873 2871 CHx 

stretching
1652 - 1652 1650 Amide I
1621 1626 1625 - Amide I
1552 1552 1557 1592 Amide II
1428 1428 1417 1418 CH2 bending
1375 1374 1375 1376 CH3 

deformation
1308 1307 1308 1320 Amide III
1260 1262 1261 1262 Amide III
1204 1202 1202 1197 Amide III
1154 1153 1152 1150 C-O-C, C-O 

stretching
1112 1110 - - C-O-C, C-O 

stretching
1065 1064 1062 1061 C-O-C, C-O 

stretching
1023 1027 1023 1026 C-O-C, C-O 

stretching
1008 - - - C-O stretch in 

phase ring
952 950 952 - CH3 wagging
896 899 895 894 CH ring 

stretching
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and uniform appearance (see also Ehrlich et al., 2010), indicative of 
their natural, unmodified state. In contrast, the chitin/chitosan fibers 
(Fig. 6 b and d) display a noticeably ragged and irregular surface texture, 
highlighting the modification brought about by the deacetylation pro
cess. Upon closer examination at higher magnifications (Fig. 6 e and g) 
the chitin fibers reveal a characteristic wrinkled surface, a feature 
commonly noted in previous studies (Ehrlich et al., 2007, 2010). This 
wrinkling is likely due to the inherent structural properties of chitin, 
which remains intact in its native form. Conversely, the chitin/chitosan 
scaffold surfaces appear significantly smoother at higher magnifications 
(Fig. 6 f and h), suggesting a homogenization effect induced by the 
chemical modification process. This film-like smoothness can be 
attributed to the partial removal of acetyl groups during the deacety
lation process, leading to a more uniform chitosan structure.

The sample of A. aerophoba sponge chitin/chitosan scaffold obtained 
from a 38 % NaOH solution after 60 min at 95 ◦C was further processed 
by dissolving it in a 1 % acetic acid solution. This step aimed to solubilize 
the chitosan component, leaving behind a residual scaffold that was 
subsequently rinsed with distilled water and subjected to freeze-drying. 
SEM images of the remaining scaffold, depicted in Fig. 7, reveal a 
fissured and rough surface, which is characteristic for chitin. These 
morphological features are significant, as they corroborate the hypoth
esis of a chitin core enveloped by a chitosan layer. The fissured 

appearance suggests that the outer chitosan layer was successfully dis
solved in the acidic solution, revealing the underlying chitin structure. 
This dual-layer configuration, with a resilient chitin core and a versatile 
chitosan exterior, underscores the material’s structural integrity and 
functional potential. The rough surface of the chitin scaffold observed in 
the SEM images (Fig. 7 a and b) aligns with the structural traits of native 
poriferan chitin, characterized by intrinsic rigidity and textural 
complexity.

The fissured nature of the surface further indicates the partial 
degradation or alteration of the chitin structure during the initial 
deacetylation process, which was not entirely smoothed out by the 
subsequent treatments. This observation of a chitin scaffold core with a 
chitosan layer is pivotal for applications requiring a combination of 
mechanical strength and chemical versatility. The robust chitin core 
provides structural support, while the chitosan layer offers a reactive 
surface for further chemical modifications or functionalization. Such a 
composite structure can be advantageous in various biomedical and 
industrial applications, including tissue engineering scaffolds, drug de
livery systems, and bioactive coatings.

The changes in surface texture of chitin/chitosan fibers following 
deacetylation have significant implications for their applications, espe
cially in biomedical fields like tissue engineering and drug delivery. For 
example, irregular and uneven surfaces created by deacetylation in
crease the biocompatibility of chitin/chitosan fibers. This texture pro
motes better cell adhesion and distribution, which is crucial for tissue 
engineering scaffolds. In the study by Rinaudo is discussed how chito
san’s modified surface after deacetylation can facilitate improved 
interaction with fibroblasts, enhancing its suitability for skin tissue en
gineering applications (Rinaudo, 2006). However, for applications 
requiring smooth surfaces, such as in drug delivery systems, this texture 
may need to be controlled or minimized (Wilson et al., 2010) despite the 
rougher surfaces provide more binding sites for drug molecules, 
potentially improving the efficiency of drug delivery systems (Kumar, 
2000). Except that, the introduction of an irregular surface texture via 
deacetylation affects the tensile strength and elasticity of chitosan (Ma 
et al., 2022), and these properties are crucial for applications requiring 
mechanical resilience, such as in load-bearing tissue scaffolds (Chander 
& Venkatraman, 2022; Correlo et al., 2010).

The textured surface of deacetylated chitin/chitosan fibers enhances 
their ability to adsorb contaminants from water, making them useful in 
environmental applications. The study by Crini et al. details how the 
increased surface area and available functional groups on chitosan beads 
improve their efficiency in removing heavy metals and dyes from 
wastewater (Crini, 2005).

The mechanical properties such as tensile strength and elasticity of 
chitosan can be enhanced through the introduction of an irregular sur
face texture via deacetylation. These properties are crucial for applica
tions requiring mechanical resilience, such as in load-bearing tissue 
scaffolds.

(Chander & Venkatraman, 2022; Correlo et al., 2010). In the future 

Fig. 4. Fluorescence microscopy images of (a) A. aerophoba sponge chitin scaffold and (b) the resulting chitin/chitosan scaffold after FITC staining. White arrow 
indicates intensive green fluorescence of chitosan layers on the scaffold; red arrow shows chitin core within the fiber. Light exposure time: (a) 109.7 ms, (b) 109.7 ms.

Fig. 5. Thin layer (arrows) on the surface of the studied chitin/chitosan scaf
fold, identified as chitosan, were well visible even under light microscopy 
observation.
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Fig. 6. SEM images of A. aerophoba chitin (a, c, e, g) and chitin/chitosan (b, d, f, h) resulting from treatment with a 38 % NaOH solution for 60 min at 95 ◦C, at 
different magnifications.

Fig. 7. SEM micrographs of A. aerophoba chitin/chitosan sample after dissolution in 1 % acetic acid reveal a chitin scaffold with a typical fissured surface.
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studies we plan to investigate in details how do the differences in surface 
morphology of various chitin/chitosan scaffolds of sponges origin affect 
their mechanical properties. Surface morphology plays a critical role in 
determining the mechanical properties of chitin/chitosan scaffolds. 
Several studies have demonstrated how different aspects of scaffold 
morphology, such as porosity, fiber orientation, and surface modifica
tions, influence their mechanical performance and biological 
compatibility.

According to several studies, such as those by Hutmacher (2000), 
increased porosity in chitin/chitosan scaffolds decreases mechanical 
strength but enhances biological properties like nutrient transport and 
cell migration. However, huge pores can weaken the overall mechanical 
stability.

A rougher surface can improve mechanical properties through better 
material bonding and enhanced interlocking with tissues or other ma
terials. However, excessive roughness could act as a stress concentrator, 
weakening the scaffold over time. Aligned fibers within chitin/chitosan 
scaffolds can provide superior mechanical properties in the direction of 
alignment. Still, they may cause anisotropy in the structure, leading to 
lower mechanical performance in other directions (Nitti et al., 2018).

Surface modifications, such as coating chitosan scaffolds with 
selected bioactive molecules, also modulate biological and mechanical 
properties. For instance, chitosan-modified polycaprolactone scaffolds 
have been explored for their ability to sustain mechanical strength over 
time while supporting cell attachment and proliferation, making them 
promising for applications in ligament and tendon tissue engineering 
(Emonts et al., 2024; Silvestro et al., 2020).

3.5. Zeta potential tests

A. aerophoba chitin scaffolds before and after deacetylation of chitin 
were examined by the laser Doppler electrophoresis (LDE) technique. 
Although this method may be sensitive to surface homogeneity, the 
surface zeta potential of porous materials has been successfully deter
mined. Since the goal of this study was to develop deacetylated chitosan 
scaffolds of sponge origin, the use of two latex tracer particles at pH 9.2 
and pH 7 enabled a deep analysis of the raw and treated materials. A 
significant change in the material’s charge after treatment dictated the 
use of positively and negatively charged tracer particles.

Fig. 8 a shows the measured SZP for chitin (orange bars) and chitosan 
(blue bars) samples, and the tracer zeta potential measured at a distance 
of 1000 µm from the surface in both buffers.

The SZP of chitin is close to the zeta potential value previously re
ported for chitin nanocrystals (Parajuli et al., 2022) at both pHs, with 
values of –1.39 mV ± 1.39 (R2= 0.965) for pH 9.2, and 7.95 mV ± 2.31 
(R2= 0.971) for pH 7. Although the chitosan sample was not perfectly 
stable during the measurement, the surface zeta potential of –29.0 mV ±
5.17 (R2= 0.933) for pH 9.2 matches previously reported values 
(Alshahrani et al., 2021). The SZP values of –48.0 mV ± 18.7 (R2=
0.373) obtained for amidine tracer nanoparticles at pH 7 are question
able and could not be compared with the literature due to surface 
instability. This can be clearly seen in Fig. 8 b, where zeta potential vs. 
displacement is reported. The chitin sample was stable under both 
conditions, with no significant influence on the measurements. In 
contrast, chitosan samples tend to change their morphology (water 

Fig. 8. Surface zeta potential (a) measured for chitin and chitosan; (b) as a function of displacement for the materials tested.

I. Dziedzic et al.                                                                                                                                                                                                                                 Carbohydrate Polymer Technologies and Applications 8 (2024) 100587 

10 



uptake, dispersion of micro-impurities, polymer diffusion from the ma
terial), as observed visually and during SZP measurement (measurement 
instability, significant measurement error). Although the chitosan 
sample is not stable at lower pH values, the laser Doppler technique was 
successfully used to monitor the sponge’s surface zeta potential, con
firming its successful modification.

As stated above, instability in chitosan samples was observed at 
lower pH levels. Several strategies can be employed to stabilize the 
surface of chitosan while retaining its functionality for applications such 
as catalysis or drug delivery to address its instability at lower pH levels. 
The instability typically arises because the amino groups on chitosan can 
protonate under acidic conditions, making the polymer soluble and less 
stable.

Cross-linking is one of the most common approaches to stabilizing 
chitosan. Chemical cross-linkers like glutaraldehyde, genipin, or 
ethylene glycol diglycidyl ether can form covalent bonds between chi
tosan chains, reducing solubility and enhancing mechanical and chem
ical stability. Cross-linked chitosan retains its functional groups’ 
accessibility, allowing for continued interaction with substrates in 
catalysis or for controlled drug release. It is also less sensitive to pH 
changes, thus maintaining its structural integrity in acidic 
environments.

As alternative, ionic cross-linking can be also used. This procedure 
involves using multivalent anions, such as tripolyphosphate (TPP), to 
interact with the amine groups of chitosan. This non-covalent approach 
is reversible and can form stable hydrogels. Ionic cross-linking does not 
involve covalent bond formation, preserving the functional groups’ 
reactivity. It provides stability against dissolution at lower pH by 
creating ionic bridges within the polymer matrix that are less susceptible 
to protonation (Agnihotri et al., 2004).

3.6. Metallization of 3D chitin/chitosan scaffold with copper

In principle, there are two suitable approaches for metallizing the 
chitin and chitin/chitosan scaffolds under study with respect to copper: 
the deposition of metal in the form of nanoparticles, or the reduction of 
metal ions directly on the surface of the scaffolds. It is well recognized 
that both chitin and chitosan show complexation properties with metal 
ions, especially transition elements, lanthanoids and actinides 
(Anastopoulos et al., 2017). However, chitosan if compared to chitin has 
a significantly higher potential for complex formation, i.e. it forms more 
stable complexes and can bind higher concentrations of metal ions (for 
overview see Gritsch et al., 2018; Matias et al., 2023). Chitosan shows 
particularly high affinities for copper ions (Rhazi et al., 2002; Usman 
et al., 2012). Chitosan has a higher potential for forming complexes with 
metal ions than chitin due to its unique chemical structure and func
tional groups (Kyzas & Bikiaris, 2015). The reason for this difference lies 
in the degree of deacetylation and the presence of free amino groups in 
chitosan that are unavailable in chitin. The primary functional groups in 
chitosan that facilitate the complexation with metal ions, particularly 
copper ions, are amino groups (-NH2) (Rinaudo, 2006). These groups are 
located on the C-2 position of the glucosamine unit in chitosan. Amino 
groups are basic and can readily bind to metal ions through electron pair 
donation, forming coordinate covalent bonds. This interaction is typi
cally more vital with transition metals like copper, which can accept 
electron pairs to complete their electron configuration.

Chitosan also contains hydroxyl groups at the C-3 and C-6 positions. 
While these groups can also interact with metal ions, their role is more 
supportive in stabilizing metal ion complexes through hydrogen 
bonding and other electrostatic interactions (Crini, 2005).

There are two different theories for the structure of the Cu-chitosan 
complex approaches. The first theory is called “bridge model” and de
scribes four-fold coordination of the copper ion by nitrogen donor atoms 
of polymer chain or different chains. The “pendant model” describes the 
simple one coordination of the copper ion by an amine group (Matias 
et al., 2023). The formation of a five-membered ring chelate complex 

with the hydroxy group on the C3 atom in the chitosan molecule has 
been suspected (Domard, 1987), but has not been proven 
experimentally.

In our study, the solution with placed chitin/chitosan scaffold 
showed intense blue colouring after 24 h. This will be on the formed 
copper(II)amine complex returned. Copper absorption on sponge chitin 
was measured as 4.5 µg/mg (2.8 %), however in the case of chitin/ 
chitosan scaffold it reached a level of 77 µg/mg (48 %). It is striking that 
chitin complexes only very little amounts of copper. However, this 
matches with observations by Yaku and co-workers who found no cop
per complexation, for example, on chitin films (Rhazi et al., 2002).

It is well recognized that copper(II), for example, in copper sulfate 
solutions can be reduced with selected carbohydrates to obtain a copper 
powder (van der Weijden et al., 2002). In our study, the reduction of the 
copper(II) ions was carried out with fructose in a basic medium. In 
addition to possible enolization reactions, the degradation of the car
bohydrate skeleton remains to be an essential characteristic of the 
base-catalyzed reaction. Fructose, as well as glucose and mannose are 
present via a common 1,2-enediol intermediate equilibrium. It occurs in 
the presence of oxidizing agents, e.g. Cu2+ for the oxidation of the 
enediol to form carboxylic acids. These are not stoichiometric. The 
alkaline reaction that occurs can also be used as qualitative evidence of 
reducing sugars known as Fehling’s reaction. Due to the alkaline con
ditions, as well as the high temperature, chain breaks continue to occur 
due to retro-aldol reactions and caramelization. The intermediates 
formed can do more redox reactions, so that a complete reduction of the 
copper is possible. This phenomenon can be observed also in the case of 
our study using SEM. Microscopic images (Fig. 9) of the surface of 
sponge chitin and chitin/chitosan matrices after base catalysis reduction 
clearly show the deposition of nanocrystalline copper structures. The 
difference between two matrixes under study is well visible.

The obtained results opened the way for possible applications of 3D 
structured Cu-chitin/chitosan composites in corresponding catalysts as 
it has been reported previously for similar Cu-spongin composites of 
sponges’ origin (Petrenko et al., 2019; Tsurkan et al., 2021).

Similarly to study on Cu/Cu2O carbonized spongin scaffolds suc
cessfully used previously as catalyst in the reaction of reduction of 4-NP 
to 4-AP (Petrenko et al., 2019), we carried out preliminary experiments 
with developed here Cu-chitin/chitosan construct. In order to predict 
the mechanism of the catalitic abillity of Cu-chitin/chitosan material, 
the three-dimensional chitin isolated from A. aerophoba demosponge 
(Fig. 2 a), as well as piece of copper plate, were used as catalysts in the 
reduction of 4-NP under the same experimental conditions. It was 
observed that the 3D chitin scaffold does not possess catalytic ability 
towards 4-NP reduction. Interestingly, the copper plate is characterized 
by lower catalytic ability towards reduction of 4-nitrophenol, compared 
to Cu-chitin/chitosan based catalyst (rate constant 0.0043 s-1). This re
sults provide evidence that, the well-developed crystalline structure of 
Cu and Cu2O onto created 3D scaffolds ensure sufficient active sites 
necessary for the rapid reduction of the 4-nitrophenol. It can be sug
gested that the Cu-chitin/chitosan based catalyst acts as a medium for 
transfer of electrons from BH4- anions adsorbed at active sites of the 
catalyst to 4-NP particles, in order to produce 4-aminophenol. Similar 
results were reported by Sasmal and co-workers who studied the 
intriguing activity of the Cu2O-Cu-CuO composite (Sasmal et al., 2016).

There are no doubts that metallization of chitin/chitosan scaffolds 
created in the study can significantly influence their mechanical prop
erties, including tensile strength, elasticity, and durability. Metallization 
refers to the process of incorporating metal particles or ions into the 
scaffold matrix, often intended to enhance the scaffold’s functional 
properties, such as conductivity or antimicrobial activity. Adding metal 
nanoparticles (like silver, gold, or copper) to chitosan scaffolds can 
enhance their tensile strength. This is due to the formation of stronger 
cross-links within the polymer matrix and between the polymer chains 
and metal ions. In some cases, excessive metallization or poorly 
dispersed metal particles can lead to agglomeration, which creates stress 
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concentration points within the scaffold and may reduce its tensile 
strength. Introducing rigid metal nanoparticles into the flexible poly
meric matrix of chitosan can decrease the elasticity due to the stiffening 
effect of the metals, making the scaffold less deformable under stress. 
Metallization can enhance the durability of chitosan scaffolds, especially 
in terms of their resistance to microbial degradation and environmental 
stressors.

Fig. 10 shows the results of the elastic modulus (Fig. 10 a) and 
hardness (Fig. 10 b) tests (nanoindentation) for the 10 µm sections of 
A. aerophoba demosponge chitin, A. aerophoba Cu-chitin composite 
(Fig. 9 f) and A. aerophoba Cu-chitin/chitosan composite (Fig. 9 e). We 
suggest that the increase in the elastic modulus in the sample with Cu- 
chitin/chitosan composite is due to the presence of corresponding chi
tosan layers, and not to metallization with copper phase, which is pre
sent in the form of nanoparticles on the surface of the created material. 
There is no doubt that further detailed studies of the mechanical prop
erties of the composite material we have obtained using various methods 
will provide new information that can become decisive in terms of the 
practical use of such novel 3D composites.

4. Conclusions

This study aimed, for the first time, to create chitosan layers on the 
surface of tubular sponge chitin fibers while preserving the three- 
dimensional architecture of the chitinous skeletal scaffold. This simple 
but innovative approach seeks to develop a unique chitin/chitosan 
composite matrix that retains the size and shape of the original chitin- 

based sponge skeleton, as exemplified by the cultivated A. aerophoba 
demosponge. The staining analysis employing iodine and Cibacron 
Brilliant Red (CBR) dyes enabled the clear differentiation of chitin from 
chitosan. Chitosan exhibits deep and durable coloration, whereas the 
color of chitin fades significantly upon washing. ATR-FTIR spectroscopy 
further elucidated the structural distinctions, indicating that a 60 min 
NaOH treatment yields an optimal chitin/chitosan balance. Fluorescent 
microscopy with FITC staining highlights the successful deacetylation 
process, as evidenced by the presence of amino groups in the chitosan. 
SEM analysis reveals notable morphological differences: chitin fibers 
maintain a smooth, uniform surface, while chitosan fibers exhibit a 
ragged texture, indicative of significant surface modifications. The 
identification of a dual-layer structure, with a chitosan exterior and 
chitin core, emphasizes the scaffold’s mechanical strength and chemical 
versatility. Zeta potential measurements confirm the successful con
version of chitin to chitosan, despite observed instabilities at lower pH in 
chitosan samples. These findings highlight the potential of chitin/chi
tosan scaffolds in various biomedical and industrial applications, offer
ing a scalable and adaptable manufacturing process that paves the way 
for future advancements in regenerative medicine and tissue engineer
ing. Undoubtedly, the possible practical applications of the 3D chitin/ 
chitosan scaffold created in this study will depend on extensive research 
to be carried out in the near future.
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