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Abstract  Developing hydrogels with excellent 
3D printability, injectability, and mechanical integ-
rity presents an imposing challenge in biomaterials 
research, especially in the biomedical field where 
biocompatibility is crucial. This study involved the 
development of 3D printable and injectable polysac-
charide-based hydrogels with inherent self-healing 
capabilities. Carboxymethyl chitosan and quaternized 
chitosan (QCS) functioned as polymer backbones, 
reinforced by dialdehyde-cellulose nanocrystals 
(DACNC) as a cross-linker. Here, the concentrations 
of QCS and DACNC were adjusted and optimized 
for ideal performance. The cross-linking process was 

orchestrated in  situ, integrating dynamic hydrogen 
bonds and Schiff base covalent bonds to achieve a 
multi-cross-linked hydrogel network. Comprehensive 
characterization of the material, including rheological 
measurements and macroscopic evaluations, demon-
strated the hydrogel’s admirable injectability, print-
ability, and self-healing attributes. In vitro cell viabil-
ity assessments on human dermal fibroblasts revealed 
favorable biocompatibility and minimal cytotoxicity 
of the hydrogels, properties influenced by the con-
centrations of QCS. The obtained hydrogels exhibit 
promising attributes suitable for fabricating 3D print-
able and injectable hydrogel customized for biomedi-
cal applications, particularly wound healing.
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Introduction

3D printing has become a standard technique for 
designing wound dressings, wherein hydrogel bio-
inks emerge as excellent candidates for this purpose, 
compatible with extrusion, laser, or inkjet printing 
methods (Wang et al. 2019; Zhou et al. 2019). How-
ever, a common issue observed in naturally derived 
hydrogels used for 3D printing is their susceptibility 
to collapse and low shape integrity due to their soft 
composition. Utilizing amines and aldehyde groups 
in Schiff’s reactions has been explored as a method 
for fabricating injectable hydrogels, offering a rapid 
process that occurs under ambient conditions among 
various techniques for hydrogel formation. These 
injectable hydrogels exhibit notable stability and bio-
compatibility, making them valuable for various tis-
sue engineering applications (Kim et  al. 2019; Xu 
et al. 2019). Conversely, traditional wound dressings 
often incorporate antimicrobial agents within the 
hydrogel matrix, such as silver, zinc oxide, or anti-
biotics. Yet, using dressings with inherent antimi-
crobial properties holds greater appeal. Chitosan is 
renowned for its role in the preparation of antimicro-
bial dressings due to the easy formation of quaternary 
ammonium cations under acidic conditions (Hamedi 
et al. 2018; Qing et al. 2021). Nevertheless, chitosan 

requires modifications to overcome its limited solu-
bility and inadequate biological properties under neu-
tral and alkaline conditions. In our previous studies, 
we demonstrated enhanced antimicrobial activity by 
introducing quaternary compounds to chitosan, with 
emphasis on the appealing antimicrobial performance 
of quaternized chitosan (QCS) featuring [2-(acryloy-
loxy)ethyl]-trimethylammonium chloride (AETMAC) 
(Borandeh et al. 2023).

Despite the inherent biocompatibility and biodeg-
radability of natural hydrogels, they have drawbacks, 
including substandard mechanical and physical attrib-
utes. In recent decades, efforts have been focused 
on enhancing the mechanical properties of hydro-
gels, resulting in the development of novel hydrogel 
structures such as dual-crosslinked, double-network, 
and nanocomposite hydrogels (Fan et  al. 2013; 
Lin et  al. 2015; Wang et  al. 2018). Previous studies 
have explored hydrogel structures comprising vari-
ous polysaccharides, including dialdehyde cellulose 
nanocrystals (DACNC) and functionalized chitosan 
derivatives. DACNCs possess dual functionality as 
reinforcement and cross-linkers due to their large sur-
face area, high aspect ratio, and sturdy mechanical 
properties. Previous studies include the development 
of various polysaccharide-based hydrogels, often 
incorporating DACNC and various modified cellulose 
and chitosan derivatives, focusing on aspects such as 
biocompatibility, injectability, and optimization of 
mechanical properties (Huang et al. 2018; Wei et al. 
2022).
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Building upon our previous discoveries, this study 
aimed to develop a series of multi-crosslinked dou-
ble-network hydrogels suitable as wound-healing 
barriers. These hydrogels are envisioned to encom-
pass a unique combination of attributes, includ-
ing self-healing capability, 3D printing proficiency, 
injectability, and intrinsic biocompatibility. Dynamic 
covalent bonds like Schiff base bonds can achieve 
such self-healing properties of hydrogels (Quan et al. 
2022). The hydrogel design is based on integrating 
carboxymethyl chitosan (CMC), QCS, and DACNCs, 
using reversible Schiff’s base reactions, with a key 
focus on the liquid-to-solid transition. CMC func-
tions as the matrix polymer to improve the viscosity 
and printability of the gels, whereas QCS provides 
biocompatibility and potential antimicrobial proper-
ties to the hydrogels. The properties of QCS are based 
on the results of our previous studies, where AET-
MAC-modified chitosan showed superior antimicro-
bic capabilities and solubility to GTMAC-modified 
derivatives (Borandeh et al. 2023; Teotia et al. 2023). 
DACNC functions as the cross-linker between the 
polysaccharides and as reinforcement for the hydro-
gel structure. This investigation delves into the impact 
of compound concentration ratios on physiochemical 
and biological properties. A comprehensive evalu-
ation of the hydrogel’s rheological properties, print-
ability, self-healing, and biocompatibility was under-
taken. These materials are promising biocompatible 
barrier layers in wound-healing applications or other 
tissue engineering endeavors.

Experimental Section

Materials

Powdered cellulose nanocrystals (CNC) (D = 5  nm, 
L = 100  nm, aspect ratio = 20) were provided by 
Celluforce Inc. (Canada). [2-(acryloyloxy)ethyl]-
trimethylammonium chloride solution (AETMAC) 
and ammonium persulfate (98%) (APS) were 
obtained from Sigma Aldrich (USA). Sodium meta-
periodate (NaIO4) was purchased from Alfa Aesar 
(USA), whereas sodium hydroxide (NaOH), benza-
ldehyde (C7H6O), and sodium hydrogen carbonate 
(NaHCO3) were obtained from Merck (Germany). 
Carboxymethyl chitosan (CMC) (CAS No. 83512-
85-0, DDA ≥ 80) was purchased from Biosynth 

Carbosynth (UK), and chitosan (CAS No. 9012-76-
4, DDA ≥ 75%, Mw = 60 kDa) from TCI (Japan). All 
compounds were used as received without any further 
purifications. Dulbecco’s Modified Eagle Medium 
(DMEM) GlutaMAXTM (Cat. No. 31966047) and 
fetal bovine serum were obtained from Gibco/Thermo 
Fischer (USA). Alamar Blue™ Cell Viability Reagent 
was purchased from Invitrogen (Finland).

Preparation of dialdehyde CNCs (DACNCs) by 
oxidation

We followed a procedure inspired by previous reports 
for the oxidation of CNC, with minor modifications 
(Dang et  al. 2019; Lu et  al. 2014). Briefly, a 3 wt% 
suspension of CNC was prepared in deionized water, 
and NaIO4 (1:1 w/w NaIO4/CNC) was added. The 
pH of the suspension was carefully adjusted to 3.0 
and stirred for 3 h at 40 °C. The beaker was covered 
with aluminum foil to shield the reaction from light 
interference. To terminate the reaction and remove 
residual sodium periodate, ethylene glycol was added, 
and the mixture was stirred for 1  h. The resultant 
suspension underwent centrifugation to separate 
the oxidized CNC from the reaction by-products, 
and the isolated material was washed three times 
with deionized water. To ensure maximum purity, 
the isolated oxidated CNCs underwent a three-day 
dialysis process against deionized water using a 
cellulose membrane (Mw cut-off 14 kDa). The degree 
of aldehyde modification was 32% as determined by 
titration. The crystallinity of CNC and DACNC was 
estimated according to the Segal empirical method 
based on the XRD pattern in Fig. S2, determined as 
68.73% for the DACNC and 81.97% for CNC (Segal 
et al. 1959).

Preparation of quaternized chitosan (QCS)

The QCS was prepared according to our previ-
ous publications (Borandeh et  al. 2023; Teotia et  al. 
2023). Chitosan was quaternized in the O-position 
to ensure further reaction through the more reactive 
amine. Before quaternization, the amine was pro-
tected by benzaldehyde (generating Schiff’s base chi-
tosan) to ensure quaternization solely in the O-6 posi-
tion. After quaternization, the amine was deprotected. 
The details of the whole radical polymerization 
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reaction are found in SI and Fig. S1. The degree of 
quaternization (dQ) of the obtained QCS was deter-
mined by assessing 1H NMR integrals, denoted as 
dQ = 1.4 in Eq. 1.

Here, N+(CH3)3 and (H2, H3-H6, H6’) represent 
the integrals related to the quaternary ammonium 
and pyranose protons, respectively. These integrals 
are illustrated in Fig. S3. The molecular weight was 
estimated as 5.1 kDa, per previous estimations (Teotia 
et al. 2023).

Preparation of DACNC‑CMC‑QCS inks

DACNC-CMC-QCS hydrogel inks were prepared 
through the introduction of various concentrations 
of QCS (200, 400, and 600  mg) and DACNC 
(60, 120, and 180  mg) into an aqueous CMC 
solution (1000  mg), as seen in Table  1. To outline 
the procedure briefly, CMC powder was initially 
dispersed in water to prepare a 10  wt% gel. 
Subsequently, QCS was introduced into the matrix 
(at concentrations of 200, 400, and 600 mg), creating 
uniform solutions. The resulting solutions were 
designated as HA, HB, and HC, corresponding to the 
three concentrations of QCS. Following this, varying 
amounts of DACNCs (60, 120, and 180  mg) were 
incorporated into each QCS-infused solution, where 
each resulting hydrogel ink was further denoted as 1, 
2, and 3 within their respective hydrogel categories. 
For instance, within the HA group, three unique 

(1)dQ =
−N+

(

CH3

)

3
× 6

(H2,H3 − H6,H6�) × 9

hydrogels were prepared, designated as HA1, HA2, 
and HA3. A total amount of 9 gels was prepared 
(Table  1). The gelation process was carefully 
monitored, and the time required for gel formation 
was recorded for all samples. Visual confirmation of 
gel formation was obtained by gently inverting the 
tubes containing the DACNC-CMC-QCS gels.

3D printing and injectability

The hydrogels were printed following ink prepara-
tion using an extrusion-based printing technique 
employing a BIOX bioprinter (CELLINK, Sweden). 
The inks were poured into 3 mL pneumatic syringes 
immediately after adding DACNC to the CMC-QCS 
solution. The inks were extruded at 22  °C through 
a 20G conical needle (0.63  mm inner diameter) at 
5  mm/s. The hydrogels were printed as circles and 
squares in 5 layers (10  mm diameter). The printing 
parameters were carefully adjusted through multi-
ple cycles of material optimization, considering the 
rheological behavior of the inks. This process aimed 
to ensure the printed structure’s repeatability, dimen-
sional accuracy, and stability. The injectability of the 
inks was tested immediately after preparation with an 
18G conical needle (0.84 mm inner diameter).

Characterization

The presence of aldehyde groups of DACNC was 
determined using Schiff’s base reaction between the 
aldehyde groups and hydroxylamine hydrochloride 
(Lu et  al. 2014). To quantify the dialdehyde content 
(DC) of DACNC, the following equation was applied:

where V1 represents the volume of NaOH utilized 
by DACNC (mL); V2 signifies the volume of NaOH 
consumed by CNC (mL); C is the concentration 
of NaOH (mol/L), and M is the weight of each 
sample (g). The chemical structure of the materials 
was investigated at room temperature with an 
attenuated total reflectance (ATR–IR) Perkin Elmer 
spectrometer in transmission mode. The samples 
were scanned within the range of 4000–500  cm−1, 
with a resolution of 4  cm−1 with 32 accumulations. 
The rheological characteristics were conducted using 

(2)DC(%) =
C
(

V1 − V2

)

× 162

M × 1000
× 100

Table 1   Amounts of dry CMC, DQC, and DACNC in the for-
mations of the hydrogel inks

Sample CMC [mg] QCS [mg] DACNC [mg]

HA1 1 000 200 60
HA2 1 000 200 120
HA3 1 000 200 180
HB1 1 000 400 60
HB2 1 000 400 120
HB3 1 000 400 180
HC1 1 000 600 60
HC2 1 000 600 120
HC3 1 000 600 180
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an Anton Paar Physica MCR 301 (Austria) rheometer 
with parallel plates (PP25 and CP25 geometries). A 
fixed gap of 49 µm and CP25 geometry were utilized 
to monitor the apparent shear viscosity of the gels. 
A strain sweep ranging from 0.01 to 100% at a 
consistent frequency of 1 rad s−1 with a fixed gap of 
1  mm was further conducted to precisely determine 
the linear viscoelastic range of the hydrogels based 
on the PP25 geometry. To evaluate the hydrogel’s 
capacity for recovery following strain deformation, 
they were repeatedly subjected to oscillating strains 
of 1 and 200% at intervals of 200  s, all while 
maintaining a frequency of 1  Hz. The compression 
stress–strain curves were obtained using an Instron 
Universal testing machine (model 5944) with a 
50 N load cell. Hydrogels HA2, HB2, and HC2 
were first equilibrated in water and then subjected 
to compression at a constant rate of 0.1  mm/min 
under controlled conditions (25 °C and 50% relative 
humidity).

Scanning Electron Microscope (SEM) images 
of the hydrogels were acquired with a Scanning 
Electron Microscope (Zeiss Sigma VP microscope, 
Germany) at a voltage of 5  kV. The images were 
captured following the sputter coating of freeze-dried 
hydrogels with a thin 4  nm layer of gold–palladium 
alloy (LEICA EM ACE600 sputter coater, Germany).

Self‑healing behavior

The self-healing properties of the hydrogels were 
assessed through macroscopic evaluation. Briefly, a 
hydrogel (20  mm in diameter and 1  mm thick) was 
initially cut into two separate pieces. These divided 
hydrogel segments were reassembled and allowed to 
self-heal for 1 h under ambient conditions. Following 
the self-healing period, manual stretching was applied 
to the hydrogel, and photographic documentation 
was conducted to capture the results. Furthermore, 
to gain a deeper understanding of the self-healing 
characteristics, a rheological study was conducted on 
the hydrogel (Fan et al. 2021).

Swelling capacity

The swelling behavior of the obtained hydrogels was 
determined by measuring the water absorption of 
the dried samples for 24 h, following the previously 

described methods (Baniasadi et  al. 2021; Janart-
hanan et al. 2020). The hydrogels were freeze-dried, 
weighted (m0), and immersed in phosphate buffer (pH 
7.4). The samples were taken out after 1.5, 3, 6, and 
24  h, gently dried using tissue paper, and weighed 
immediately (mi). The swelling ratio of the hydrogels 
was calculated using Eq. 3.

Hydrolytic degradation

The hydrolytic degradation of the hydrogels was 
evaluated by monitoring their weight loss over 
9  days, according to previously described proce-
dures (Baniasadi et al. 2021; Janarthanan et al. 2020). 
The samples were freeze-dried, weighted (m0), and 
immersed in phosphate buffer (pH 7.4) at 37 °C. The 
hydrogels were taken out, thoroughly vacuum-dried 
for 24 h, and weighted (mj) after 1, 4, 6, and 9 days 
of submersion. The weight loss of the hydrogel was 
determined using Eq.  4. The gel content, represent-
ing the degree of crosslinking within the hydrogel 
network, was determined based on dry-weight dif-
ferences. Dry hydrogels were immersed in water for 
24 h and subsequently vacuum-dried at 40 °C for an 
additional 24 h.

Cell viability assay

The biocompatibility of the obtained hydrogel 
scaffolds was evaluated on human dermal fibroblast 
(HDF) cells (HDFn, PCS-201-010) cultured in 
DMEM GlutaMAXTM (Gibco/Thermo Fischer) 
medium supplemented with 10% FBS at 37  °C in a 
5% CO2. The hydrogels (100 mg in microtubes) were 
sterilized using wet autoclaving before culturing. 
The cell viability was assessed by Alamar Blue™ 
(Invitrogen). Briefly, the hydrogels were placed in 
a 24-well plate, and HDF cells were cultured in the 
wells at 104 cells/well density. Wells containing only 
media and hydrogels without any cells were used as 
negative controls, and wells with cells in cell media 
were used as positive controls. After 1, 3, or 7 days 

(3)Swelling (%) =
mi − m0

m0

× 100

(4)Weightloss (%) =
m0 − mj

m0

× 100
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of incubation, Alamar Blue was added to the media 
and incubated overnight. The fluorescent intensity of 
the Alamar Blue was read in an excitation/emission 
wavelength of 530/560  nm using spectrophotometry 
(Varioskan Lux, Thermo Fisher Scientific, USA). 
The cell viability was calculated as the differences in 
fluorescent intensities, according to Eq. 5:

Cell imaging

For cell imaging, HDF cells were seeded in 8-well 
plates (Nunc® Lab-Tek® II Chambered Coverglass, 
Thermo Fischer) at a density of 104 cells/well 
and incubated at 37  °C and 5% CO2 for 24  h. 
LysoTracker™ Deep Red (Thermo Fischer, USA) 
was added to the wells 30  min before imaging at a 
concentration of 100 nM. The samples were imaged 
using a confocal laser scanning microscopy (Leica 
TCS SP8 STED—Stimulated Emission Depletion, 

(5)Intensity of wells with cells on hydrogel − Intensity of wells with hydrogel only

Intensity of wells with cells in media − Intensity of media

Germany). The system was equipped with a diode 
laser (405  nm excitation wavelength) and HeNe 
laser (633  nm excitation wavelength) to observe 
the hydrogels and the LysoTracker™ Deep Red, 
respectively. Images were obtained using a 63x/1.20 
(water, wd = 0.3 mm) objective and analyzed using a 
LAS X software version 3.7.4.23463 for Leica SP8.

Results and discussion

Hydrogel formation

A double-network hydrogel has been developed, char-
acterized by multiple cross-links, rapid self-healing, 
and 3D printability. The comprehensive process for 
creating this hydrogel, based on QCS, CMC, and 
DACNC, is succinctly illustrated in Fig.  1. Several 
notable features render these DACNC-CMC-QCS 
hydrogels well-suited for biomedical applications, 

Fig. 1   Schematic image 
of preparation of injectable 
and printable DACNC-
CMC-QCS hydrogels, 
illustrating the network 
formation between posi-
tively charged QCS (red), 
DACNC (blue), and CMC 
(green)
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including using water as a solvent, rapid gelation 
time, and the absence of reliance on external stimuli 
such as pH, temperature, or light. In addition, due 
to their self-healing properties, these materials can 
recover their shape and structure after having been 
damaged (Li et al. 2020).

The hydrogel formation within the DACNC-CMC-
QCS matrix can be attributed to the establishment of 
double reversible and dynamic Schiff-base linkages 
(− C=N −), a rapid reaction that takes place under 
ambient conditions. These bonds form between the 
amine groups (− NH2) present in the flexible CMC 
and QCS polymer chains and the aldehyde groups 
(−CHO) stemming from the rigid rod-like DACNC 
(Fig.  1). The formation of the linkages was con-
firmed with both rheological characterization and 
FT-IR. The stiff, rod-like nature of DACNCs serves 
the dual purpose of cross-linking within the hydro-
gels and reinforcing their structure on the nanoscale. 
The extensive surface area and high aspect ratio of 
DACNC contribute to the presence of numerous 
active cross-linking sites, facilitating quick gelation. 
The gelation time (Table 2) decreased with increased 
concentrations of both QCS and DACNC. This reduc-
tion can be attributed to the accelerated Schiff’s base 
reactions between the primary amines and aldehyde 
groups. This gel formation process aligns with previ-
ously reported mechanisms for forming imine bonds 
(Huang et  al. 2018, 2016). The gel content was sig-
nificantly lower in the H1-series, as these contained 
the lowest concentration of DACNC. This suggests 
that a critical threshold of DACNC concentration is 

necessary to facilitate the formation of a cross-linked 
network.

FT‑IR analysis

The chemical structures of the key components 
QCS, CMC, and DACNC, as well as the hydrogels 
HA2, HB2, and HC2, were confirmed through FT-IR 
analysis (Fig. 2). As shown in Table 1, we prepared 
nine sets of hydrogels, each containing distinct pro-
portions of QCS and DACNC. To demonstrate the 
formation of imide bonds and the presence of qua-
ternary ammonium functional groups, we focused 
on the FT-IR spectra of the dried hydrogels HA2, 
HB2, and HC2, containing constant concentrations 
of CMC and DACNC. These specific models were 
selected due to their variations in QCS concentration, 
allowing for a comprehensive examination of these 
chemical attributes. The characteristic peaks related 
to the QCS are the absorption band at approximately 
1730 cm−1, corresponding to the stretching vibrations 
of the ester groups (C=O), and the asymmetrical 
stretching of the quaternary ammonium (–N+(CH3)3) 

Table 2   Gel formation time and gel content of DACNC-
CMC-QCS hydrogels

Sample Time [sec] Gel 
content 
[%]

HA1 150 65
HA2 120 83
HA3 90 81
HB1 60 60
HB2 40 83
HB3 30 87
HC1  > 30 62
HC2  > 30 75
HC3  > 30 84

Fig. 2   FT-IR spectra of QCS, CMC, DACNC, and hydrogels 
containing varying amounts of QCS
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seen approximately at 1480  cm−1 (Ren et  al. 2006; 
Zaman et al. 2012). The spectrum of DACNC showed 
a peak referring to the carbonyl group (− C=O −) at 
1720  cm−1, confirming the introduction of aldehyde 
groups into the CNC structure through periodate oxi-
dation. However, this peak is very weak, consider-
ing the small amounts of aldehyde incorporated into 
the matrix. Regarding the hydrogels, the new peak at 
1644 cm−1 indicates the presence of a C=N stretching 
vibration. This peak strongly supports the formation 
of imine bonds through Schiff’s base reaction, where 
the –CHO group of DACNC engages with the –NH2 

groups of QCS and CMC. Additionally, the peaks 
at 1730 and 1480  cm−1 are present in all hydrogels, 
confirming the successful addition of QCS into the 
matrix.

Rheological characterization and printability

The rheological behavior of the hydrogel inks was 
assessed to evaluate their suitability for 3D print-
ing applications. While secondary cross-linking 
is often used to address concerns related to the 
stability and printability of the hydrogels, these 

Fig. 3   Rheological characterization of the prepared hydro-
gel inks before 3D printing. a–c The viscosity flow curves of 
the hydrogel inks as a function of the shear rate with varying 
amounts of QCS and DACNC. d–f Rheological properties 

(storage and loss moduli (Gʹ and Gʺ)) of the inks. g–h Fre-
quency sweeps of the obtained inks were performed at 0.1% 
strain
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DACNC-CMC-QCS networks eliminate the need for 
any subsequent cross-linking procedures. Specific 
rheological characteristics crucial for 3D printing, 
such as shear thinning, were assessed using a rheom-
eter. Here, high shear rates necessitate low-viscosity 
behavior for extrusion through fine printing nozzles, 
while low shear rates require higher viscosity and 
paste-like behavior to retain the printed 3D shapes 
(Zhang et al. 2018). As depicted in Fig. 3a–c, the vis-
cosity of the hydrogels decreased significantly with 
increasing shear rate, confirming their shear-thin-
ning behavior. Notably, hydrogels with higher QCS 
and DACNC (HC3) concentrations demonstrated 
elevated viscosity values across the shear rate range. 
Further, increased DACNC concentrations intensified 
the shear-thinning effect, indicating enhanced cross-
linking between the aldehyde and amine groups. 
These shear-thinning properties render the hydro-
gels suitable for use as injectable materials, as dem-
onstrated qualitatively in Fig. S4a by their ability to 
pass through a plastic catheter and needle without 
clogging.

The rheological properties of the inks fur-
ther revealed varying yield strains, as depicted 
in Fig.  3d–f, and suggested that the material was 
cross-linked immediately after preparation. As the 
strain increased, the storage modulus (Gʹ), indi-
cating the elastic modulus, decreased for all inks. 
In contrast, the loss modulus (Gʺ), representing 
the viscous modulus, increased. The intersection 
between Gʹ and Gʺ indicated the material’s yield 
point, where the material transitions from a pre-
dominantly solid-like behavior to a more viscous 
and liquid-like state. This further confirms a shear-
thinning response. At higher strains, Gʺ surpassed 
Gʹ, suggesting disruption of the internal polymer 
structure. However, the parallel alignment of Gʹ 
and Gʺ at lower shear strains suggests immediate 
gel network formation upon preparation. These 
networks broke down at higher strains but exhib-
ited recovery due to self-healing hydrogen bond-
ing. Increased concentrations of QCS led to a more 
significant difference between Gʹ and Gʺ, indicat-
ing enhanced elastic behavior and overall stiffness 
of the material. This may improve the mechani-
cal strength and stability of the obtained hydrogel 
(Elhefian and Yahaya 2010). Similarly, the addi-
tion of DACNC increased both Gʹ and Gʺ, indicat-
ing a more cross-linked and reinforced structure. 

Furthermore, frequency sweeps showed that both 
Gʹ and Gʺ were independent of angular frequency 
with no crossovers, suggesting stable gel formation 
over the tested range (Fig. 3g–i). In addition, both 
G′ and G′′ increased with DACNC content, con-
firming the reinforcing and cross-linking effect of 
DACNC in the polymer matrix.

Given the shear-thinning and viscoelastic 
properties, the gels undergo structural 
rearrangement under shear forces, making them 
suitable for applications requiring injectability 
and mechanical support. Several parameters, 
including pressure, nozzle diameter, stage speed, 
and temperature, were optimized for successful 3D 
printing of the hydrogel inks, here evaluated on 
hydrogels HA1, HA2, and HA3. HA demonstrated 
gel formation within 90 to 150  s (Table  2), 
making them suitable for printing without nozzle 
clogging. HA1 exhibited fully interconnected grid 
structures, although some collapse was observed 
in the internal pores. In contrast, HA2 and HA3 
demonstrated uniform structures without collapse, 
remaining individualized throughout, highlighting 
their suitability for 3D printing applications 
(Fig.  S4). However, HB and HC faced challenges 
due to their short gelation times of less than 30 s. 
Also, the higher concentrations of QCS in HB and 
HC led to clogged nozzles after just one printing 
layer.

Self‑healing properties of the hydrogels

Self-healing capabilities are essential for wound heal-
ing materials, especially where frequent replacements 
are necessary due to ruptures (Du et  al. 2019; Yang 
et  al. 2021). Self-healing hydrogels can spontane-
ously restore their structural integrity and mechanical 
strength even after experiencing damage. Further-
more, these hydrogels offer promising layer-by-layer 
3D printing, as the printed layers can seamlessly 
adhere to each other after printing. Both macro-
scopic self-healing tests and rheological recovery 
experiments were conducted to evaluate the hydro-
gel’s self-healing capabilities. In the macroscopic 
test, illustrated on HA2 (Fig. 4a), two hydrogel disks 
were prepared, with one dyed blue for clarity, and 
then sliced into two separate pieces. Subsequently, 
these divided halves were reconnected to each other. 
After allowing them to integrate for 1  h in ambient 
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conditions, the boundaries between the hydrogel 
pieces became imperceptible, and the original shapes 
of the pieces were fully restored. Further confirma-
tion of the self-healing process was demonstrated by 
using tweezers to hold the two sides of the healing 
incision. The self-healing mechanism of the hydro-
gel relies on imine and hydrogen bonds, which func-
tion as reversible chemical and physical interactions 
within the hydrogel network, thereby orchestrating 
the remarkable self-healing properties observed in 
the material. In a rheological recovery assessment, a 
continuous cycle of oscillatory strain was employed 
to analyze the rheological behavior of the HA2 
hydrogel ink (Fig. 4b). Notably, when subjected to a 
higher shear strain of 200%, the loss modulus (Gʺ) 
surpassed the storage modulus (Gʹ), indicating a tran-
sition in behavior where the hydrogel started behav-
ing more like a liquid due to the disruption of its net-
work structure. However, upon subsequent exposure 
to a 1% strain, the Gʹ value of the hydrogel rapidly 
increased, almost fully restoring its initial modulus in 
a remarkably short time. This suggests that the hydro-
gel has a certain degree of resilience and can recover 
its viscoelastic properties after deformation due to 
reversible structural properties. The mechanical prop-
erties of hydrogels HA2, HB2, and HC2 were further 
examined through a compressive test, as illustrated 

in Fig. 4c. During the test, the samples demonstrated 
good stability and remained intact without break-
ing. In the linear region, when stress was applied, the 
relaxed hydrogel transitioned to a stressed state, initi-
ating elastic deformation to store energy and counter-
act the compressive stress. The compression stress at 
60% strain for HA2, HB2, and HC2 was 0.011 MPa, 
0.015  MPa, and 0.095  MPa, respectively. These 
results indicate that increasing the QCS ratio (HC2) 
enhances crosslinking, resulting in a stiffer hydrogel.

SEM analysis

SEM was used to study the microstructure of freeze-
dried hydrogel scaffolds and investigate the poros-
ity and pore sizes in a dry state. Figure 5 shows the 
SEM images of lyophilized hydrogels taken from the 
surface and cross-section. The hydrogels depicted, 
HA2, HB2, and HC2, have increased concentrations 
of QCS, whereas the amounts of DACNC and CMC 
were kept constant. Each lyophilized hydrogel had 
rough surfaces and a porous structure, ideal charac-
teristics to facilitate the wound-healing process. The 
pores in HB2 were smaller and denser than in HA2. 
Based on these observations, the QCS was success-
fully crosslinked with DACNC, and the crosslink 
density increased with the increasing QCS content 

Fig. 4   a Photographs depicting the self-healing process of a 
DACNC-CMC-QCS hydrogel after being cut into two equal 
segments and fused. b Rheological profile of the HA2 hydro-
gel under an alternating step strain, transitioning between 1 and 

200% at intervals of 200 s, illustrating the hydrogel’s ability to 
restore its mechanical integrity following deformation. c Com-
pression stress–strain curves of HA2, HB2, and HC2
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in HB2. However, in HC2, the pores grew with addi-
tional QCS concentrations, whereas the pore density 
decreased. The increase in pore size of the HC2 may 
be due to a lower degree of crosslinking compared to 
HB2, as more free amine groups were available for 
crosslinking since the CMC and DACNC concentra-
tions were kept constant.

Swelling capacity and degradation of dried hydrogels

Hydrogel swelling is a critical factor in managing 
wound exudates and maintaining an optimal moist 
environment during the healing process. Striking 
a delicate balance is essential—not allowing the 
wound to become dehydrated while also prevent-
ing the accumulation of excessive exudate, which 

could disrupt the extracellular matrix. Figure  6a 
illustrates the swelling ratios of the lyophilized 
hydrogel samples in aqueous solution. All hydro-
gels exhibited rapid swelling, with the curves sta-
bilizing after 4 h. HA displayed a greater increase 
in the swelling capacity compared to HB and HC, 
indicating that the addition of QCS to the network 
matrix decreased the swelling tendencies. Simi-
larly, the amount of DACNC in the hydrogel also 
reduced the swelling. This may be attributed to the 
high density of a cross-linked network. Crosslink-
ing contributes to increased hydrogel stiffness and 
reduces swelling propensity. Consequently, the 
HC3 hydrogel, containing the highest concentra-
tions of QCS and DACNC, exhibited the lowest 
swelling ratios. Mass changes were monitored for 

Fig. 5   SEM images of freeze-dried hydrogel scaffolds (HA2, HB2, and HC2) showing the surface and cross-sectional areas and the 
pore size distributions
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the in vitro assessment of hydrogel biodegradabil-
ity in aqueous solution (pH 7.4). As illustrated in 

Fig. 6b, after 9 days of immersion, hydrogels con-
taining the lowest amount of DACNC (HA1, HB1, 
and HC1) experienced a weight loss of approxi-
mately 50–55%. Notably, with increasing amounts 
of DACNC, the weight loss changes decreased by 
15–25%. The network’s stability was significantly 
influenced by the density of cross-links: higher 
cross-link density correlated with lower levels of 
degradation. During the initial 24 h, the weight loss 
is presumably due to the removal of uncross-linked 
polysaccharide fractions rather than degradation.

In vitro biocompatibility

The hydrogel’s biocompatibility and potential cyto-
toxicity were evaluated in  vitro on human dermal 
fibroblast cells using an Alamar Blue assay. The 
hydrogels exhibited minor autofluorescence at 560 nm 
(Fig. S5), which was considered by including control 
wells containing hydrogels without cells. As quater-
nary chitosan possesses excellent biocompatibility 

Fig. 6   a Swelling ratio, and b weight loss of the 3D-printed freeze-dried hydrogels when submerged in a buffer. [n = 3, aver-
age ± SD]

Fig. 7   The relative viability of HDF cells cultured on the 
hydrogels for 1, 3, and 7  days and assessed with an Alamar 
Blue assay. [n = 3, average ± SD]



Cellulose	

Vol.: (0123456789)

(Ahmadi et  al. 2015), particular attention was paid 
to assessing the concentration of QCS in the hydro-
gels. Therefore, hydrogels HA2, HB2, and HC2 were 
explicitly chosen for evaluation, as the concentrations 
of QCS varied while maintaining constant amounts of 
DACNC and CMC. The fibroblasts cultured on these 
hydrogels showed cell viability ranging from 43 to 
66% after 1, 3, and 7  days of incubation, compared 

to the control wells (Fig.  7). Notably, HC2 showed 
overall higher cell viability than HB2 and HA2, 
which is consistent with our expectations as HC2 
contained elevated concentrations of QCS. Further-
more, QCS derivatives have been reported to differ in 
biocompatibility depending on various factors, such 
as the degree of quaternization, cationic strength, and 
molecular weight. It has been observed that with an 

Fig. 8   CLSM images depicting HDF cells incubated on hydrogels HA2, HB2, and HC3 for 24 h. Living cells were stained red using 
LysoTracker™ Deep Red, while the hydrogels are represented in blue



	 Cellulose

Vol:. (1234567890)

increasing degree of quaternization, there is a cor-
responding increase in cytotoxicity (Harugade et  al. 
2023; Wongwanakul et  al. 2017). In this study, the 
degree of quaternization of QCS in the hydrogels was 
estimated to be 1.4, falling within the higher range of 
quaternization. This parameter likely contributes to 
the observed differences in cell viability between the 
three hydrogels and the control wells. However, the 
cell viability of HC2 remained around 60% through-
out the evaluation, whereas the hydrogels HA2 and 
HB2 had lower viability during the earlier stages. 
This indicates a stable and biocompatible hydro-
gel, where the chitosan shows good biocompatibility 
against fibroblasts.

Although the hydrogels exhibited autofluores-
cence in both blue and green wavelengths, the strong-
est fluorescence was observed in blue (Fig. S5). The 
autofluorescence of the hydrogels may be attributed 
to the intrinsic properties of chitosan and cellu-
lose derivatives, as certain functional groups within 
these compounds can emit light. Conjugated groups, 
such as imine bonds, could potentially contribute to 
the observed fluorescence (Li et al. 2022; Mi 2005). 
While fluorescent hydrogels can offer applications in 
biomedical fields for monitoring movements, healing 
processes, and molecule detection, a comprehensive 
evaluation of this phenomenon would be necessary 
to understand the potential of a fluorescent hydro-
gel fully. Furthermore, to visualize the interaction 
between the cells and the hydrogels, LysoTracker™ 
Deep Red was employed to locate the cell lysosomes 
(Fig.  8). The samples were imaged using two exci-
tation wavelengths of 405  nm for the hydrogels and 
630  nm for the cells. It was observed that the cells 
tended to grow around the hydrogel rather than within 
it, with no detected cell growth inside the hydrogel 
pores. Still, the cells exhibited excellent growth on 
the hydrogels, indicating favorable material biocom-
patibility for cell culturing or wound healing appli-
cations. For a more thorough comprehension of the 
biocompatibility between the material and living tis-
sue, further comprehensive evaluations and in  vivo 
studies are required. However, this study was pri-
marily focused on a preliminary proof-of-concept 
assessment, emphasizing comprehensive material 
characterization, printability, and initial biocompat-
ibility evaluations, and thus did not extend to such 
explorations.

Conclusion

In this study, we have successfully developed a 
hydrogel characterized by multiple cross-links, 
demonstrating rapid self-healing abilities and 
excellent printability. Comprised of QCS, CMC, 
and dialdehyde-modified CNC, this hydrogel offers 
several advantages for biomedical applications. It 
utilizes water as a solvent, undergoes rapid gelation, 
and does not require external stimuli such as pH, 
temperature, or light for cross-linking. The inclusion 
of stiff DACNC served as both cross-linkers and 
nano-reinforcement, facilitating rapid gelation due to 
their numerous active cross-linking sites. The gelation 
time decreased with increasing concentrations of 
QCS and DACNC, following Schiff’s base reaction 
principles for imine bond formation. These hydrogels 
exhibit shear-thinning behavior and impressive self-
healing capabilities, restoring structural integrity 
and mechanical strength after damage. Adding QCS 
and DACNC influences the swelling and degradation 
tendencies, with higher cross-link density resulting 
in reduced swelling and degradation. In  vitro 
cell viability evaluation demonstrated excellent 
biocompatibility with human fibroblast cells after 
7  days, suggesting a potential for wound healing 
applications. Interestingly, the hydrogels exhibited 
slight fluorescence at certain wavelengths, a desirable 
attribute in the biomedical field. In conclusion, these 
DACNC-CMC-QCS hydrogels offer a promising 
material for biomedical applications, providing a 
unique combination of rapid self-healing, printability, 
and tunable properties to support various wound-
healing and tissue engineering efforts.
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