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Abstract
The main objective of the present work was to produce three-dimensional (3D)-
printable nanocomposite hydrogels based on two kinds of marine-sourced 
polysaccharides doped with nanoclay with potential biomedical application. First 
part of the research study investigated the preparation of the polysaccharide 
bicomponent hydrogel formulations followed by the selection of the optimal ratio 
of polysaccharides concentrations which ensured proper morphostructural stability 
of the 3D-printed constructs. Second step aimed to generate 3D scaffolds with high 
printing fidelity by modulating the nanoclay amount doped within the previously 
selected biopolymer ink. In compliance with the additive manufacturing experiments, 
the alginate–salecan hydrogels enriched with the highest nanofiller concentrations 
demonstrated the highest suitability for 3D printing process. The morphological 
and structural studies confirmed the ability of the nanocomposite formulations 
to efficiently produce porous 3D-printed constructs with improved fidelity. The 
morphostructural findings underlined the implication of choosing the appropriate 
ratio between components, as they have a considerable impact on the functionality 
of printing formulations and subsequent 3D-printed structures. Hence, from the 
obtained results, these novel hydrogel nanocomposites inks are considered valuable 
biomaterials with suitable features for applications in the additive manufacturing of 
3D structures with precise shape for customized regenerative therapy.
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1. Introduction
In order to address a variety of biological problems, 
current research studies are focused on developing 
multicomponent and multifunctional composite scaffolds 
employing a variety of material combination and design.

The oceans are a major renewable supply of natural 
chemicals and contain a diversity of compounds. 
Polysaccharides are abundant in the marine ecosystem, 
and their corresponding biological and physicochemical 
characteristics have encouraged their use for the creation 
of a wide range of biomaterials in the form of hydrogels, 
particles, nanofibers, wafers, foams, and capsules that 
have found utility in numerous sectors such as food, 
pharmaceuticals, membranes, and cosmetics industries[1-3].

Based on its availability, biocompatibility, and lack of 
toxicity, alginate may be considered the most well-known 
polysaccharide derived from brown seaweed. Alginate is an 
anionic linear chain biopolymer composed of mannuronate 
sequence and guluronate residues in a variety of ratios, 
which, consequently, influences its molecular weight and 
physical properties[4-6]. Alginate solutions have the unique 
ability to crosslink fast in the presence of ions (such as 
Ca2+), which produces a cohesive hydrogel with adjustable 
mechanical properties as function of alginate, crosslinker 
concentrations, and incremental timing.

Alginate is frequently utilized in additive 
manufacturing[6-8]. However, there are some overcoming 
issues due to the relatively low viscosity of alginate 
solutions which require arduous protocol adjustment to be 
able to print it in its purest form and crosslink it thereafter. 
To improve the immediate additive manufacturing, several 
approaches were used to overcome its limitations, including 
pre-crosslinking[9,10], rapid crosslinking during the printing 
process[6], and blending with other biopolymers[11]. 
Alginate, when combined with other biomaterials, gives 
the scaffold intrinsic biocompatibility, low toxicity, and 
moderate and controllable gelation with added divalent 
cations which are crucial for the encapsulation of cells 
or bioactive compounds. In this respect, alginate was 
compounded with gelatin[12-14], chitosan[15,16], methyl 
cellulose, or agarose[17-20] for obtaining proper hydrogel 
formulations that are used to create three-dimensional 
(3D) scaffolds with enhanced mechanical properties.

Therefore, according to recent reports, hydrogels 
fabricated based on the combination of two or more different 
polymers via crosslinkers can tackle disadvantages and 
integrate advantages. However, the mechanical properties 
of the hydrogels with multiple polymer networks are 
still weak and cannot fully meet the requirements of 3D 
printing. Consequently, the development of high-strength 

composite hydrogels becomes an emerging topic in hard 
tissue regeneration. In this respect, several composite 
formulations synthesized through the encapsulation or 
modifications of alginate-based hydrogels with additives, 
such as inert or bioactive glasses[21,22], hydroxyapatite[5,16], 
or nanoclays[23-26], have been explored.

In this context, our present work proposes a combined 
strategy where, for the first time, alginate networks will 
be semi-interpenetrated with salecan to obtain printable 
hydrogel formulations and further crosslinked 3D-printed 
alginate–salecan constructs. Salecan, which is a microbial 
marine polysaccharide extracted with a tolerant salt 
strain Agrobacterium sp. ZX09, demonstrated exceptional 
physical–chemical features[27]. Among excellent 
characteristics of salecan, its rheological properties[28-30] and 
availability to be used alongside natural[31-33] or synthetic 
polymers[34-36] are highly beneficial for our present study. 
In recent years, our research group developed polymer 
nanocomposites containing salecan for drug delivery 
purposes[37,38]. More recently, we have followed the 
possibility to synthesize solely salecan green crosslinked 
materials, and further, we have investigated using salecan 
for the first time in additive manufacturing[39].

On the other hand, nanoclays, which are categorized 
as either active components or excipients, are widely 
employed in medicine and pharmaceuticals, particularly 
for drug delivery purposes[38,40,41]. Clay nanoparticles 
have a strongly negatively-charged surface that is 
counterbalanced by positive metal counterions. Nanoclays 
consist of layered particles that are around 2 microns 
in diameter and 10 nm thick[42]. Many research studies 
proved that the mechanical properties of the generated 
polymer–clay composites, swelling and degradation of 
the materials, and drug encapsulation and/or release are 
all significantly modified by the addition of nanoclays into 
the polymeric materials because clay platelets influence the 
synthesis process[40,41,43-45]. In addition, clay nanoparticles 
were demonstrated to exhibit shear thinning properties to 
their corresponding nanocomposite hydrogels. Therefore, 
nanoclays are used in tissue engineering to produce 3D 
scaffolds using additive manufacturing technique. The 
presence of nanoclays also promoted osteogenesis and cell 
growth in the generated 3D-printed structures[24-26].

3D printing techniques for hydrogels offer numerous 
advantages in biomedical applications, such as 
customization, complex geometry, and spatial control[46-48]. 
The principal techniques used for 3D printing are as 
follows:

 (i) Extrusion-based 3D printing: This technique 
involves the deposition of hydrogel filaments 
through a fine nozzle. It offers versatility in terms 
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of material selection and allows the incorporation 
of cells, drugs, and growth factors into the hydrogel 
matrix. Extrusion-based printing offers a high 
printing speed and is compatible with various 
hydrogel formulations[48-50].

 (ii) Stereolithography: Stereolithography utilizes a 
liquid resin that solidifies upon exposure to light. 
This technique enables high-resolution printing and 
precise control over the structure. Stereolithography 
offers excellent spatial resolution and the ability to 
fabricate complex geometries. However, it is limited 
by the availability of suitable photopolymerizable 
hydrogels[46,47].

 (iii) Inkjet printing: Inkjet printing deposits tiny droplets 
of hydrogel ink onto a substrate in a layer-by-layer 
manner. It is a versatile technique that allows precise 
control over the droplet size and placement. Inkjet 
printing enables the creation of heterogeneous 
hydrogel structures and is well-suited for fabricating 
tissue scaffolds. Nevertheless, it often suffers from 
low printing speed and limited viscosity and 
compatibility of material[47,51].

However, limitations include material availability and 
properties, resolution constraints, and post-processing 
requirements. The choice of hydrogel material impacts 
not only mechanical strength but also cell viability if 
these are included in the printing ink as in the case 
of bioprinting[49,51,52]. Achieving high resolution with 
hydrogels is challenging, and additional steps are needed 
for stability and functionality. Despite challenges, 3D 
printing of hydrogels holds promise for biomedical devices, 
tissue engineering, and drug delivery. Ongoing research 
aims to overcome limitations and expand applications in 
regenerative medicine and personalized healthcare.

Considering all these aspects, our present study follows 
the development of novel 3D-printable nanocomposite 
formulations using alginate–salecan-based hydrogel ink 
loaded with nanoclay. By manipulating the alginate–
salecan weight fraction, and also the nanofiller amount, 
we could fabricate various nanocomposite inks to render 
3D structures with high printing fidelity and enhanced 
porosity through a simple strategy. Our study carefully 
examined, in terms of physicochemical parameters, 
how salecan and nanoclay affected the properties of 
the printing formulations and the final crosslinked 
hydrogel nanocomposites. In this regard, hydrogel inks’ 
rheological characteristics were followed as these are 
essential in the 3D printing process. Scanning electron 
microscopy, thermogravimetric, Fourier transform 
infrared, and X-ray diffraction (XRD) analyses were 
used to investigate the morphological as well as the 

structure of the obtained composite hydrogels. The 
crosslinked hydrogels’ swelling capacity, pH sensitivity, 
and their mechanical stability in wet condition were 
thoroughly assessed. Moreover, preliminary biological 
investigations were pursued.

To the best of our knowledge, this work is the first 
methodical research on the assessment of alginate, salecan, 
and natural clay for 3D printing. The present research 
findings lead us to believe that the disclosed nanocomposite 
materials’ design and the default 3D-printed structures 
will have a significant influence on the creation of unique 
advanced materials for specialized regenerative therapies.

2. Materials and methods
2.1. Materials
Alginic acid sodium salt and calcium chloride were 
acquired from Sigma-Aldrich, Norway. Salecan (>90% 
purity), which is an β-1,3 glucan with an average molecular 
weight of 2,000,000 g/mol, was purchased from Suzhou 
Health Chemicals Co., Ltd. (Suzhou, China). The nanoclay 
powder (natural montmorillonite, Cloisite Na) from 
Southern Clay Products Inc. (Gonzales, TX, USA) was 
used. Sulfuric acid (95%–97% purity) was purchased from 
Supelco (Darmstadt, Germany) while phenol (min. 99.5% 
purity) from Chimreactiv SRL (Bucharest, Romania). 
Buffer solutions of pH = 2, 5.5, and 7.4 were prepared in 
our laboratory using deionized water, 0.1 M hydrochloric 
acid (HCl, SC Chimreactiv SRL, Bucharest, Romania), and 
phosphate-buffered saline (PBS; pH = 7.4) tablets (137 mM  
sodium chloride, 2.7 mM potassium chloride, and 10 mM 
phosphate buffer; VWR Chemicals, Ohio, USA).

2.2. Preparation of the crosslinked polysaccharide 
samples
The following steps were taken to obtain the crosslinked 
polysaccharides samples: Powders of salecan and alginate 
were measured and thoroughly combined in the solid state. 
The resulted solid blend was poured over the specified 
amount of bi-distilled water and was mixed very well with 
a spatula. The samples were kept at 37°C until the next day 
and stirred mechanically with a spatula from time to time. 
The obtained homogenous hydrogels were then used in 3D 
printing process.

In the case of hydrogel-clay samples, firstly, the required 
amount of clay was added to the bi-distilled water. Then, 
the clay aqueous dispersion was magnetically mixed for 
2 h at 350 rpm and ultrasonically processed for 5 min at 
30% amplitude (in an ice bath). The dry solid mixture of 
alginate and salecan was then added. Further, the process 
was carried out in accordance with the steps that had 
already been mentioned.
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2.3. 3D printing of hydrogel inks
The hydrogel-based inks were printed using the 3D 
Bioprinter 3D Discovery TM (RegenHU Ltd., Switzerland, 
Villaz-St-Pierre). The printing process was conducted 
using a direct dispensing print-head and a 5-mL syringe 
with an attached cylindrical nozzle, under varying printing 
pressures and speeds at room temperature. The generated 
3D structures were crosslinked following the printing 
process by their submersion in a 2%wt. CaCl2 solution 
for an hour. Crosslinked 3D structures were then washed 
thoroughly with distilled water and were subsequently 
freeze-dried. Acquired dried samples were stored in a 
desiccator at room temperature.

2.4. Determinations of gel fraction and the 
evaluation of salecan stability for the alginate–
salecan-based hydrogel samples
The determination of biopolymers gel fraction was 
performed as follows: each 3D-printed sample was weighed 
and was introduced in 20 mL of deionized water for 24 h 
in distilled water at 40°C. In this way, all the uncrosslinked 
biopolymers were dissolved, and we were able to determine 
the sol part. The extracted hydrogel samples were freeze-
dried and weighed again. Equation I was used to measure 
the samples gel fractions:

% Gel fraction= Mf × 100/Mi  (I)

where Mf = final weight of the freeze-dried construct and 
Mi = initial weight of the construct.

The stability of salecan chains entangled in alginate 
networks was evaluated by using the phenol sulfuric acid 
method[36,39]. Thus, the content of salecan in the washing 
solutions resulted from the extraction process and was 
evaluated by UV-VIS measurements, as previously 
described[39]. The amount of salecan which remained well 
entangled in the alginate networks was then determined. 
For the samples including inorganic partner, only 
the biopolymeric content was taken into account in 
calculating the gel fraction as well as for the evaluation of 
interpenetrated salecan.

2.5. Swelling and degradation analyses
The hydrogel-based 3D-printed dry samples were weighed 
and submerged in solutions with different pH (pH = 2, 
5.5, and 7.4). Readings of the swollen samples weight were 
taken at each hydrogel’s equilibrium time. This experiment 
was performed in duplicate. Swelling degree was calculated 
using Equation II:

%ESD = (mequilibrium swollen sample - mdry sample) × 100/mdry sample  
 (II)

where ESD is equilibrium swelling degree, and m is the 
weight of the sample in each case.

The degradation behavior of each sample was evaluated 
by immersing the specimens in water or PBS. The 
hydrogels were kept at 37°C for up to 7 days. The weight 
of equilibrium swollen samples was considered the initial 
weight. The hydrogel degradation degree was computed 
as the weight drop (w–w0) relative to the weight of the 
equilibrium swollen samples (w0). The measurements 
were performed in triplicate.

2.6. Morphological and structural analyses
Fourier transform infrared (FTIR) spectroscopy was 
used to structurally characterize the samples containing 
alginate, salecan, and nanoclay. The analyses were carried 
out using a Bruker Vertex 70 FTIR spectrometer (Bruker, 
Billerica, MA, USA). FTIR spectra in the 4000–400 cm-1 
wavenumber region were captured.

Environmental scanning electron microscopy 
(ESEM-FEI Quanta 200, Eindhoven, The Netherlands) 
was employed to analyze the morphology of the printed 
lyophilized samples and their 3D structures, without being 
sputter-coated.

Computer microtomography analysis was performed 
using Bruker µCT 1272 high-resolution equipment. The 
samples were fixed on a support and scanned during a 180° 
rotation, with an image pixel size of 5 µm (one pixel depicting 
5 × 5 µm from the physical sample), at 70 kV, 130 µA, 500 ms 
exposure time and at a rotation step of 0.25°. Scanning was 
performed without filter, and each 2D projection was the 
average of five consecutive frames. Each dataset contained 
1080 2D projections (2 × 1640 pixels) which were further 
used in NRecon software to generate the 3D tomograms. 
All quantitative measurements were performed in CTAn 
software, on the reconstructed tomograms.

X-ray diffractometer (Rigaku Ultima IV, Tokyo, Japan) 
was used to ascertain the structure of the nanocomposite 
samples. At 40 kV and 30 mA, Cu Kα radiation (λ=1.5406 Å) 
was employed. Under air pressure and room temperature, 
all of the analyses were conducted on samples in powder 
form. The scanning speed was 1°/min, and the data 
collection interval was 2θ range 1–50°.

2.7. Rheological and mechanical analyses
A Kinexus Pro rheometer (Malvern) with plate–plate 
geometry (upper plate diameter = 20 mm) was employed 
to monitor the flow behavior of the synthesized materials. 
The gap between the two plates was maintained constant at 
0.5 mm throughout the testing. The apparatus was equipped 
with Peltier element for precise temperature control and a 
stainless-steel hood to prevent dehydration during testing. 
To obtain information regarding the processability of the 
formulations, flow curves were registered in the shear rate 
interval of 10-3 to 103 at a working temperature of 25°C.
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DMA Q800 TA Instruments (New Castle, DE, USA) 
was used to evaluate the mechanical behavior of the 
obtained 3D-printed hydrogel samples. Using a modified 
compression clamp, the cylindrical 3D-printed samples 
with ~12 mm in diameter and ~3 mm in thickness were 
employed for the analyses, which were carried out in 
dynamic frequency sweeps mode at 25°C to avoid the 
effects of water evaporation. Dynamic frequency sweeps 
were carried out over a frequency range of 0.1–5 Hz with 
a constant strain of 0.1% (in the linear viscoelastic area) to 
record the storage (G’) and loss (G”) moduli of the swollen 
3D-printed samples. To confirm reproducibility, frequency 
tests were conducted three times, and the G’ and G” were 
plotted against frequency. The frequency sweep modulus 
was analyzed using TA Universal Analysis.

Nanoindentation tests were performed using a TI 
Premier System (Hysitron Inc., Minneapolis, MN, USA) 
equipped with a three-side pyramidal Berkovich tip (total 
angles of 142.35° and radius of curvature of 150 nm). A 
normal load of 100 µN was applied using the trapezoidal 
load function (5 s loading, 2 s hold, 5 s unloading) to 
determine the values of reduced modulus (E), calculated 
using the Oliver–Pharr method.

2.8. Preliminary biological studies
Human dermal fibroblasts were used to test biocompatibility 
of the 3D-printed biomaterials. Cells were cultured in 
Dulbecco’s Modified Eagle Medium with 10% fetal bovine 
serum at a density of 105 cells per well. For 24 h, the 3D 
structures were placed on top of the cells after being UV-
sterilized. Following the manufacturer’s instructions, 
cytotoxicity was assessed using the LDH (lactate 
dehydrogenase) Cytotoxicity kit (Sigma). With the use of 
a NanoQuant Infinite M200 Pro equipment, absorbance 
was measured at 490 nm. Utilizing the Live/Dead test (cat. 
no. L3224), the viability of the cells was evaluated. Using 
a Zeiss fluorescent microscope, imaging was done at λ = 
494/517 (living cells) and λ = 517/617 (dead cells). Cell 
proliferation was quantified using the CyQUANT™ MTT 
(3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium 
bromide) Cell Viability Assay (thermos Scientific) in 
accordance with the manufacturer recommendations.

2.9. Statistical analyses
The data are expressed as mean and standard deviation. To 
evaluate the significance of differences, one-way analysis of 
variance (ANOVA) was performed. The significance was 
assessed if the p value was less than 0.05.

3. Results and discussion
Our present study investigated in the first step the 
possibility to obtain alginate–salecan hydrogels. In an 

effort to achieve improved fidelity and stability, different 
weight fractions of alginate and salecan were investigated 
and their inks were used in additive manufacturing. 
These bi-component hydrogels were further doped 
with different concentrations of clay nanoparticles and 
then used to print 3D nanocomposite structures. The 
resulted polysaccharides-based 3D constructions were 
further submerged in a CaCl2 bath to allow alginate –
COO– functional groups to react with Ca2+ ions. Alginate 
networks became intertwined with salecan chains, creating 
semi-interpenetrating networks which were stabilized 
through physical interactions by alginate ionic crosslinking 
and also H–bonding interactions.

A schematic representation of the crosslinking 
mechanism of alginate–salecan networks in the presence 
of clay nanofiller is proposed in Scheme 1.

3.1. 3D printing of polysaccharide-based 
hydrogel inks
To reach the main goal of this research, i.e., obtaining 
appropriate inks for printing 3D constructs with 
excellent fidelity and stability, eight formulations were 
investigated. The 3D printing process was carried out at 
room temperature, employing the 3D printer’s extrusion 
dispenser. Different types of needles (plastic or metallic 
with a diameter of 0.41 mm), printing pressures ranging 
from 150 to 620 kPa, and speeds ranging from 4 to 
12 mm/s were examined as a function of ink composition 
as presented in Table 1.

Initially, the alginate hydrogel was prepared after 
tests involving 3D printing were performed on it. The 
low viscosity of the ink caused instability throughout the 
printing process; also, the layers collapsed as they came 
into contact with the glass slides, and the printed shape 
displayed apparent distortion due to the weight of the 
added layers.

In order to improve the rheological properties of 
the weak alginate hydrogel and to obtain 3D-printed 
constructs with improved shape fidelity, salecan was added 
as a second biopolymer network. Thus, three compositions 
of salecan and alginate in different weight ratios were 
created: salecan-alginate 1.687:3.620 (AV1), 2.653:2.653 
(AV2), and 3.62:1.687 (AV3). 3D printing tests were 
performed using speeds in the range of 4–10 mm/s and 
pressures in the range of 180–500 kPa. The results showed 
that raising the salecan concentration enhanced the ink 
stability during the printing process when compared with 
neat alginate ink, and the resulted 3D-printed platforms 
maintained greater fidelity of up to seven layers (Figure 1).

Based on the 3D printing behavior cumulated with 
the results obtained from salecan retention in the alginate 
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matrix (presented in subsection 2.4), AV2 formulation was 
selected to be used in the further development of novel 
nanocomposite inks. Consequently, four concentrations of 
clay were varied (~3%, 5%, 7%, and 10%wt. with respect to 
the total mass of the hydrogel) in the AV2 alginate–salecan 
bi-component hydrogel yielding AV2C1, AV2C2, AV2C3, 
and AV2C4 formulations. The nanocomposites formulations 
were prepared and subjected to 3D printing process.

Different 3D shapes with varying heights were formed 
depending on the number of deposited layers, particularly 

circular shapes with a diameter of ~1.5 cm and square 
ones with a side of ~1 cm (Table 2). When compared to 
alginate–salecan printing inks, the nanocomposites inks 
demonstrated improved stability during the additive 
manufacturing process, and their default 3D-printed 
constructs retained better integrity of up to 10 layers 
(AV2C1), 15 layers (AV2C2), more than 30 layers (AV2C3), 
and more than 40 layers (AV2C4). 3D constructs based on 
ink called AV2C3 and AV2C4 preserved their 3D design 
best, as can be seen from the 3D printing images (Table 2) 
as well as the SEM images (Figure 4).

One thing worth taking into account was the fact that, 
even if the speed is limited to 4–8 mm/s, at higher clay 
concentrations, when the inks become highly viscous, 
the layers do not easily attach to each other. This caused 
previously deposited layers to be dragged, resulting in 
irregularly shaped 3D-printed structures (Figure 4, SEM 
images on rounded shape).

As a result, the printing process must be tuned beginning 
with the size of the needle, printing speed, printed shape, 
and number of layers in order to obtain regular forms with 
high fidelity and integrity. Based on our observation of the 
printing process, the utilization of ~7%–10% clay-loaded 

Scheme 1. Schematic representation of the crosslinked alginate–salecan-based semi-interpenetrating hydrogel nanocomposites.

Table 1. The annotation of the 3D printing formulations and 
their compositions

Sample Alginate (g) Salecan (g) Water (g) Clay (g)

AA0 3.620 - 30.054 -

AV1 3.620 1.687 -

AV2 2.653 2.653 -

AV3 1.687 3.62 -

AV2C1 2.653 2.653 1.060

AV2C2 2.653 2.653 1.767

AV2C3 2.653 2.653 2.474

AV2C4 2.653 2.653 3.535
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alginate–salecan nanocomposite hydrogels stands out as 
the most promising nanocomposite printing inks.

3.2. Rheology studies of the polysaccharide-based 
Hydrogels
Rheological characterization of materials provides a general 
overview of the system’s viscoelastic flow characteristics. For 
the most effective 3D printing of paste or viscous solutions, 
an understanding of ink rheology is required. For 3D 
printing of inks, shear thinning and high yield strength are 
essential rheology qualities to take into account.

As shown in Figure 1, all hydrogels displayed a shear 
thinning characteristic during the examined shear rates 
interval. Thus, shear rate as function of shear viscosity 
revealed that alginate ink exhibits an extended Newtonian 
plateau followed by a gradual decrease of viscosity at 
shear rates above 10 s-1. This behavior indicated a slow 
rearrangement of the macromolecular chains.

The rest of the alginate–salecan-based compositions 
presented a shear thinning behavior in the studied shear 
rate interval. The presence of inorganic partner in the 
polysaccharide hydrogel was correlated with an increase in 
viscosity. This rheological characteristic, which is typical for 
composite hydrogels, was related to the interaction of clay 
nanoplatelets with polymer chains, which resulted in high 
viscosities and pseudoplasticity. Moreover, the composite 
hydrogel inks presented a sudden viscosity drop around 25 s-1.  
This phenomenon can be attributed to a reorganization 
of the internal structure of the macromolecules or 
breakage of physical bonds formed between clay layers 
and macromonomers. Additionally, the shear thinning 
behavior indicated the feasibility of injecting the composite 
hydrogel-based inks as their viscosity dropped and the 
shear rate increased.

To preserve the shape of extruded items, the rheology of 
the ink must be properly adapted. In light of the fact that 

hydrogel viscosity reduced with increasing shear rate in 
pressure-regulated flows, the use of the prepared composite 
ink formulations with shear thinning behavior is optimal. 
Based on the rheology analyses, we could assume that the 
3D-printed material’s overall structure should be preserved, 
and the yield strength should be high enough to withstand 
the weight of the post-extruded ink. Although hydrogels 
are the most often employed forms of viscous materials in 
extrusion type 3D printing, these inks typically have very 
low viscosities and stiffness. Reformulation in the form of bi-
component hydrogels or hydrogels that include an inorganic 
partner, as described also in our research paper, is encouraged 
in order to achieve the appropriate ink rheology[24,25,53].

3.3. Assessment of biopolymer network stability 
and determination of gel fraction for the 3D-printed 
crosslinked constructs
The stability of salecan chains entangled in alginate 
crosslinked networks was identified by measuring 
the amount of salecan in the washing solutions of the 
3D-printed structures. The results of the phenol sulfuric 
acid approach presented in Table 3 revealed that the 
alginate network effectively captured the majority of the 
salecan biopolymer. However, when a larger quantity of 
salecan was used in the synthesis phase, the experiments 
indicated the release of a larger amount of biopolymer in 
the washing solution, from 10% for AV1 to 40% for AV3 
sample. Based on these data as well as observations from 
the printing stage of the hydrogels, AV2 sample was chosen 
as having the suitable characteristics for further dosing 
with clay nanoparticles. When 3D nanocomposites were 
tested, it was possible to see that the calculated amount of 
salecan that was released into the washing fluid was lower 
when the probes included higher clay concentrations. 
This phenomenon could be explained by two physical 
interactions: first, the potential hydrogen bonds formed 
between the hydroxyl groups of salecan and the clay 

Figure 1. Shear rate as function of shear viscosity for the prepared hydrogel inks.
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Table 2. 3D printing parameters and the appearance of the resulted 3D constructs

Sample Pressure
(kPa) 

Speed 
(mm/s)

Number of 
layers

Freeze-dried 3D-printed 
samples

3D-printed 
hydrogel samples

AA0 560 6–8 2–5

AV1 130 4–8, 12 2–5 

AV2 150 4–8 5–7  

AV3 180 8–10 5–7 

AV2C1 225–300 4–8 10

AV2C2 220–330 4–6 15

(Continued)
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structure, and second, the physical barrier created by clay 
platelets positioned within the polymeric matrix, which 
limited salecan detachment[38,43,54].

The gel fraction percentage in the absence of salecan 
was determined to be 86%, indicating that the alginate 
networks were almost entirely crosslinked. At varied salecan 
doses inside the alginate matrix, the gel fraction dropped 

to less than 53%–80%. This behavior can be attributed to 
the addition of salecan to alginate hydrogel, which may 
suppress the formation of crosslinked alginate chains 
and, as a result, greatly slow down the gelation process. In 
the case of nanocomposite samples, as clay nanoparticles 
content rose, composite hydrogel gel fractions slightly 
increased. Thus, nomadic polysaccharides were probably 
hindered by the presence of clay nanoparticles as observed 
from the determination of salecan content. These findings 
are consistent with earlier studies that showed that nanoclay 
platelets can function as a barrier in an eluting agent’s 
path[40,41,54]. A strategy useful in drug delivery applications 
should be conceived. Thus, a bioactive agent may be added 
to this nanocomposite hydrogel system, and the amount 
of salecan or clay partner inside an alginate matrix may be 
optimized to adjust the drug’s release.

3.4. Swelling behavior of the 3D-printed constructs
Swelling analyses in media of different pH could 
provide useful information when attempting to obtain 

Sample Pressure
(kPa) 

Speed 
(mm/s)

Number of 
layers

Freeze-dried 3D-printed 
samples

3D-printed 
hydrogel samples

AV2C3 300–481 6–8 30

AV2C4 550–620 4–6 40

Table 2. Continued

Table 3. Results from UV and gel fraction investigations

Sample Retained salecan (%) Gel fraction (%)

AA0 0 86

AV1 97 80

AV2 89 76

AV3 60 53

AV2C1 90 71

AV2C2 93 78

AV2C3 95 79

AV2C4 96 80
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pH-dependent materials for applications that require 
proper stability at the targeted site or, depending on 
the circumstance, pH-dependent drug release or even 
controlled dissolvability/degradation. In this regard, the 
pH sensitivity of the novel polysaccharide materials was 
investigated by incubating the 3D-printed constructs in 
a variety of pH environments (pH = 2, 5.5, and 7.4) and 
calculating the equilibrium swelling degree. The results 
obtained for each polysaccharide-based hydrogels are 
presented in Figure 2.

Alginate and salecan are two examples of 
macromolecular polymers having COOH and OH 
functional groups, respectively, which affect the level 
of swelling of the resultant materials depending on 
different pH conditions. At pH < 7, the presence of an 
excess of H+ ions facilitates the protonation of functional 
groups and increase the likelihood of intermolecular 
hydrogen bonding with water molecules[55]. Accordingly, 

water molecules are either hindered or accommodated 
in the macromolecular semi-interpenetrating network 
depending on pH of media. The resulting nanocomposites 
materials are further complicated by the presence of anionic 
clay that also contains OH groups. On the other hand, the 
swelling behavior of the 3D-printed constructions might 
be influenced by the porosity of the obtained hydrogels. 
As the CT studies showed, clay quantity as well as salecan 
and clay addition improved the samples’ porosity. In our 
situation, the phenomenon of fluid retention is more likely 
to be caused by the makeup of the samples than by their 
increased porosity.

The samples displayed the least swelling at acidic 
pHs, when compared to neutral pH, most likely because 
of multiple hydrogen bonds that tighten the biopolymer 
networks and hinder water molecule from penetrating. 
The degree of swelling and subsequent disintegration 
increased as the pH rose because the groups began to 

Figure 2. Swelling behavior of the 3D-printed constructs in aqueous environments of different pH. **p < 0.005; ****p < 0.0001.
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ionize, the electrostatic repulsive forces between system 
components increased, and the fluids were encouraged to 
enter into the semi-interpenetrating biopolymer-based 
network[39,44].

Depending on the pH, the analyzed samples reach 
constant weight in different times. Thus, the maximum 
degree of swelling occurs at pH = 2 in about 6 h, while for 
experiments conducted at higher pH levels, the swelling 
degree reached its maximum in about 48 h and 72 h for 
pH 5.5 and 7.4, respectively. On the other hand, samples 
maintained in media at neutral pH swell enormously and 
disintegrate after 72 h, producing relatively loose hydrogel 
structures that were unable to be weighed. Samples held 
in deionized water (pH = 5.5) retained their shape for 
a longer period of time. After around 3 weeks, the 3D 
constructs began to disintegrate. The nanocomposite 
samples disintegrated in a percentage of ~80–90%wt. as 
opposed to the pristine polysaccharide samples, which 
retain their shape in a proportion of ~95%wt. Herein, 
we assume that the increased porosity in the presence of 
clay (revealed further through CT analyses) enhances the 
scaffold’s contact surface with the incubation medium and 
boosts the degradability of the samples, as stated by other 
research groups[56].

The hydrogel’s ability to swell is significantly 
influenced by both the matrix composition and its surface 
hydrophilicity. When salecan biopolymer was added to 
the alginate matrix, the 3D polysaccharide constructs 
had varying degrees of hydrophilicity. Thus, at low pH, 
the ESD increased in the presence of salecan and as the 
amount of salecan in the biopolymeric matrix was greater. 
These findings, supported also by salecan retention tests, 
demonstrated that higher alginate concentrations resulted 
in more crosslinking sites, which in turn produced a more 
restricted semi-interpenetrating network. Consequently, 
larger amounts of salecan resulted in a decrease in network 
packing and higher ESD. Moreover, salecan structure which 
is rich in OH groups favored increased fluid retention at 
higher concentrations[27,32].

When compared to the associated biopolymeric matrix, 
all nanocomposite samples presented ESD changes. In each 
case, adding clay to the alginate–salecan matrix as well as 
the increasing clay concentration reduced the swelling’s 
intensity. It is quite likely that this behavior is related to the 
chemical composition of the resulting nanocomposites, 
given that clay was added to the system and did not 
retain as much water as the substituted polysaccharide. 
Furthermore, the physical interactions between the 
biopolymer and the clay, involving hydrogen bonds, as 
well as the increase in matrix crystallinity, as revealed by 
XRD studies, could result in lesser molecular flexibility 

and may restrict hydrogel swelling, as confirmed by other 
researchers[25,40,55,57].

In summary, according to swelling data, the novel 
alginate–salecan-based 3D constructs exhibited pH 
sensitivity and adjustable swelling degree achieved with 
modification of the nanocomposite system’s constituent 
parts. These findings may enable the development of useful 
materials with a variety of operating pHs, depending on 
the foreseen application.

The samples’ degradation was assessed by incubating 
the specimens in distilled water or PBS at 37°C for 7 days. 
After this period, it was found that all the samples stored in 
water degraded with a loss of ~3%wt. The samples retained 
their inflated shape extremely well, being particularly stable 
at pH of 5.5. On the other hand, the composite samples 
with high silicate content (AV2C3 and AV2C4) kept in 
PBS began to disintegrate, with little pieces detaching from 
the sample. After 5 days, the samples completely degraded 
and appeared as discrete delaminated layers in the PBS. 
In contrast, the samples with minimal silicate content 
(AV2C1 and AV2C2), as well as the non-compounded 
biopolymeric sample AV2, are well maintained in PBS and 
do not degrade over the 7-day study more than ~10%wt. 
As previously noted by other researchers, this behavior 
could be related to the increased level of clay dispersion 
and intercalation within biopolymeric matrix at low clay 
content[58,59]. Another point worth noticing is that round-
shaped samples retained their shape better than square-
shaped samples, which is most likely owing to the more 
compact structure.

In summary, all samples incubated in water are stable 
for up to 7 days, but only samples with low silicate content 
are highly stable in PBS, and the high content of inorganic 
partner leads to full deterioration of the 3D-printed 
constructs. These findings could be useful for tailoring the 
degradation of a material in a certain environment based 
on the planned application.

3.5. Mechanical behavior of the 3D-printed 
constructs
As substrates for tissue regeneration and repair, 3D 
hydrogel-based constructs are of great interest because 
of their tissue-like composition with linked porosity and 
the potential for tailored fabrication. The generally poor 
mechanical strength of 3D hydrogel-printed materials 
is a typical drawback, limiting their utility in various 
clinical applications. In this regard, in our study, we 
developed composite inks that outperform hydrogels 
made solely from alginate or alginate–salecan, in terms 
of final mechanical quality and structural integrity of the 
3D-printed structures.
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The storage (G’) and loss (G”) moduli, registered for 
the crosslinked 3D hydrogel-based structures, are shown 
in Figure 3 as a function of frequency. The moduli of the 
equilibrium swollen samples were determined using the 
frequency sweep method. It is essential to note that for 
all the samples under investigation, G’ is higher than G” 
over the whole frequency range of 0.1 to 5 Hz, attesting 
the crosslinked condition of the resulting 3D structures. 
Additionally, the addition of clay nanoparticles and the 
rise in their concentration in the formulations used for 3D 
printing resulted in an increase in the storage modulus G’ 
and loss modulus G”, respectively. This event suggested that 
clay nanoparticle interfered in the crosslinking mechanism 
and 3D-printed composite hydrogels were becoming more 
rigid and able to tolerate higher mechanical stress.

The acquired results are consistent with prior research 
investigations that demonstrate the creation of more stiff 
biomaterials by combining biopolymeric networks or 
adding inorganic components. Thus, Serafin et al. showed 
that the mechanical characteristics are noticeably improved 
when collagen is combined with gelatin or hyaluronic 
acid[60]. The same group found that the storage modulus 
increases as the amount of inorganic partner increases in 
the collagen–gelatin matrix. Furthermore, as the frequency 
was raised, both moduli—storage and loss—increased as 
well. The hydrogels continue to exhibit an elastic response 
as a result, and the storage modulus continues to be greater 
than the loss modulus[61]. Other studies have demonstrated 
also how the addition of clay to polymeric matrices had 
a favorable impact on the rheological and mechanical 
properties of the produced nanocomposites[57,62].

The reduced moduli/elastic moduli were determined 
from nanoindentation results using the Oliver–Pharr 

method. The addition of clay nanoparticles increased the 
elastic moduli, showing that the nanocomposites were 
stiffer than the neat biopolymer sample (AV2). Thus, the 
elastic moduli values for the synthesized alginate–salecan 
nanocomposite materials were 7.28 × 103 for AV2C1, 
12.06 × 103 KPa for AV2C2, 11.39 × 103 KPa for AV2C3, 
and 7.34 × 103 KPa for AV2C4, all of which were greater 
than the elastic modulus of the uncompounded alginate–
salecan sample (AV2, 5.21 × 103 KPa). These values are 
comparable to the elastic moduli of soft tissues (brain, skin, 
and muscles)[63-66]. The nanoparticles are likely to impede 
the movement of the biopolymer networks, according to 
the findings, which are consistent with earlier research 
on polymer–clay nanocomposites[40,44,67]. Following that, 
the samples with the highest clay concentration showed a 
little decline, demonstrating that an optimal clay content 
(of ~5 and 7%wt.) is required to achieve larger elastic 
moduli. This effect could be explained by the dispersion 
of nanoclay particles within the alginate–salecan matrix, 
which is more pronounced with low clay concentrations, 
as indicated by XRD analyses, as well as the remodeling of 
the internal structure under applied mechanical stress[40,55].

In summary, the nanocomposite samples demonstrated 
augmented mechanical stability compared with the neat 
biopolymer sample, which is critical when the material is 
projected for applications that are subjected to mechanical 
stress.

3.6. Microscopy analyses
SEM analyses of freeze-dried 3D structures were also 
carried out to investigate their morphology when created 
with various compositions. The macrostructure underwent 
visible changes as a result of the viscosity of the probe as 
observed from SEM images presented in Figure 4. Thus, 

Figure 3. Storage modulus (G’) and loss modulus (G”) as a function of frequency for the crosslinked 3D-printed hydrogel-based samples.
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Figure 4. SEM images of the 3D constructs open macropores, filaments crossroads, and outer surface.
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with higher concentrations of salecan, and further clay, 
the pores macrostructure is better defined as a result of 
increased viscosities and consequently, printing stability as 
compared to probes with lower concentrations of salecan, 
without clay or with low clay concentrations. As a result, 
as the ink formulations were less viscous, the 3D-printed 
constructs began to collapse under the weight of the 
printed layers.

The surface observed when examining the 3D 
structures was relatively smooth. With the addition of clay, 
there was a change in the surface morphology, specifically, 
some roughness caused by clay particulate agglomeration 
in the composition. These became more visible when the 
concentration of clay in the hydrogel matrix was increased. 
The most noticeable feature of SEM images is that printed 
probes had distinct filaments, which were more visible 
at higher concentrations of salecan as well as clay in the 
hydrogel ink. Furthermore, the filaments in the layered 
samples attached very effectively to one another.

Taken together, by modifying the concentration of 
salecan and nanoclay in the original biopolymer sample, 
the morphology of the 3D constructions can be tailored to 
obtain 3D constructs with enhanced printing fidelity and 
structure stability.

3.7. Structural analyses, FTIR and XRD
The results of FTIR spectrophotometric analyses presented 
in Figure 5 have shown the characteristic peaks for alginate 
and salecan as well as changes or shifts of these specific 
peaks depending on the composition of the materials. 
Sodium alginate presented the following commonly known 
wavelengths: ~1017 cm-1 for the C-O-C and C-OH bonds, 
~1600 cm-1 for asymmetrical stretching vibration of COO- 
group, ~1420 cm-1 for symmetrical COO- group stretching 
vibration, and ~2900 cm-1 for CH symmetric stretching 
vibration[57]. In the case of the alginate–salecan sample 
investigation, the FTIR curves revealed a slightly modified 
peak spanning around 1019 cm-1, which was attributed 
to alginate–salecan chain interactions considering that 
salecan generally exhibits the characteristic C-OH 
absorption band corresponding to the glucopyranose 
ring from the polysaccharide structure in the mentioned 
area[39,68,69].

FTIR tests on nanocomposites based on alginate and 
salecan confirmed the presence of biopolymer-specific 
peaks along with the specific peaks of the clay, namely, 
vibrations of Si-O-Si at ~1000 cm-1, Al-Si-O at 450–620 cm-1,  
and OH in the range of 3400–3600 cm-1[57,62,70]. However, 
certain changes in the shape of the FTIR curve may be 
seen between 1007 and 1020 cm-1, especially the presence 
of a sharper peak with a minor shift from the assigned 

polysaccharide or clay peaks. These modifications may be 
explained by the overlapping of the component’s peaks and 
also the possible interactions between the various groups 
of the components (COOH and OH groups from alginate, 
OH groups from salecan, and OH from clay edges), as 
shown in previous studies[38,44,70]. Thus, FTIR analyses 
confirmed that the structural changes of alginate–salecan 
biopolymer matrix occurred after clay inclusion with 
interactions between components and slight peak shifts 
depending on clay concentration.

X-ray diffraction analyses presented in Figure 6 
also indicated changes in the structure of the semi-
interpenetrated biopolymeric matrices as well as of their 
nanocomposites. XRD curve of the AA0 pristine alginate 
sample revealed by the existence of two diffraction peaks 
at 2θ ~13° and ~ 22°, respectively. These weak and broad 
peaks are generally ascribed to a rather amorphous 
structure of alginate[71]. The bi-component samples also 
showed a typical salecan peak-of-diffraction at 20°, which 
rose with increasing microbial polysaccharide content. 
As a result, the X-ray curves revealed a partly crystalline 
structure with a dominating amorphous phase, which 
was ascribed to hydrogen-bonding interactions between 
polysaccharides COOH and OH functional groups on 
alginate and salecan polysaccharides. These results were 
consistent with FTIR findings which demonstrated 
biopolymeric chains interactions, too. Furthermore, 
prior investigations in which salecan polysaccharide 
was mixed with other natural polymers, such as 
agarose, chitosan, κ-carrageenan, and xanthan gum, 
also revealed modifications in the resulted biopolymer 
matrices[33,72-74].

The existence of the specific peak of nanoclay around 2θ 
~4–7° was confirmed in the XRD profile of polysaccharide-
based nanocomposites. This peak underwent some changes 
in intensity and width, indicating an advanced dispersal 
of clay platelets in biopolymer matrix, mostly at low clay 
concentrations. Changes in inter-basal distance may 
suggest biopolymer molecules insertion between silicate 
lamella and the formation of mainly intercalated structures, 
a fact strongly related with the rheological behavior of 
the nanocomposites inks. Moreover, the findings are in 
accordance with prior research that demonstrated that 
adding nanoclay particles to polymeric systems increases 
the matrix’s crystallinity, which in turn has an impact on 
the swelling phenomena[55].

3.8. Evaluation of the internal morphology of the 
3D-printed object by computed tomography
Computed tomography (CT) analysis was performed in 
order to depict the internal morphology of the 3D-printed 
object and to investigate whether the chemical composition 
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variation influenced the architecture. Moreover, 
considering the scanning resolution (image pixel size = 
5  µm), some quantitative characteristics were extracted 
from the tomograms, listed in Table 4—the surface of the 
object, porosity, as well as the average wall thickness and 
pore diameter.

Their exhaustive distribution per size domains is 
plotted in the charts of Figure 7 for samples AA0 to 
AV2C1. Printed sample morphology differs with the 
amount of inorganic phase they contain. The composition 
also has an impact on the pore patterning during freeze-

drying process; the pristine AA0 sample exhibited a thin 
but compact morphology, with a reduced pore/solid 
matter ratio. On the other hand, AV2 is characterized by 
a more common morphology for objects fabricated via 
lyophilization. Starting with sample AV2C1, the pores and 
shape of the deposited filaments showed drastic changes. 
Probably because of the increasing amount of reinforcing 
agent, more physical interactions were formed between 
the two phases of the composite and the filaments tended 
to maintain their original shape and CAD model fidelity. 
Another reason for that might be linked to the increase of 

Figure 5. FTIR spectra of the crosslinked biopolymer-based samples: (A) alginate–salecan samples and (B) alginate–salecan composites samples.
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viscosity of the inks which favored the shape preservation 
and limited the spilling effect after extrusion.

The objects fabricated with composite inks feature 
complex pore network with easily discernible particularities. 
First of all, the walls in the control sample exceed 100 µm, 
but the object has a very low porosity overall (< 5%); 
however, the composite formulations were patterned in 
templates consisting of structures of up to 120 µm, yet, to 
a lower extent. Even though the share of thicker walls was 
generally low, these kinds of assemblies could significantly 
improve the mechanical behavior of the ensemble. Also, 
with the exception of AA0, the distribution of wall thickness 
domains was a left-skewed Gaussian bell, with a maximum 

incidence of 20 ± 5 µm. Conversely, the pore domain 
distributions depicted only the inner porosity from the 
filaments and excluded the large pores that were built-in 
from the beginning in the 3D CAD model. Pore template 
was impacted to a higher extent than wall structuration. 
From samples AA0 to AV2C4, the distribution of pore 
domains and the total porosity (in the filaments) increased 
steadily, going beyond the threshold of 200 µm and a share 
of 71.5% porosity in sample AV2C4. This augmentation 
was favored by the addition of the inorganic phase and the 
interfaces between the dispersed agent and the polymer 
matrix; these submicronic disruptions favored the fusion 
of water crystals during the freezing process and enabled, 
eventually, the attainment of larger pores. In addition, 

Figure 6. X-ray diffraction curves for the polysaccharide based-samples: (A) alginate–salecan samples and (B) alginate–salecan nanocomposites samples.
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the porosity was highly interconnected as the incidence 
of closed pores dropped to 0.05% of the total porosity in 
AV2C4 (Table 4).

Overall, compositing the alginate–salecan hydrogel 
formulations enhanced the pore ratio in the extruded 
filaments, decreased the incidence of close pores, increased 
the total surface of the solid object (exterior and inner 
pore surface included), and guided pore size distribution 
toward larger domains (Table 3). Besides, with the 
exception of AV2C3 sample, most walls thickened and 
their mean value increased by approximately 25%. The 
outcome of this architectural design adjustment could be 
in favor of the intended application of the 3D constructs 
since interconnectivity, solid surfaces, and large interface 
areas with the environment are essential prerequisites 
of favorable outcome in cell seeding and in-volume 
proliferation[75].

3.9. Preliminary biological studies
Cytotoxicity is one of the most important factors to consider 
when selecting materials for biomedical applications. 
Live/Dead, MTT, and LDH (lactate dehydrogenase) tests 
performed on human dermal fibroblasts were used to 
determine the effect of 3D structures on the viability 
of cells.

Human dermal fibroblasts were grown in 3D structures, 
and the cell viability of those cells was assessed using 
Live/Dead staining. A majority of the cells placed in the 
tested 3D-printed hydrogels were still alive after 2 and 6 
days of incubation, as evidenced by the green fluorescence 
shown in Figure 8. Further evidence that these 3D-printed 
hydrogels are non-toxic to human dermal fibroblasts 
comes from LDH test, which revealed no statistically 
significant difference in the cytotoxicity results between 
the 3D structures and the negative control sample. The 
good biocompatibility of the new 3D-printed samples was 
additionally validated by MTT test.

The analyzed 3D structures showed excellent 
biocompatibility in the LDH, MTT, and Live/Dead assays, 

indicating their potential use in biomedical applications. 
The results are consistent with other studies where clay-
containing hydrogels displayed potential biological 
properties[42,73,76].

4. Conclusion
The present study’s findings demonstrate the potential 
applications of alginate, salecan, and nanoclay for precise 
production of 3D hydrogel constructs using printing 
techniques. Ionic crosslinking and H-bonding between 
system partners influenced the morphostructure of the 
resulted composite hydrogels as revealed by FTIR and 
XRD analyses with consequences on salecan retention 
in the alginate network and the resulted materials gel 
fraction. Rheological and mechanical investigation 
indicated enhanced qualities, which was promoted by 
various physical interactions, following the increase in clay 
concentration.

Additionally, the hydrogels’ composition governed 
both their degradation and swelling behavior in various 
pH conditions.

The features of the composite inks as well as 
the 3D-printed structures, where the pore shape 
preserved the 3D architecture better after printing, 
were significantly influenced by the use of clay at high 
concentrations of ~7%wt. and 10%wt. The addition of 
the second biopolymeric network as well as clay in the bi-
component hydrogel matrix, particularly with increased 
clay concentration, increased the porosity, according to 
morphological assessments.

The novel bionanomaterials presented in the current 
work are recommended for application in regenerative 
medicine attributed to their exquisite porosity structure, 
connected pore-network surface topology, improved 
mechanical characteristics, and biocompatibility. Future 
studies will focus on the incorporation of bioactive 
substances into 3D-printed objects and the analysis of drug 
release in response to environmental factors.

Table 4. Quantitative features measure in CTAn software of the control and composite prints

Sample Object surface 
(µm2)

Porosity (%) Medium wall thickness (µm) Medium pore diameter (µm)

Total Closed

AA0 7.96 × 108 4.99 2.05 69.1 26.5

AV2 8.37 × 109 36.0 3.13 37.1 27.2

AV2C1 3.25 × 109 53.3 0.30 30.3 42.3

AV2C2 5.49 × 109 57.9 0.12 39.6 56.2

AV2C3 7.58 × 109 63.8 0.08 28.7 58.2

AV2C4 10.2 × 1010 71.5 0.05 47.8 94.5
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Figure 7. Computed tomography images of the 3D-printed specimens depicting cross-sectional views, superficial feature, and entire sample. The distance 
between two pins of the 3D box corresponds to 5 to 500 µm; yellow scale bar represents 1 mm. The bar charts depict the data of wall thickness and pore 
size distribution measured in CTAn.
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