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Abstract

The concept of adding inorganic fillers into hydrogels to form hydrogel nanocomposites

often provides advantageous properties which can be exploited for successful 3D bio-

fabrication. In this study, a new composite hydrogel combining oxidized alginate–gelatin

(ADA-GEL) hydrogel and laponite nanoclay as inorganic nanofiller was successfully

developed and characterized. The results showed that the addition of 0.5% (wt/vol) lap-

onite nanoplatelets improved the printability of ADA-GEL hydrogels enabling the fabrica-

tion of detailed structures since a low effect of material spreading and reduced tendency

to pore closure appeared. Furthermore, a comparison of different needle types (cylindri-

cal and conical; same inner diameter of 250 μm) in filament fusion test showed that the

pattern dispensed by cylindrical tip has enhanced printing accuracy and pattern fidelity

when compared with the pattern from conical tip. A glass flip test determined a

processing window of 1–2 h after composite ink preparation. Overall, laponite/ADA-GEL

hydrogel composites are confirmed as promising inks for 3D bioprinting.
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1 | INTRODUCTION

In the past decade, tissue engineering (TE) aiming at the repair, regen-

eration, and replacement of damaged or dysfunctional tissues has

been receiving massive attention as an alternative to conventional

medical therapies.1 Biomaterials are utilized as tissue scaffolds creat-

ing an appropriate 3D environment which not only can simulate the

natural extracellular matrix (ECM) until new tissue is rebuilt but also

degrades in a suitable rate coordinated with the rate of tissue regen-

eration.2-4 During degradation, scaffolds should avoid the release of

cytotoxic substances which will cause inflammatory response and

even cell death.2,5 An ideal scaffold should satisfy several important

properties such as biocompatibility, biodegradability, non-allergenicity,

high porosity, mechanical competence and, last but not least, they

should be cost effective and reproducible.2,5-7 3D bioprinting,

possessing the capability for precise construction of 3D structures,

high resolution of cell deposition, cost effectiveness, and scalability, is

one of the most promising production techniques for TE scaffolds.6,8,9

To create cell-laden scaffolds, living cells are encapsulated in a hydro-

gel and dispensed to form tissue-like structures, for example, by

extrusion and ink-jet printing methods.2,7 Owing to the structural and

compositional resemblance to the natural ECM, hydrogels can be

designed to control cellular attachment, molecular responses, struc-

tural integrity, biodegradability, and biocompatibility.2,5,10Fei-Fan Cai and Susanne Heid contributed equally to this work.
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Alginate, extracted from brown algae or bacteria, is a linear

unbranched copolymer composed of (1–4)-linked β-D-mannuronic acid

(M) and α-L-guluronic acid (G) monomers forming 1,4-linked glycosidic

alternating linear chains.11,12 Because of its biocompatibility and capabil-

ity to form a hydrogel through rapid ionic gelation with divalent cations,

alginate is one of the most common hydrogels used in the field of bio-

printing.12,13 However, disadvantages such as low viscosity at concen-

trations within the limit of biocompatibility, lack of cell adhesion motifs

and uncontrolled degradation kinetics in physiological conditions usually

lead to low printing accuracy and poor cell–material interaction in algi-

nate.12,14 Gelatin (GEL), produced by denaturation of collagen, which

involves breaking of the triple helix structure of collagen into random

coils, is a highly biocompatible and biodegradable protein widely used in

biomedical applications such as TE, wound dressing, gene therapy, and

drug delivery.4,11,13 Furthermore, gelatin exposes cell adhesion peptides

with the RGD (Arg-Gly-Asp) sequence of collagen, which enhances cell–

material interactions and promotes cell adhesion and proliferation for tis-

sue regeneration.4,11,13,14 The insufficient mechanical properties and

rapid degradation hinder the application of pure gelatin in TE scaf-

folds.11,12 The drawbacks of alginate and gelatin can be overcome by

combining gelatin with alginate di-aldehyde (ADA) through covalent

crosslinking leading to ADA-GEL.11 ADA, a partially oxidized product of

alginate, possesses aldehyde groups which are able to react with the free

amino groups of the lysines or hydroxylysines of gelatin and form

aldimine bonds (R-CH=NH) by Schiff's base formation.11,12 Recently,

researches have shown that ADA-GEL can facilitate cell migration,

growth and proliferation becoming a promising biomaterial for bio-

fabrication.12,15 Laponite (LP) is a synthetic silicate nanoclay which has

already been widely applied in pharmaceutics and cosmetics serving as

film-forming agent, emulsifier and gelling agent in surface coatings,

cleaners and personal care products.16-18 Nanoclays are 2-dimensional

(2D) nanomaterials composed of disk-shaped nanoscale crystals with

approximately 25 nm in diameter and 0.92 nm in thickness.4,7,16,17,19

Within the crystals, layer units composed by two tetrahedral silica sheets

sandwich one Mg2+-containing octahedral sheet. Because of the empiri-

cal formula: Na+0.7[(Si8Mg5.5Li0.3)O20(OH)4]
-0.7, where lithium cations

randomly substitute those ofmagnesium in the structure, LP can degrade

into nontoxic products such as Na+, Si (OH)4, Mg2+ and Li+, some of

which are close to the degradation products of bioactive glasses (Na+, Si

(OH)4, Ca2+, PO4
3−).4,16,19,20 In the disk-like structure, a negative charge

is present on the platelet surfaces, whereas positive charges are distrib-

uted along the surface edges due to the interlayer cations.16,17,20 Thus,

LP nanoclays can be easily dispersed inwater in a state of disk-like crystal

colloids. At concentrations above 2 wt %, the positively charged edge of

one disk binds electrostatically to the negatively charged face of the

another one, resulting in the formation of “house-of-cards” like struc-

tures which cause a homogeneous colloidal suspension to transform into

a soft gel.16,18,20

Thanks to the biocompatibility of LP and the capability to produce

LP clays in high quantities at low price and with controllable purity,

composition, and crystal dimensions, such nanoclays are gaining inter-

est in biomedical applications such as drug delivery, bioimaging, TE

and regenerative medicine.16,17 Nontoxic ions released from the

degradation of nanoclays in a physiological environment are known to

have biological functions.16,19 Reffitt et al. revealed that orthosilicic

acid (Si(OH)4) at concentrations of 10 μM and 20 μM, which can nor-

mally be found in human plasma at concentrations ranging from 5 μM

to 20 μM, could increase collagen type I synthesis in human osteosar-

coma cells (MG-63).16 Gene expression of alkaline phosphatase (ALP)

and osteocalcin also enhanced notably in MG-63 cells following

Si(OH)4 exposure, showing an improvement in osteoblastic differenti-

ation.16 Magnesium ions released from the nanoclay are not only

involved in the stabilization of all polyphosphate compounds such as

adenosine triphosphate (ATP) in cells, but they are also critical for

multiple cellular functions like enzyme activity, ion channel action,

metabolic pathways and signaling processes.16 The beneficial effect of

magnesium release from bioactive glasses is well known.21 Released

sodium and lithium ions from LP are also highly related to metabolic

functions. Sodium is involved in the generation of nerve impulses and

maintaining electrolyte and fluid balances while lithium can affect the

behavior of neurons, several enzymes and signaling pathways as well

as contributing to angiogenic effects.16,22

LP can be added to hydrogels as inorganic filler to form hydrogel

nanocomposites, which usually provide superior properties, especially

mechanical ones, viscoelasticity and positive effects on cell–material inter-

actions for numerous applications.4,16,17,23 Li et al.19 illustrated that the

addition of LP into alginate gels can not only raise drug encapsulation effi-

ciency but also promotes the release efficiency ofmethylene blue in acidic

conditions comparedwith pure alginate gels. LP can also be used as rheol-

ogy modifier promoting shear-thinning and thixotropic behavior for pre-

cise 3D printing.7,19 Dávila et al. demonstrated that LP/alginate inks with

at least 5 wt % LP formed continuous filaments and had good printability

since physical gelation generated by the interactions between alginate

chains and LP platelets allowed maintaining the shape after printing.18

Shear-thinning behavior is enhanced when LP is present in alginate solu-

tion. In other words, at low shear rates, the viscosity is raised because of

the entangled alginate chains and the house of cards structure formed

from the electrostatic interactions between charged nanoclay plate-

lets.18 It is noteworthy, however, that associated information about

possible cytotoxicity of LP is scarce. Gaharwar et al.20 found that LP is

non-toxic toward pre-seeded human mesenchymal stem cells (hMSCs)

when used in concentrations lower than 1 mg/ml. Li et al. revealed that

the viability of mesenchymal stem cells (MSCs) decreased to around 80%

when LP content increased to 7 μg/ml after 1 day of cell culture.19

Comparing the required LP concentration in LP /alginate inks for 3D

printing (most references stated at least 5 wt %) and the non-toxic condi-

tion for hMSCs (LP concentration 1 mg/ml), it is apparent that printable

LP/alginate inks with encapsulated cells will hardly be cell compatible

due to the high LP concentrations required. Hence, the development of

appropriate bioinks for biofabrication which use lower amounts of inor-

ganic nanoclay fillers and still maintain good printability and shape fidel-

ity is an important current research goal. In this work, a new composite

ink system combining ADA-GEL hydrogel and LP as inorganic nanofiller is

explored. It is expected that LP will improve printability and shape fidelity

of ADA-GEL hydrogels opening a new possibility for the use of this com-

posite hydrogel in biofabrication approaches.
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2 | MATERIALS AND METHODS

2.1 | Materials

Sodium alginate PH 163 S2 (sodium salt of alginic acid from brown

algae, suitable for immobilization of micro-organisms, MW

100000–200,000 g/mol, guluronic acid content 65–70%) from JRS

Pharma GmbH & Co. KG, Germany, was used. Gelatin (Bloom

300, Type A, porcine skin, suitable for cell culture) was purchased

from Sigma-Aldrich, Germany. Sodium metaperiodate (NaIO4) and cal-

cium chloride di-hydrate (CaCl2�2H2O) were purchased from VWR

international, Germany. Silver nitrate used was from Alfa Aesar, USA.

The LP used in this work was Laponite® RD obtained from BYK Addi-

tives & Instruments (bulk density 1000 kg/m3, surface area 370 m2/g,

chemical composition: SiO2 59.5 wt %, MgO 27.5 wt %, Li2O 0.8 wt

%, Na2O 2.8 wt %, loss on ignition 8.2 wt %, as provided by manufac-

turer). Ultrapure water was generated from water purification system

(Direct-Q®, Merck Millipore, Germany).

The synthesis of alginate di-aldehyde (ADA) through controlled oxi-

dation of sodium alginate by using sodium metaperiodate was further

developed based on the process introduced by Sarker et al.11,13 Briefly,

10 g of alginate was dispersed in 50 ml ethanol (sodium alginate disper-

sion) and 1.337 g of sodium metaperiodate was dissolved in 50 ml ultra-

pure water to get 6.25 mmol periodate solution. The periodate solution

was added slowly to the sodium alginate dispersion and was then con-

tinuously stirred for 6 h under dark conditions at room temperature.

The oxidation reaction was stopped by adding 10 ml of ethylene glycol

and by further stirring for 30 min. The resultant suspension was dialyzed

against 15 L ultrapure water by a dialysis membrane (MWCO:

6000–8,000 Da, Spectrum Lab) for 3–4 days with changing water every

day, which is crucial to eliminate unreacted sodium metaperiodate. To

confirm that sodium metaperiodate was totally removed from ADA

solution, 0.5 ml aliquot of the dialysate was added into 0.5 ml of a 1%

(wt/vol) solution of silver nitrate (Alfa Aesar). Remaining sodium met-

aperiodate would generate precipitation. The ADA solution was then

frozen and lyophilized for 3–4 days to acquire a dry ADA product.

2.2 | Composite hydrogel ink preparation

ADA-GEL crosslinked hydrogel was synthesized by covalent

crosslinking of ADA and gelatin through Schiff ´s base formation

according to the procedure described by Sarker et al.11,13 To compose

2.5ADA-3.75GEL, 5% (wt/vol) ADA solution and 7.5% (wt/vol) gelatin

solution were prepared in advance and mixed in equal volumes later.

Both ADA and gelatin were dissolved in ultrapure water, while ADA

solution was stirred under room temperature and gelatin was stirred

in a 37�C water bath. ADA and gelatin solutions were sterilized by fil-

tration through 0.45 μm and 0.22 μm filters (Carl Roth GmbH + Co.

KG, Germany) separately before mixing with LP powder. LP powders

(0.1% [wt/vol], 0.5% [wt/vol], and 1.0% [wt/vol]) were weighed in an

appropriate beaker covered with aluminum foil and sterilized by dry

heat at 160�C for 2 h.

LP powder was slowly added into 5% (wt/vol) ADA solution while

stirring at room temperature and the suspension was then stirred for

20 min. Subsequently, 7.5% (wt/vol) gelatin solution was merged into

the ADA/LP solution, which was stirred in a 37�C water bath for

10 min to obtain ADA-GEL/LP composite hydrogel. The final concen-

trations and the corresponding labels are shown in Table 1.

2.3 | Scanning electron microscopy

The morphology of Laponite® RD was investigated using a field emis-

sion scanning electron microscope (FE-SEM, LEO 435VP, Carl Zeiss™

AG, Germany) at an accelerating voltage of 1.00 kV. Dry LP powder was

sputter coated with 5 nm gold (Sputter Q150T, Quorum Technologies,

Darmstadt, Germany) before imaging to prevent the effect of charging.

2.4 | FTIR analysis

To investigate the covalent crosslinking between ADA and gelatin and

the possible influence of the LP filler on the bond formation, ATR-FTIR

(IRAffinity-1S, Shimadzu, Japan), was used for chemical analysis of the

composite ink and the raw materials, respectively. The analysis was car-

ried out in the spectral range of 4000 cm−1–400 cm−1 with 20 scans at

a wavenumber resolution of 4 cm−1. Gel-like samples such as ADA,

ADA-GEL and ADA-GEL/LP were freeze-dried and then stored at room

temperature for FTIR analysis. Raw materials such as alginate, gelatin

and LP were tested directly in their original powder forms.

2.5 | Glass flip test

A glass flip test, introduced by Nguyen et al.,10 was performed to

investigate the process window for bioprinting and the influence of

LP concentration on the viscosity, as a brief test before the actual

printing experiments. The setup is shown in Figure 1a. A transparent

tape is used to fix all testing vials together to flip all samples simulta-

neously. The ruler placed on the bottom facilitates the evaluation of

the displacement of the front end of the inks.

After the preparation of the hydrogels, 2 ml were transferred into

each vial. The vials were placed in standby position before the test and

TABLE 1 Labels used for different samples regarding their
concentration

Final concentration (% [wt/vol]

ADA Gelatin LP Abbreviation

2.5 3.75 – A2.5-G3.75

2.5 3.75 0.1 A2.5-G3.75-L0.1

2.5 3.75 0.5 A2.5-G3.75-L0.5

2.5 3.75 1 A2.5-G3.75-L1.0

Abbreviations: ADA, alginate; LP, laponite.
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subsequently flipped for at least 1 min or until all samples approached

the capping side of the vials (depending on the viscosity of samples).

The process was recorded by a video from the top view. Afterward, the

vials were placed back to standby position until the next measurement.

Within the first hour after the hydrogel preparation, the test was con-

ducted every 10 min. Afterward, the intervals between time points

were increased to 20 min. Meanwhile, the pH was determined every

hour during the experiment. The experiments were conducted at room

temperature. ImageJ® software (version 1.52n, National Institutes of

Health, Bethesda, MD) was used to analyze the displacement of the

front end of the hydrogels at certain time points after flipping (5, 10,

20, and 30 s), respectively. To obtain a progression rate, the displace-

ment was divided by the observing time of the displacement. This

experiment including hydrogel preparation was conducted three times.

2.6 | 3D printing process

2.6.1 | Experimental setup

A three-axis moveable bioplotter (type BioScaffolder 3.1, GeSiM,

Großerkmannsdorf, Germany) was used for bioprinting the ADA-GEL/

LP hydrogel composites. The composite hydrogel was filled into an

appropriate cartridge (EFD, Nordson) and dispensed pneumatically

through a micro-nozzle on a stationary plane. Two nozzles were

tested in this research, such as a Precision Stainless Steel Tip (EFD,

Nordson; cylindrical shape with inner diameter of 250 μm) and a

SmoothFlow Tapered Tip (EFD, Nordson; conical shape with inner

diameter of 250 μm). The design of the plotted geometries and the

processing parameters were defined by a G-code in the

“ScaffoldGenerator” software of the bioplotter. The pattern and scaf-

folds were fabricated by controlled layer-by-layer deposition of fila-

ments at the corresponding positions. All hydrogels were analyzed by

a strand formation test following Paxton et al.,24 a filament fusion test,

filament collapse test and the 3D printing of scaffolds to find proper

process parameters and to explore the hydrogels' printability and

shape fidelity. To determine the printability and shape fidelity of the

printed structures from its designed patterns, the printed patterns and

scaffolds were not crosslinked to exclude the influence of crosslinking

on shape fidelity and accuracy. In the presentation of the results, each

data point represents the mean of three measurements from three

different samples, while the error bars represent the standard devia-

tion. The conducted experiments are described in detail in the follow-

ing sections.

F IGURE 1 Setup and
schematic illustration of
experiments. (a) Glass flip test of
ADA-GEL hydrogels with
different LP concentrations.
(b) Possible strand/ droplet
formation during the printability
assessment due to different
gelation or the formation of

inhomogenities. (c) Schematic
illustration of the platform of the
filament collapse test, based on
Therriault et al.,23 and (d) a
filament (blue) suspended over
two supporting pillars (gray),
where 2 L is the gap distance and
θ is the deflection angle of the
filament. (e) Schematic illustration
of the meandering pattern with
decreasing filament distances for
filament fusion test. (f) Illustration
of the actual situation with the
definition of measurements:
filament distance (fd), filament
thickness (ft), and fused filament
length (fs). (g) Schematic design
for 3D scaffold fabrication of
two-layer patterns with A = 0�

and B = 90�. ADA-GEL, alginate–
gelatin; LP, laponite
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2.6.2 | Strand formation test

Strand formation test provides information of: (a) the pressure to

drive out a strand from the nozzle under static conditions, (b) the gela-

tion status of the ink, and (c) the homogeneity of the strand, giving a

short glance about the potential of the hydrogels for 3D printing, as

displayed in Figure 1b. An ideal ink should be able to form a continu-

ous filament, while too low viscosity of the ink yields to a tear off or

only droplet formation.

2.6.3 | Filament collapse test

The filament collapse test is based on the work done by Therriault

et al.25 and Ribeiro et al.,26 where a long filament is printed over a

supporting pillar structure as displayed in Figure 1c. The bridge-like

structure was designed by CAD to fit to the dimensions of a six-well

plate and it was 3D printed with an in-house FDM (fused deposition

modeling) printer (Ultimaker S5, Netherlands) using polycarbonate. The

bridge-like structure has 2 mm thick pillars located at certain gap dis-

tances (2 L) of 1.0, 2.0, 4.0, 8.0 and 16.0 mm. For the filament collapse

test, the composite hydrogels were printed using SmoothFlow Tapered

Tips (EFD, Nordson) while printing pressure, printing speed were opti-

mized in advance. Generally, the nozzle-tip was placed at 0.3 mm above

the top surface of the pillars. The tests were recorded as videos and

then evaluated by measuring the deflection angle θ (Figure 1d) with

ImageJ software (version 1.52n). The linear regression for data points at

half gap distance L between 2 mm and 8 mm was analyzed by the linear

fit function of Origin software (Origin 2019; OriginLab Corporation).

2.6.4 | Filament fusion test

For evaluating the printing accuracy and shape fidelity of the compos-

ite inks, a filament fusion test inspired by the work of Ribeiro et al.26

was performed, which consists of printing a one-layered meandering

pattern that is composed of parallel strands with decreasing spacing,

as presented in Figure 1e. In order to evaluate the tendency of fila-

ment fusion and the printing resolution, the fused segment length

(fs) and filament thicknesses (ft) were measured from recorded

images, while the filament distance (fd) was directly taken from the

designed pattern, as shown in Figure 1f. The ratio of fs to ft (fs/ft)

was calculated to eliminate the influence of the filament thickness.

2.6.5 | Scaffold fabrication

Scaffolds were 3D printed in a layer-by-layer fashion in alternating

0�–90� orientation as ABAB deposition, as can be seen in Figure 1g.

Each layer has a square pattern with an edge length of 16 mm and

parallel strands distributed equally with strand distance of 2 mm. The

scaffolds were plotted on the lid of a six-well plate (VWR, Germany)

via either Stainless Steel Tips (EFD, Nordson) or SmoothFlow Tapered

Tips (EFD, Nordson), both having an inner diameter of 250 μm. The

processing parameters such as air pressure and printing rate were

optimized during the filament fusion test. In general, the nozzle-tip

was placed around 250 μm above the surface of the well plate lid and

the strand height was set at around 230 μm. Depending on the prop-

erties of the hydrogel, these parameters were adjusted to dispense a

continuous filament. After a scaffold was printed, top-down images

were taken by light microscopy (Axio Scope.A1, Primo Vert, Carl Zeiss,

Germany). Images were analyzed by ImageJ software. In order to

quantify the pore closure and shape fidelity for each hydrogel compo-

sition and different layer heights of deposition, two different factors

were introduced: the percentage of diffusion rate (Dfr), also known as

rate of material spreading, is determined in the following equation:

Dfr =
Af
t−Af

a

Af
t

×100% ð1Þ

where Af
t and Af

a are the theoretical and actual areas of the pores,

respectively.27,28 The percentage of diffusion rate is related to the

area reduction of the actual pore size compared to the theoretical

pore size. In the ideal case, since Af
a is equal to Af

t , the percentage of

diffusion rate would be 0%, which means there is no material spread-

ing and stable pores are obtained according to the pre-designed 3D

model. If the pores are totally closed, the percentage of diffusion rate

is 100% since Af
t is equal to 0. The other factor, printability (Pr), is also

known as pore factor, which is defined as:

Pr =
L2

16Af
a

ð2Þ

where Af
a and L are the actual area of pore and the perimeter of the actual

pore, respectively.27-30 Light microscopy images were used to evaluate

how well the printed pores matched the designed square pores. For

instance, the printability of a perfect square pore is 1.0 while Pr<1

indicates under-gelled material and Pr>1 shows over-gelled material.27-30

2.7 | Characterization of hydrogel properties

2.7.1 | Sample preparation

After preparation, the composite hydrogels were filled into six-well

plates (VWR, Germany) with 2 ml per well. The well plates were left at

4�C in a fridge for 15 min to gelate. Then, 2 ml 0.1 M CaCl2 solution

was added slowly into each well to crosslink the hydrogel films for 2 h

to make sure the crosslinking took place throughout the whole film

thickness. After crosslinking, CaCl2 solution was removed and films

were washed with HBSS. The crosslinked films in well plates were

then ready for the tests described below. Four replicas were used in

this research for characterization of the samples. Samples were incu-

bated with either DMEM (Dulbecco's modified Eagle's medium, Gibco,

Germany) cell culture medium supplemented with 10% (vol/vol) fetal

bovine serum (FBS, Sigma-Aldrich, Germany) and 1% (vol/vol)

CAI ET AL. 5



penicillin–streptomycin (PS, Sigma-Aldrich, Germany) or HBSS at

37�C with 5% CO2 and 95% relative humidity.

2.7.2 | Swelling test

After the crosslinked films were prepared, a sample was cut from each

well with a 15 mm hollow punch and each film sample was kept inside

a cell strainer (40 μm pore size, VWR, Germany) during the whole test

since the films could have degraded or broken into small pieces during

the experiment. The samples were incubated in 4 ml cell culture

medium in a six-well plate. Each sample was weighed at scheduled

time points (0, 20 min, 1 day, 3 days, 7 days, 14 days and 21 days)

and the 0 min point was defined as the time before the cut sample

was incubated. The cell culture medium was changed with fresh one

at Days 3, 7, and 14. The swelling ratio is defined as in Equation (3):

Q tð Þ= m tð Þ−m 0ð Þ
m 0ð Þ ð3Þ

where, m(t) and m(0) are the weights of the hydrogel at time t and

0 min, respectively.31

2.7.3 | Mechanical properties and moisture
analysis

After the crosslinked films were prepared, films were incubated in

2 ml cell culture medium in a six-well plate. The cell culture medium

was replaced with fresh one at Days 3 and 7. Before each characteri-

zation, film samples for compression strength test were cut with a

15 mm hollow punch and the remaining parts of the hydrogel were

used for moisture determination (Moisture Analyzer MS-70, A&D

Company, Limited). Before the moisture analysis, the extra liquid on

the surface of the sample was removed by a tissue and then each

sample was transferred into the Moisture Analyzer. Samples were

firstly weighted, heated in an oven until no further weight loss could

be determined and then reweighted. The moisture analysis was per-

formed for three replicas. The compressive strength was tested using

a mechanical testing machine (Instron model 5967, Instron, Bucking-

hamshire, UK) equipped with a 1 kN compression plate by com-

pressing a film at a constant compression rate of 1 mm/min. The

displacement (mm) and force (N) were then recorded using the

Bluehill software (Bluehill 3, Instron, Buckinghamshire, UK). The com-

pressive modulus was determined by quick fit function in Origin soft-

ware (Origin 2019; OriginLab Corporation) as the slope of the linear

region of the stress–strain curve within a 0–0.1% strain range.

2.7.4 | Gelatin release

After the crosslinked films were prepared, samples were cut from

each well using a 10 mm hollow punch and then transferred into

12-well plates (VWR, Germany). The samples were immersed with

1.5 ml HBSS and incubated at 37�C with 5% CO2 and 95% relative

humidity. At selected time points, such as Days 1, 3, 7, 14, and

21, the supernatant was collected for gelatin release analysis and

replaced with 1.5 ml fresh HBSS. The gelatin concentration in the

supernatant was determined by colorimetric protein assay (Total

Protein Kit, TP0200 and B 3934, Sigma-Aldrich, Germany) by the

Lowry method32 with gelatin from porcine skin (Bloom 300, Type A,

Sigma-Aldrich, Germany) as a standard. Since HBSS was used as

incubation medium, 0.85% sodium chloride solution in the manufac-

turer's protocol was replaced by HBSS. The samples were diluted

with HBSS in the proportion of 3:7 (Sample: HBSS) to obtain final

protein concentrations in the range of 150–1,000 μg/ml as men-

tioned in the manufacturer's protocol. Firstly, 0.1 mL of diluted sam-

ples were mixed well with 1.1 ml of the Biuret Reagent in separate

microtubes. Following, 50 μl of the Folin and Ciocalteau's Phenol

Reagent were added and mixed. After 30 min, 0.1 ml of the content

of each microtube was transferred into one well of a 96-wellplate

(VWR, Germany) and the absorbance was measured at 620 nm with

a microplate reader (PHOMO, Autobio Labtec Instruments Co. Ltd.

China). The release of gelatin from the samples was calculated by

using Equation (4):

Gelatin release %ð Þ= Gelatin½ �supernatant
Gelatin½ �total

×100 ð4Þ

where [Gelatin]total is the initial amount of gelatin in the film and

[Gelatin]supernatant is the gelatin amount in the buffer solution at differ-

ent time points.11 The film dimensions were assumed to be 2 mm in

thickness and 10 mm in diameter, which were used to calculate the

initial amount of gelatin in the film (5.89 mg).

2.8 | Statistics

All results are presented as arithmetic mean ± SD. Differences in com-

pressive modulus and water content were evaluated by one-way anal-

ysis of variance (ANOVA) and Tukey post hoc comparison.

Differences were considered as statistically significant for p-values

<.05. Asterisks represent *p < .05, **p < .01, and ***p < .001.

3 | RESULTS

3.1 | Morphology of LP Nanoclay

SEM images were taken to observe the morphology of the

nanosilicate particles. In Figure 2a rock-like platelet clusters are

observed that formed due to agglomeration of disk-like nanoplatelets.

These clusters even reached sizes of 100–200 μm. However, at higher

magnifications, layer-like microstructures could be found within the

clusters, as represented in Figure 2b. Moreover, particles of flake-like

morphology were found on the surface of the clusters.
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3.2 | FTIR analysis

As displayed in Figure 2c, the spectrum of pure ADA-GEL

(A2.5-G3.75) has main characteristic peaks at 1627 cm−1, 1540 cm−1,

1404 cm−1, and 1028 cm−1. The peak around 1028 cm−1 is related to

C-O-C stretching of ADA.11 The spectrum of ADA–GEL displays

ν(C=N) absorption bands at 1627 cm−1 and 1540 cm−1 implying the

formation of Schiff's base through the crosslinking between the

ε-amino groups of lysine or hydroxylysine of gelatin and the free alde-

hyde groups of ADA.11 The LP spectrum has main characteristic peaks

at 968 cm−1 (Si–O stretching vibration), 652 cm−1 (Mg–OH–Mg

bending vibration) and 422 cm−1 (Si–O–Mg deformation vibration).33

The broad band at 3000–3700 cm−1 and a small peak at 1635 cm−1

are attributed to the H–O–H bending vibration of surface hydroxyl

groups and absorbed water molecules.34-36 In the spectra of

composite hydrogels (A2.5-G3.75-LX), the C–O–C stretching peak at

1028 cm−1 from ADA-GEL overlaps with the Si–O stretching peak at

968 cm−1 from LP. The peak at 1028 cm−1 is shifted to the direction

of lower wavenumbers and it becomes higher as LP concentration

increases. Hence, especially in the spectrum of A2.5-G3.75-L1.0, the

overlapped peak at 1028 cm−1 is broader than the same peak of the

A2.5-G3.75 sample. The spectra of composite hydrogels also showed

that a higher LP concentration resulted in a higher absorbance at

422 cm−1.

3.3 | Glass flip test

The result of the glass flip test is presented in Figure 2d. The lower

progression rate indicates a higher viscosity of the respective ink.

F IGURE 2 The results of basic characterization for raw materials and composite hydrogels. (a) and (b) Morphology of LP nanoclay from SEM
images. (a) Nanosilicate platelets are aggregated into rock-like shapes with a mean size of 37 ± 14 μm, scale bar: 200 μm. (b) Flake-like
morphology is observed as indicated by red arrows, scale bar: 200 nm. (c) ATR-FTIR spectra of Laponite® RD and composite hydrogels. (d) The
progression rate is displayed as a function of the gelation time while pristine ADA-GEL without LP served as reference. (e) Comparison of strand
formation of A2.5-G3.75-L0.1, A2.5-G3.75-L0.5, A2.5-G3.75-L1.0 inks with SmoothFlow Tapered tips and Precision Stainless Steel tips (both
having an inner diameter of 250 μm). ADA-GEL, alginate–gelatin; LP, laponite
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Generally, the progression rates of all inks decreased within the first

20 min which indicates increasing viscosity since the temperature of

ADA-GEL decreased from 37�C to room temperature. It is worth to

notice that right after the ink preparation, the progression rates of

A2.5-G3.75 and A2.5-G3.75-L0.1 hydrogels are not available and no

data points are displayed in the figure (hydrogels were seen to directly

rush to the capping side of the vials within less than 1 s). The differ-

ence in progression rates between A2.5-G3.75 and A2.5-G3.75-L0.1

samples was not significant during the observed experiment time.

Comparing A2.5-G3.75-L0.5 and A2.5-G3.75-L1.0 composite

hydrogels, no significant differences could be assessed until 50 min after

ink synthesis. Although A2.5-G3.75-L1.0 hydrogel demonstrated rela-

tively lower progression compared to A2.5-G3.75-L0.5 within the first

30 min, the viscosity was still too low to be used for printing 3D con-

structs. After 60 min standing at room temperature, A2.5-G3.75-L0.5

sample revealed the lowest progression and hence the highest assumed

viscosity among all compositions, making it the best candidate among all

samples with respect to supporting its own weight and maintaining the

printed pattern. After 80 min, the progression rate of all samples at

room temperature did not change significantly, only a slight decrease in

progression rate was detected as time passed by. It was also noted that

the color of the hydrogel was increasingly opaque due to the incorpora-

tion of LP, an effect which was more marked with increasing LP

concentration.

3.4 | Printability studies

The results of the strand formation test of hydrogel inks with different

LP concentrations dispensed by SmoothFlow Tapered Tips and Preci-

sion Stainless Steel Tips are displayed in Figure 2e. From observation,

Precision Stainless Steel Tips led to thinner filaments than

SmoothFlow Tapered Tips even though both nozzles claimed an inner

diameter of 250 μm. Furthermore, Precision Stainless Steel Tips

required higher air pressure than SmoothFlow Tapered Tips to propel

the ink since stainless steel tips have longer segments of the narrow

channel. When hydrogel inks with different LP concentrations are

compared, A2.5-G3.75-L0.5 inks formed longer strands than

A2.5-G3.75-L1.0 samples while A2.5-G3.75-L0.1 samples could only

form droplets.

The filament collapse test leads to a simple indication of shape

fidelity and printability of hydrogel inks. The comparisons of

A2.5-G3.75-L0.5 hydrogel, as printed and 30 s after printing on top of

the pillar bridge, are demonstrated in Figure 3a. The samples shown

here were printed with SmoothFlow Tapered Tips with 250 μm inner

diameter. Basically, the deflection angle θ increases as function of

time due to the deformation of overhanging filaments by gravity. It

should be mentioned that the deflection angle θ might be over-

evaluated at short gap distances, such as 1 mm and 2 mm, due to

(a) the surface tension caused by cohesion within the liquid and

F IGURE 3 The results of
filament collapse test (a–c) and
filament fusion test (d–i).
(a) Comparison of the deflection

angle as a function of the half gap
distance L (mm) for A2.5-G3.75-
L0.5 ink, as printed and 30 s after
printing (printing parameters:
pressure = 35 kPa, speed =
14 mm/s). The dashed lines
represent the linear regression for
the experimental values for data
points at L = 2, 4, 8 mm with the
R2 values as printed: .996; after
30 s: 0.882. (b), (c) Composite
hydrogel inks with low viscosity
failed to form hanging filaments
over larger gap distances (printing
parameters: (b) pressure = 30 kPa,
speed = 11 mm/s; (c) pressure =
35 kPa, speed = 14 mm/s).
Comparison of different LP
concentrations printed with
Precision Stainless Steel tip with
250 μm inner diameter:
(d) A2.5–3.75-L0.1, (e),
A2.5-3.75-L1.0 (f)
A2.5–3.75-L0.5 and (h) analysis
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(b) the adhesive forces between the liquid and pillar walls causing a

capillary action which can lead to infiltration of the filament gel

into the slits between the pillars. Filaments were, therefore, not lying

smoothly between neighboring pillars at short gap distances. No

results are available for A2.5-G3.75-L0.1 and A2.5-G3.75-L1.0 hydro-

gels since the printed filaments could not hold their shape, as revealed

in Figure 3b,c. It was observed that filaments were formed at the first

moment after printing. However, they sank down and formed a

droplet around the pillars because the tension between the ink and the

pillar was higher than the cohesion force within the suspended ink.

The filament fusion pattern (Figure 3d–g) was printed using

Precision Stainless steel tips with 250 μm inner diameter using all

composite hydrogel compositions. Additionally, A2.5-G3.75-L0.5

hydrogel was printed with SmoothFlow tapered tip. A tendency of

adjacent filaments to fuse was observed, which was more frequent

with decreasing filament gap distance. Basically, as filament distance

decreased, an increase in filament segment length (fs) was observed

for all samples as shown in Figure 3d–f. The composition of the

composite hydrogel had an influence on the printing pattern as

can be seen in Figure 3h. It is worth noticing that in Figure 3h,

A2.5-G3.75-L0.1 and A2.5-G3.75-L1.0 hydrogels do not have data

points at 0.5 mm filament distance since the filaments were fused

(almost forming a band), which indicates that the printing resolution

was low and insufficient to print fine structures. For the composition

A2.5-G3.75-L0.1 ink, right after the pattern was printed, the

straight edges on both sides of the strand started to deform to a

rougher edge within 30 s. For the composite ink composition

A2.5-G3.75-L1.0, adjacent filaments which were separated a dis-

tance of 0.5 mm were severely fused and almost formed a film. For

composition A2.5-G3.75-L0.5, the printed pattern was sharper and

more marked than the other two structures. Especially at a filament

distance of 0.75 mm, the fused segment length in A2.5-G3.75-L0.5

hydrogel was apparently shorter than for composition A2.5-

G3.75-L1.0. Thus, A2.5-G3.75-L0.5 hydrogel was confirmed to be

more suitable for 3D bioprinting. Different nozzles have also an

effect on printed patterns, as shown in Figure 3i. It is obvious that

Precision Stainless Steel Tips dispensed thinner and straighter

filaments while SmoothFlow tapered tips extruded wider filaments

with wavier edge lines. In Figure 3i, the data point of SmoothFlow

Tapered Tip at 0.5 mm filament distance was not available since a

band between several filaments was observed and no clear single fil-

ament could be defined for the evaluation. At 2 mm filament dis-

tance, the quality of the printed pattern from both kinds of nozzles

did not show significant differences. As displayed in Figure 3f,g, Pre-

cision Stainless Steel tip was capable to print a clear pattern above a

filament distance of 0.75 mm, while SmoothFlow tapered tip had

considerable filament fusion at filament distance of 1 mm. Therefore,

with the same inner diameter, the Precision Stainless Steel tip led to

a better printing accuracy and pattern fidelity.

The inks were further tested to print pre-designed porous

structures. In the filament fusion test and filament collapse tests,

A2.5-G3.75-L0.5 hydrogel showed its potential to print well-defined fil-

aments. Moreover, A2.5-G3.75-L0.1 hydrogel failed to print scaffolds

due to its rather fluid-like behavior causing droplet formation and pore

closure making it difficult to stack patterns with sufficient shape stabil-

ity. It was possible to print with A2.5-G3.75-L1.0 composition but the

filament thickness was relatively wider than in A2.5-G3.75-L0.5 hydro-

gel, which led to a lower resolution. Hence, scaffold fabrication was

mainly conducted with composition A2.5-G3.75-L0.5 via Precision

Stainless Steel tip with inner diameters of 250 μm. This composite ink

was capable to create a structure of more than 10 layers. To evaluate

the shape fidelity of the 3D printed scaffolds, the percentage of diffu-

sion rate (rate of material spreading) (Dfr) and the printability (Pr) were

analyzed from top view images by light microscopy with the help of

ImageJ software, as illustrated in Figure 4a. The photographs of

A2.5-G3.75-L0.5 hydrogel with 2, 4, 6, 8, 10, and 12 layers

(ABABABABABAB with an angle change of 90� between each layer)

are displayed in Figure 4b. The printability of 2-layered scaffolds

achieved a value of 0.95 and decreased to 0.88 when 12 layers were

printed. As the printability was smaller than 1.0, this implied that

A2.5-G3.75-L0.5 hydrogel might be slightly under-gelled. Especially,

the pores showed a more rounded than square shape with increasing

number of layers indicating creep deformation occurring during the

F IGURE 4 The result of 3D scaffold fabrication. (a) Rate of
material spreading and printability as function of printed layers, and
(b) photographs of scaffolds with different printing layers using
A2.5-G3.75-L0.5 and Precision Stainless Steel Tips with an inner
diameter of 250 μm (printing parameters: pressure = 120 kPa,
speed = 15 mm/s, strand height: 0.180 mm)
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process. The rate of material spreading of a 2-layer scaffold was

24.91% and increased to 84.60% for a 12-layers scaffold. The increase

of the rate of material spreading indicated that the actual pores became

increasingly small when stacking higher number of layers, which repre-

sents a reduction in shape fidelity and printing resolution.

3.5 | Swelling behavior

The swelling behavior of the composite hydrogels was strongly

related to the LP concentration. Punched hydrogel films were

weighed after different time points of incubation under cell culture

conditions and the results are shown in Figure 5a. The mass of

A2.5-G3.75 film decreased over the incubation time exhibiting consid-

erable mass loss within 1 week. However, 0.5% LP containing ADA-

GEL films revealed a maximum swelling on Day 1 (27.3%), which sub-

sequently decreased drastically until Day 7. After Day 7, the degrada-

tion rate seemed to slow down. Moreover, A2.5-G3.75-L1.0 hydrogel

had maximum swelling on Day 7 (65.6%). After the maximum,

A2.5-G3.75-L1.0 hydrogel showed a mild mass loss. Furthermore,

A2.5-G3.75-L1.0 sample still showed swelling of 19.0% after 3 weeks,

while A2.5-G3.75 and A2.5-G3.75-L0.5 hydrogels degraded to 85.9

and 76.6%, respectively.

3.6 | Mechanical properties and moisture analysis

Measurements of compression moduli were carried out and the

results are shown in Figure 5b. The compressive moduli of all three

concentrations dramatically decreased after 3 days. Right after these

films were produced and crosslinked for 2 h, A2.5-G3.75 hydrogel

had higher compressive modulus (132.8 kPa) than A2.5-G3.75-L0.5

and A2.5-G3.75-L1.0 samples with 84.7 and 42.0 kPa, respectively.

Notably, comparing all three inks, A2.5-G3.75-L1.0 had the lowest

modulus right after preparation. However, it reached a maximum of

55.6 kPa after 3 days while in the case of A2.5-G3.75-L0.5 and

A2.5-G3.75 hydrogels, their moduli decreased to 36.7 and 59.0 kPa,

respectively. After 2 weeks, A2.5-G3.75-L1.0 hydrogel showed higher

modulus (11.4 kPa) than the other two compositions (A2.5-G3.75:8.2 kPa;

A2.5-G3.75-L0.5:3.7 kPa). The results of moisture analysis are shown in

Figure 5c. All samples have a water content above 90% which fulfills the

fundamental requirement of hydrogels for applications in TE.5 Right

F IGURE 5 Behavior of ADA-GEL composite films during incubation at cell culture conditions. (a) Swelling ratio of hydrogel composite
samples shown as a function of the incubation time in cell culture medium. (b) Compressive modulus of composite hydrogels at Days 0, 1, 3, 7,
and 14. (c) Water content of composite hydrogels with different LP concentrations. (d) Cumulative gelatin release (wt %) as a function of
incubation time. Asterisks represent *p < .001. ADA-GEL, alginate–gelatin; LP, laponite
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after these films were crosslinked, A2.5-G3.75, A2.5-G3.75-L0.5 and

A2.5-G3.75-L1.0 samples had moisture concentration of 94.1%, 93.6%

and 93.0%, respectively, which increased to 97.0, 96.4, and 95.0%,

respectively, after 14 days of incubation under cell culture conditions.

3.7 | Gelatin release behavior

A gelatin release study from A2.5-G3.75 composites in HBSS was

conducted to investigate the effect of different LP concentrations on

the hydrogel degradation, and hence on the release of gelatin, during

an incubation time of 3 weeks under static conditions at 37�C and 5%

CO2. The results are displayed in Figure 5d. It was found that

all samples released considerable amount of gelatin after immersion in

buffer solutions until Day 3, namely: 63.1% (A2.5-G3.75), 71.1%

(A2.5-G3.75-L0.5) and 47.9% (A2.5-G3.75-L1.0). A2.5-G3.75 and

A2.5-G3.75-L0.5 compositions demonstrated a burst release of gela-

tin within the first 3 days and then the release slowed down. The data

point of A2.5-G3.75 hydrogel at Day 21 indicates a declining trend,

which is assumed to be an artifact, since the gelatin concentration

in the buffer solutions was too low to be examined by Lowry

method (leading to physical impossible concentrations). In comparison,

A2.5-G3.75-L1.0 sample had a relatively controlled release behavior

within 14 days of incubation followed by a decrease of the release

rate after 2 weeks. Interestingly, LP contained composite hydrogels

released more gelatin than the reference material.

4 | DISCUSSION

A new family of composite hydrogels based on LP containing ADA-

GEL has been designed and investigated for bioprinting applications.

Rheological properties and shear thinning behavior strongly influence

the suitability of inks for 3D printing applications and many studies

have discussed the involved mechanisms and the correlation between

ink properties and printability.24,25,29,30,37 In this study, the glass flip

test was applied to investigate the influence of LP concentration in

ADA-GEL hydrogel on the rheological properties of the composite

ink. The test was inspired by the test tube inverting method reported

by Nguyen et al.,10 which was originally applied to define the gelation

time of hydrogels. The major novelty in our study is that testing vials

were tilted and laid down during the measurement instead of being

inverted because the surface tension may hold the ink on the top of

the vial in the inverted case, which creates the impression that hydro-

gels stop flowing. In general, LP concentrations higher than 0.5%

(wt/vol) improved the rheological properties by increasing the ink's

viscosity over time, which is beneficial for 3D bioprinting, as revealed

in Figure 2d. A similar behavior indicating that incorporation of inor-

ganic particulate filler into ADA-GEL decreases gelation time has been

reported by other researches. For example, Sarker et al.38 revealed

that the gelation time of ADA-GEL incorporating 1%(wt/vol) bioactive

glass particles was four times shorter than the one of ADA-GEL with-

out bioactive glass. Moreover, it was observed that the addition of

bioactive glass turned the hydrogel more opaque than the hydrogel

without inorganic fillers, which was a similar effect found in the

present LP contained ADA-GEL.

The exact interactions between LP nanoclay and ADA chains are

still unknown, but most hypotheses consider: (a) electrostatic interac-

tions between charged groups in the polymeric backbone and charged

surface/edge of the nanoclay, (b) entanglement/disentanglement of

polymer chains, and (c) exfoliation/house-of-cards arrangement of LP

platelets.20,37,39 For instance, a previous study using LP as a rheology

modifier in alginate solutions was reported by Dávila et al.18,37 It was

shown that the shear-thinning behavior of LP/alginate solutions

improved the printability through the disentanglement of polymer

chains and by the effect of LP platelet orientation in the flow direction

during printing.

Combining the existing hypotheses, we can assume that the

reason for the increased viscosity of A2.5-G3.75-L0.5 and A2.5-

G3.75-L1.0 compositions could be that ADA as an anionic polymer is

being adsorbed on the positively charged edges of LP platelets leading

to a physically crosslinked network. Furthermore, gelatin contains

NH3+ groups which may bind to the negatively charged surfaces of LP

platelets. Especially, gelatin-A (isoelectric point ≈ pH 9), which was

the one used in this study, exhibits preferential binding with LP plate-

lets due to strong electrostatic interactions resulting in a mildly turbid

solution, as discussed in the literature.20,40 In addition, gelatin is cova-

lently crosslinked with ADA through Schiff's base formation.11 There-

fore, the combined interaction of the entanglement within alginate

chains/ gelatin backbones and the edge-to-surface arrangement

between LP platelets may have contributed to a noticeable increase in

viscosity of the composite inks, which was pre-assessed with the

glass-flip test. The proper laying time after preparation of ADA-GEL

composites was found to be around 1 h at room temperature until no

significant change in the progression rate of the inks took place during

glass-flip test. The best processing window is suggested to be from

1 h until 2 h after ink preparation at room temperature. The pH of the

composite hydrogels was measured during the flip test to investigate

whether nanoclay fillers had an influence on the pH of composite

hydrogels during time (e.g., due to ion release). The pH of all compos-

ite hydrogels was quite stable up to 4 h after synthesis, which would

be the span up to which encapsulated cells would be printed. How-

ever, the variation of pH values for different LP concentrations was

significant. Pure ADA-GEL had a pH of around 5.8 while in ADA-GEL

with 1% (wt/vol) LP the pH increased to around 7.4. It was thus found

that the pH increased with higher concentration of LP. This result was

expected since a 2 wt % suspension of LP in water had a pH of 9.8, as

described in the data sheet of the manufacturer.41

To analyze the printability of the new inks, several tests were per-

formed and results are illustrated in Figures 2–4. The strand formation

test proposed by Paxton et al.24 was applied as an initial screening

method to examine the ability of the hydrogels to form strands

(Figure 1b). An ideal ink used for 3D printing should be capable of for-

ming a homogenous and continuous filament. Ouyang et al.30 further

described three gelation stages for printed hydrogel inks: under gela-

tion, proper gelation and over gelation. Under gelation will cause
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droplet formation leading to spreading of the printed pattern since

the surface tension as well as the viscosity of the ink are low. The

formed curvy filament is due to over gelation which may negatively

influence the printability and printing accuracy of the final scaffold.

An inhomogeneous ink may lead to an unequal deposition rate, gel-

water phase separation and interruption of the printing process due

to clogging of the ink inside the nozzle. From the inks investigated

here, A2.5-G3.75-L0.5 hydrogel was the closest to an ideal ink for-

ming continuous filaments. The filament collapse test was carried out

as an assessment of shape fidelity, as demonstrated by Ribeiro et al.26

and Habib et al.27 A hydrogel ink with high shape fidelity should be

more resistant to deformation from collapse when suspended

between two pillars while the deformation is driven by the weight of

the material and counteracted by surface tension and viscoelasticity

within the material.26 A high resistance to deformation provides lim-

ited spreading of dispensed filaments and strong support of overhang-

ing filaments leading to enhanced printing accuracy and scaffold

stability. Necking segments (resulting from composition homogene-

ities) of overhanging filaments are usually the break point since reduc-

tion of the cross-section area induces the largest local stress

concentration under tension.42 To reveal high shape fidelity, the

deflection angle θ should be as low as possible and maintained until

further crosslinking.

In the filament fusion test, several forces such as gel-substrate,

gel-air interfacial surface tensions and the gravitational force have

crucial influences on the morphology of dispensed filaments.26,27 The

surface tension drives the filaments to adopt their shapes to minimize

the surface area while the gravitational force causes material spread-

ing which increases the filament thickness.26,27 Therefore, viscosity is

critical not only to maintain the printed pattern but also to impede

material spreading. For instance, due to the low viscosity of

A2.5-G3.75-L0.1 ink, single deposited strands not only started to

spread (to a high extent) but also fused at small filament distances in

the pattern after being dispensed, as depicted in Figure 3d. Further-

more, the filament thickness of A2.5-3.75-L0.5 hydrogel was in the

range from 300 μm to 500 μm which was smaller than the filament

thickness of A2.5-3.75-L1.0 sample (500–700 μm). The printed fila-

ments of A2.5-3.75-L0.5 did not show visible spreading after printing.

In the case of A2.5-G3.75-L0.5 hydrogel, filaments printed from

Precision Stainless Steel tips (300–500 μm) were obviously thinner

and more uniform than filaments from SmoothFlow Tapered tips

(600–900 μm), as shown in (Figure 3f,g) due to their straight cylindri-

cal shape. Cylindrical tips showed shorter fused segments and reached

a higher resolution while higher pressures were applied during

printing.

When fabricating scaffolds with encapsulated cells, the distribu-

tion and interconnectivity of pores is important to allow nutrition and

oxygen exchange to the cells and also to remove metabolic wastes of

the cells within scaffolds.23 Although grid scaffolds with more than

10 layers were successfully printed from A2.5-3.75-L0.5 ink, lateral

pores could not be observed from the sidewall of scaffolds indicating

that the filaments between layers were fused which might indicate

the slightly under-gelation of the ink. A possible solution for the

collapsed lateral pores could be changing the stacking sequence from

ABAB to AABB.43 Especially with an increase of the height in z-

direction of the scaffold, the top layer became more uneven resulting

in convex (strand intersections) and concave parts (strands in between

intersections) as observed in Figure 4b, which could result from the

collapse of lateral pores within adjacent layers. When more than

10 layers were printed, the top layer of the scaffold became too

uneven for the following printed strand to be dispensed perfectly on

the previous layer due to the varying distance between the nozzle tip

and the dispensed surface. A modification of the composite ink's vis-

cosity or the direct print of the inks into a crosslinking solution which

can crosslink the hydrogel right after dispensing can help to overcome

these limitations.29 The application of a cooling substrate, printhead

or cooling environment to increase the viscosity of the printed struc-

ture represent alternative approaches to increase the shape fidelity

and stability of 3D printed scaffolds.6,29,44

When considering the swelling/ degradation behavior, mechanical

properties and gelatin release from ADA-GEL composite hydrogels,

several mechanisms might be involved. These include the (a) release

of un-crosslinked gelation, (b) degradation and release of covalently

crosslinked gelatin, (c) degradation of ADA, and (d) rearrangement of

the polymer chains and clay platelets.11,13,45 To understand how LP

nanoclay incorporates into the hydrogel matrix and takes part in clay–

clay and clay-polymer interactions, the swelling behavior should be

considered. In the ideal case, LP nanoclays should be well-dispersed in

the hydrogel. The incorporation of LP platelets into the polymer net-

work could be the result of strong secondary interactions at the

platelet–polymer interface where LP platelets act as crosslinkers and

the polymer chains form physical crosslinks.46 This secondary interac-

tions constitute a 3D network structure which is connected by the

ends of polymer chains adsorbing strongly on the surfaces of the

platelets.23,46 Polymer chains in the gel are in a dynamic adsorption/

desorption equilibrium with the clay platelets.45

However, this assumption cannot explain the phenomenon

of maximum swelling ratio found in A2.5-G3.75-L0.5 and A2.5-

G3.75-L1.0 inks, as revealed in Figure 5a. On the one hand, a similar

result of maximum swelling ratio was revealed by Can et al.45 Briefly,

the behavior was explained in terms of the rearrangement of the

highly entangled polymer chains and clay agglomerates/ platelets dur-

ing the gel volume change, because the disk-like platelets start to

overlap and form agglomerates when LP concentration exceeds a cer-

tain level.45 On the other hand, in SEM images of LP in dry condition,

we found agglomerates of nanoclays rather than the disk-like geome-

try of single clay platelets (theoretical structure of LP: �25 nm in

diameter and � 0.92 nm in thickness). These clusters can be the result

of stacking nanoclay disks or composed nanoclay tactoids since posi-

tively charged sodium ions are adsorbed onto the exterior surfaces of

the tetrahedral silica sheets during production and following electro-

static interactions between the disks in dry environments,20 as dis-

played in Figure 2b. Agglomerates are built by ionic bonding while

individual clay layers are held together by van der Waals forces.20

Therefore, when mixing nanoclay into ADA solution, a hypothesis is

that agglomerates of overlapped platelets create a locally higher LP
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concentration in situ within the ADA solution. Polymer chains start to

attach onto the surface of the agglomerates while they cannot access

the overlapped surface of platelets within the agglomerates. During

the incubation of LP containing ADA-GEL composite hydrogels in

biological medium, such as cell culture medium or HBSS, the released

gelatin generates free space to facilitate the release of clay platelets

from the agglomerates into the external solution, which induces the

rearrangement of polymer chains and clay platelets increasing the

crosslink density (deswelling).

The decrease of compressive modulus observed in both pure

ADA-GEL and LP containing ADA-GEL hydrogels (Figure 5b) was domi-

nated by the release of covalently crosslinked gelatin, as revealed in

Figure 5d. Indeed the reduction of mechanical properties in ADA-GEL

as function of time in biological medium has been discussed before and

ascribed to the release of unbounded gelatin.13 In this study, the

release of gelatin from both pure ADA-GEL and LP containing ADA-

GEL samples started immediately after immersion in buffer solutions,

especially from Day 1 to Day 3, which could be attributed to the

release of un-crosslinked gelatin as illustrated in Figure 5d. After Day

3, a reduced release rate can be observed in both pure and composite

hydrogels. At this phase, the released gelatin may be originated

from covalently crosslinked gelatin detached from ADA chains or due

to the degradation of gelatin due to hydrolysis. It is notable that

A2.5-G3.75-L0.5 samples released a higher amount of gelatin than

A2.5-G3.75. This phenomenon might be due to the fact that the films

of A2.5-G3.75-L0.5 inks were broken in several pieces on Day 7, which

generated a larger surface area for hydrolysis attack. This effect also

led to larger error bars after 7 days of incubation (Figure 5d). However,

the rearrangements of the polymer chains and clay platelets and the

release of gelatin and LP during incubation time are assumed to have a

significant influence on the mechanical properties. For instance, in the

swelling test shown in Figure 5a, A2.5-G3.75-L0.5 samples exhibited an

obvious crack on Day 7 when incubated in cell culture medium, which

was consistent with the low compressive modulus on Day 7. For

A2.5-G3.75-L1.0 inks, even though a substantial amount of gelatin was

released, the material still could offer higher mechanical properties than

pure ADA-GEL. Furthermore, A2.5-G3.75-L1.0 ink had a relatively slow

and stable gelatin release profile compared to pure ADA-GEL within

14 days. This result implies that the LP containing ADA-GEL composite

is interesting for TE applications where a controlled release of gelatin

rather than a burst release will be advantageous.

To eliminate the negative influence of LP agglomerates, several

possibilities are proposed, like the application of a powder disperser

using air flow or mechanical vibration of the LP dry powder before

the blending process with ADA-GEL, ultrasonic deagglomeration by

dispersing powders in liquid, the addition of a dispersing agent, further

milling of LP powder or sieving LP powder to remove large agglomer-

ates. X-Ray diffraction analysis could be applied to investigate the dis-

persion of LP into ADA-GEL hydrogel in future work since the

intercalated structure of LP has interlayer space (d001) which shows

the 001 reflection peak.47,48 If the 001 reflection peak disappears, this

will indicate that polymer chains entered in the interlayer space and

exfoliation of LP occurred.48

5 | CONCLUSIONS

ADA-GEL based composite hydrogels with LP as inorganic filler were

successfully prepared and could be used as ink for 3D printing. Various

material characteristics ranging from printability to hydrogel properties

such as swelling and degradation behavior, mechanical properties and

gelatin release were investigated. SEM images revealed that LP formed

clusters of nanoclay tactoids or stacked platelets in dry powder form.

From a glass flip test, the best process window was suggested to be

from 1 h until 2 h after composite ink preparation. For 3D bioprinting,

even with the same inner diameter of 250 μm, Precision Stainless Steel

tips resulted in smaller filament thickness than SmoothFlow tapered

tips leading to better printing accuracies and pattern fidelity as a result

of the needle shape. Addition of proper amounts of LP nanoclay could

improve the resistance to deformation of ADA-GEL hydrogels for 3D

printing. The A2.5-G3.75-L0.5 composition showed the potential to

print more detailed structures since reduced effect of material spread-

ing and a lower tendency for pore closure or droplet formation were

observed. The interaction between LP agglomerates and polymer

chains had an influence on hydrogel swelling behavior and mechanical

properties. LP containing ADA-GEL films swelled to a maximum swell-

ing ratio and deswelled afterward. The unequal swelling behavior of LP

agglomerates and polymer gel might be the reason for the development

of cracks in the films during swelling, which is also affected by the rela-

tively low compressive modulus of A2.5-G3.75-L0.5 hydrogel. In future

works, to reduce the effects of LP agglomerates, new strategies to

homogenize the nanoplatelets during gel preparation or preprocessing

of LP dry powder are indispensable. Moreover, cell culture studies and

bioprinting of scaffolds with encapsulated cells will be carried out to

determine the biocompatibility of ADA-GEL/LP composite hydrogels

and their potential for biofabrication approaches for TE.
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