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ABSTRACT 
Three-dimensional (3D) extrusion printing of 

cellular/acellular structures with biocompatible 

materials has been widely investigated in recent years. 

However, the requirement of suitable solidification 

rate of printable ink materials constrains the 

utilization of extrusion-based 3D printing technique. 

In this study, the yield-stress nanoclay suspension-

enabled extrusion-based 3D printing system has been 

investigated and demonstrated to overcome 

solidification rate constraints during printing. 

Utilizing the liquid-solid transition property of 

nanoclay suspension, two fabrication approaches, 

including nanoclay support bath-enabled printing and 

nanoclay-enabled direct printing, have been proposed. 

For the former approach, nanoclay (Laponite EP) has 

been used as a support bath material to fabricate 

alginate-based tympanic membrane patches. The 

constituents of alginate-based ink have been 

investigated to have the desired mechanical property 

of alginate-based tympanic membrane patches and 

facilitate the printing process. For the latter approach, 

nanoclay (Laponite XLG) has been used as an internal 

scaffold material to help print poly (ethylene glycol) 

diacrylate (PEGDA)-based neural chambers, which 

can be further cross-linked in air. Mechanical stress 

analysis has been performed to explore the geometric 
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limitation of printable Laponite XLG-PEGDA neural 

chambers.  

Keywords: 3D printing, nanoclay suspension, 

yield-stress material, tympanic membrane patch, 

neural chamber 

 

1. INTRODUCTION 
Three-dimensional (3D) bioprinting techniques 

enable the freeform fabrication of complex cellular 

and/or acellular structures from various liquid ink 

materials and provide an effective way to on-demand 

fabricate products for diverse bio-applications [1-3]. 

Among different bioprinting techniques [4-8], micro-

extrusion has been widely used due to its easy 

implementation, wide range of printable materials, and 

relatively high printing efficiency. Using cell-laden 

and/or acellular inks, complex 3D structures have been 

successfully printed using micro-extrusion, which can 

be used either as scaffold-free cellular constructs [5, 7-

9] or scaffold structures for cell seeding [10-12]. 

In micro-extrusion, applied ink materials must 

have a suitable cross-linking rate to facilitate a 

continuous 3D printing process, which limits the 

selection of various ink materials. If the ink cross-

linking rate is too fast after printing, the extrusion 

nozzle can be easily clogged due to the short standoff 

distance. For instance, when printing sodium alginate 

in a cross-linking agent bath such as calcium chloride, 
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surface tension can bring calcium ions into the 

dispensing nozzle, the fast cross-linking process in the 

nozzle may lead to the nozzle clogging [7]. In contrast, 

if the cross-linking rate is too slow, it usually takes a 

long time to solidify a deposited layer before printing 

a next layer. For instance, when printing poly 

(ethylene glycol) diacrylate (PEGDA), the cross-

linking process may take a few minutes under 

ultraviolet (UV) radiation [13]. Thus, the next PEGDA 

layer can’t be printed atop the previous layer until it is 

UV cross-linked for a few minutes, which decreases 

the fabrication efficiency significantly. As a result, it 

is necessary to develop new 3D printing strategies that 

are suitable to 3D extrusion print liquid build materials 

demanding a fast and/or slow cross-linking rate.  
In this study, biomedical applications of a 

nanoclay suspension-enabled extrusion-based 3D 

printing system have been demonstrated in fabricating 

soft structures from various hydrogels and/or hydrogel 

composites. Since nanoclay suspension has a unique 

yield-stress property, it can easily transit between 

liquid and solid states upon differently stressed 

conditions. When the applied stress is higher than the 

yield stress of a nanoclay suspension, it behaves liquid 

like; otherwise, it behaves solid like. As such, two 

nanoclay suspension-based printing strategies have 

been developed: using nanoclay suspension as a yield-

stress support bath, alginate-based tympanic 

membranes have been printed and gradually cross-

linked in the bath. During cross-linking, the nanoclay 

support bath can help hold the ungelled alginate 

structures in situ stably; using nanoclay suspension as 

a yield-stress internal scaffold material, Laponite-

PEGDA precursor nanocomposite-based neural 

chambers have been directly printed in air and cross-

linked thereafter.  

In the following sections, the nanoclay 

suspension-enabled extrusion printing system is 

introduced in Section 2. Then the printing of alginate-

based tympanic membrane patch and PEGDA-based 

neural chamber is discussed in Sections 3 and 4, 

respectively. Finally, some conclusions and future 

work are summarized in Section 5.  

 

2. NANOCLAY SUSPENSION-ENABLED 
EXTRUSION PRINTING SYSTEM  

Laponite nanoclay is one type of smectite 

minerals, which is composed of crystalline 

nanosilicates with a diameter of approximately 25 nm 

and a thickness of 1 nm and the most commonly used 

nanoclay minerals in bio-related applications. When 

dispersed in water, sodium ions dissociate from the 

surface of the nanosilicates, leaving the faces of each 

disc negatively charged. Meanwhile, hydroxide ions 

dissociate from the edges, resulting in positive charges 

on the edges as shown in Fig. 1(a). Thus, the charge 

distribution makes Laponite nanosilicates form a 

stable 3D arrangement, which is presumably 

considered as “house-of-cards” when the aqueous 

Laponite suspension equilibrates as shown in Fig. 1(b). 

This unique “house-of-cards” arrangement enables the 

Laponite suspension to have yield stress, which is a 

result of the threshold energy required to disrupt the 

“house-of-cards” arrangement before the suspension 

can flow. In this study, two types of Laponite 

suspensions are utilized for extrusion printing 

applications: Laponite EP and Laponite XLG. For the 

former, organic modification has been performed on 

Laponite EP nanosilicates and it is not reactive with 

ionic solutions. For the latter, the nanosilicates have 

high purity and a certified low heavy-metal content. 

The rheological properties including the yield 

stress and shear moduli of the Laponite EP and 

Laponite XLG suspensions were investigated and 

measured elsewhere [9, 12]. It is found that at 

extremely low shear rates both Laponite EP and 

Laponite XLG suspensions present stress and their 

yield stress values can be calculated as approximately 

8.8 Pa [9] and 217.5 Pa [12], respectively, using a 

classic Herschel-Buckley model. In addition, the 

frequency sweeps show that two nanoclay suspensions 

have a higher storage modulus than the loss modulus, 

indicating that both Laponite EP and Laponite XLG 

suspensions show solid-like behavior under low strain 

conditions.  

Due to its unique yield-stress rheological property, 

Laponite suspension is a solid-like liquid, which can 

readily transit between liquid and solid states upon 

differently stressed conditions. This liquid/solid 

transition capability enables Laponite suspensions to 

be used either as a support bath material (Laponite EP) 

(from solid to liquid transition) or as an internal 

scaffold material (Laponite XLG) (from liquid to solid 

transition) for 3D printing applications. As a result, the 

nanoclay suspension-enabled extrusion-based 3D 

printing system has been proposed and investigated as 

reported in some studies [9, 12]. Herein, the feasibility 

of the nanoclay suspension-enabled 3D printing 

system is further demonstrated during printing of 

complex soft structures from different biocompatible 

ink materials, which proves the effectiveness of the 

proposed 3D printing system for biomedical 

applications.  

 

2.1 Nanoclay Support Bath-Enabled Printing 
Approach 

Since Laponite EP is insensitive to ionic changes, 

it is mixable with some ionic cross-linking agents such 

as calcium chloride (CaCl2) solutions while retaining 

its original yield-stress property. Thus, the mixture can 

be used as a support bath to print ionic cross-linking 

materials such as sodium alginate. The mechanism of 
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this fabrication approach is illustrated in Fig. 1(c). 

When a dispensing nozzle moves in a Laponite EP 

bath, nanosilicates at the nozzle tip may undergo the 

shear stress higher than the yield stress, and the 

“house-of-cards” arrangement of these affected 

nanosilicates is physically disturbed. As such, the 

localized Laponite EP suspension behaves like liquid 

as shown in Fig. 1(c-1). Once the nozzle travels 

through, the applied shear stress disappears and the 

disturbed nanosilicates recover the “house-of-cards” 

arrangement rapidly as shown in Fig. 1(c-2). Thus, the 

crevasse behind the translating nozzle can be filled by 

the liquid-like nanoclay suspension, and the deposited 

liquid structure is trapped and supported in the 

nanoclay bath. The Laponite EP suspension away 

from the nozzle doesn’t experience any shear stress, 

and the “house-of-cards” arrangement is maintained as 

shown in Fig. 1(c-3). As a result, the Laponite EP 

suspension behaves solid like to hold the printed 

structure stably in situ even for a long time. For 

demonstration herein, Laponite EP-CaCl2 is selected 

as the support bath material to print alginate-based 

structures in situ and gradually cross-link printed 

structures in the bath as shown in Fig. 1(c-4).  

 

2.2 Nanoclay-Enabled Direct Printing 
Approach 

Due to the relatively higher yield stress of 

Laponite XLG suspension, it is selected as the internal 

scaffold material to facilitate the direct printing of 

liquid hydrogel (for example, PEGDA)-based 

structures in air. Herein, the liquid-to-solid transition 

of Laponite XLG suspensions from the sheared 

condition to non-sheared condition is utilized and the 

nanoclay-enabled direct printing in air strategy is 

proposed. The mechanism of this fabrication approach 

is illustrated in Fig. 1(d). When the applied pressure is 

higher than the yield stress of the Laponite XLG 

suspension in the nozzle during extrusion, the “house-

of-cards” arrangement is disrupted, and the solid-like 

Laponite XLG nanoclay suspension liquefies to be 

readily extruded out of the nozzle as shown in Fig. 1(d-

1). At the exist of the nozzle tip, the disrupted 

nanosilicates rapidly recover the “house-of-cards” 

arrangement as shown in Fig. 1(d-2) when the shear 

stress diminishes. When the Laponite XLG suspension 

is deposited atop a substrate or a previously printed 

layer, the disordered nanoclay suspension reverts to a 

solid-like state with a yield stress as it recovers the 

“house-of-cards” arrangement as shown in Fig. 1(d-3). 

Due to its yield stress, the deposited Laponite XLG-

based feature has the self-supporting property and can 

maintain its shape stably in air without needing any 

additional cross-linking process. Since Laponite XLG 

can be mixed with different hydrogel precursors such 

as PEGDA and each resultant nanocomposite 

hydrogel inherits the similar yield-stress and self-

supporting property of Laponite XLG [12], such 

nanocomposite hydrogels can be printed directly in air. 

For demonstration, Laponite XLG-PEGDA is used as 

the ink material to print neural chambers using this 

nanoclay-enabled direct printing approach as shown in 

Fig. 1(d-4). 

 

3. PRINTING OF ALGINATE-BASED 
TYMPANIC MEMBRANE PATCHES IN 
NANOCLAY SUPPORT BATH 
3.1 Introduction of Tympanic Membrane and 

Tympanic Membrane Patch 

The tympanic membrane is a multi-layered 

structure which captures and transmits sound from the 

environment through the ossicular chain of the middle 

ear to the inner ear, as shown in Fig. 2(a) and (b). 

Damage to the tympanic membrane, from otitis media 

or trauma (as shown in Fig. 2(c)), typically results in 

the hearing loss [14]. Thus, it is necessary to on-
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cards” arrangement. (c) Mechanism of nanoclay 

support bath-enabled printing strategy. (d) 

Mechanism of nanoclay-enabled direct printing in 

air strategy. 
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demand fabricate artificial tympanic membrane 

patches to facilitate repair of tympanic membranes.  

Recent advances in 3D printing provide a 

powerful tool to design and fabricate biomimetic 

tympanic membrane grafts, which can reproduce 

specific structural features of human tympanic 

membrane [15]. Alginate, a natural polysaccharide, 

has been widely used in tissue engineering to fabricate 

artificial organs/tissues due to its versatile 

functionality, mild crosslinking conditions, low cost, 

biocompatibility, low toxicity, and environmentally 

friendly nature [16]. It is also one of the most 

commonly used biomaterials for tympanic membrane 

repair and regeneration [17-19]. As such, alginate-

based tympanic membrane patches with a three-

layered morphology are 3D printed using the nanoclay 

support bath-enabled printing for tympanic membrane 

repair as shown in Fig. 2(d). 

 

3.2 Materials and Methods 

3.2.1 Material preparation for alginate-based 

tympanic membrane patch printing. Firstly, 8.0% (w/v) 

Laponite EP (BYK Additives Inc., Gonzales, Texas) 

suspension (pH ≈ 7.0) was prepared by dispersing the 

appropriate amount of dry Laponite EP powders in 

deionized (DI) water at room temperature. An 

overhead stirrer (Thermo Fisher Scientific, Waltham, 

MA) was used to continuously mix the Laponite 

suspension at 500 rpm for 90 minutes. The resulted 

Laponite suspension was stored in sealed containers 

and aged for at least one day. Secondly, 4.0% (w/v) 

calcium chloride (CaCl2, Sigma-Aldrich, St. Louis, 

MO) solution was used as the cross-linking agent of 

sodium alginate and prepared by dispersing and 

dissolving the appropriate amount of dry CaCl2 

powder in deionized (DI) water at room temperature. 

By mixing stock 8.0% (w/v) Laponite EP suspension 

1:1 (v:v) with 4.0% (w/v) CaCl2 solution using an 

overhead stirrer at room temperature, a 4.0% (w/v) 

Laponite EP suspension with 2.0% (w/v) CaCl2 was 

prepared and used as the support bath for alginate-

based tympanic membrane patch printing, which has 

the similar rheological properties with Laponite EP as 

reported [9]. The mixed Laponite EP-CaCl2 

suspension was stored in a sealed container and aged 

for at least one day. Before each use, a centrifuge 

(5804R, Eppendorf, Hamburg, Germany) was used to 

remove bubbles trapped in the suspension at 2000 rpm 

for 5 minutes. 

Ink material was 8.0% (w/v) low molecular 

weight sodium alginate (NaAlg) (Sigma-Aldrich, St. 

Louis, MO) mixed with 2.0% (w/v) Laponite XLG 

(BYK Additives Inc., Gonzales, Texas) and 1.0% (w/v) 

disodium hydrogen phosphate (Na2HPO4, Sigma-

Aldrich, St. Louis, MO). Herein, Laponite XLG was 

added to improve the mechanical property of the 

printed parts and Na2HPO4 was to adjust the cross-

linking rate of the ink as a cross-linking retardation 

agent [20]. Specifically, the alginate-based ink was 

prepared by dispensing the appropriate amount of dry 

sodium alginate, Laponite XLG, and Na2HPO4 

powders in DI water at room temperature with 

continuous mixing. The overhead stirrer was used to 

ensure thorough hydration of the powders by mixing 

at 500 rpm for a minimum of 60 minutes. Before 

printing, the alginate-based ink was degassed using the 

centrifuge at 2000 rpm for 5 minutes to remove 

entrapped bubbles.  

3.2.2 Printing system and printing protocols. The 

extrusion system was a micro-dispensing pump 

machine (nScrypt-3D-450, nScrypt, Orlando, FL). The 

printing experiments were performed at room 

temperature. For alginate-based tympanic membrane 

patch printing, a 25 gauge (250 μm inner diameter) 

dispensing tip (EFD Nordson, Vilters, Switzerland) 

was used to deposit alginate-based structures in the 

Laponite EP-CaCl2 bath. The printing pressure was 

1.38×105 Pa (20 psi), the step distances along 

horizontal and vertical directions were 200 μm, and 

the printing speed was 2.0 mm/s. After cross-linking 

in the Laponite EP-CaCl2 bath for 45 minutes, the 

tympanic membrane patches were taken out of the 

FIGURE 2: (a) Ear anatomy, (b) normal and (c) injured/fractured tympanic membrane, and (d) artificial tympanic 

membrane patch with three-layered structure. 
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bath, and the residual Laponite EP on the surface was 

rinsed away by pipetting DI water over them. 

3.2.3 Mechanical property measurement. To 

investigate the mechanical properties of the alginate-

based materials, tensile test samples with a dogbone-

shape were fabricated by casting alginate-based 

solutions in a customized PDMS mold and cross-

linked in CaCl2 baths with different concentrations 

(0.5%, 1.0%, and 2.0% (w/v)) for 12 hours. Then, 

uniaxial tensile testing was performed using a 

mechanical tester (eXpert 4000, Admet, Norwood, 

MA) at a strain rate of 1.0 mm/min. The stress-strain 

curves were determined according to the geometry of 

samples, load and displacement data, and the effective 

Young’s modulus was calculated from the slope of the 

linear region of the stress-strain curves [21]. 

Specifically, the samples made of 2.0%, 4.0%, 6.0%, 

and 8.0% (w/v) alginate solutions, which were cross-

linked by 0.5%, 1.0%, and 2.0% (w/v) CaCl2, were 

tested to investigate the optimal combination of 

alginate and CaCl2. Then, 8.0% (w/v) alginate 

solutions mixed with 1.0%, 2.0%, 3.0%, and 4.0% 

(w/v) Laponite XLG were cross-linked by 2.0% (w/v) 

CaCl2 to investigate the effects of Laponite XLG on 

the mechanical properties.  

3.2.4 Diffusion and gelation time test. To 

investigate the diffusion and gelation process of the 

alginate-based solutions, 8.0% (w/v) alginate mixed 

with 0.5%, 1.0%, and 2.0% (w/v) Na2HPO4 were 

poured in a customized PDMS mold (20.0 × 20.0 × 0.4 

mm) and cross-linked in a 2.0% (w/v) CaCl2 bath. The 

time when the bottom of the alginate-based sample 

changed its state to solid was recorded as the diffusion 

and gelation time.  

 

3.3 Printing Results 

3.3.1 Fabrication mechanism of alginate-based 

tympanic membrane patches. Based on the printing 

strategy shown in Fig. 1(c), the schematic of the 

tympanic membrane patch fabrication process is 

illustrated in Fig. 3. Firstly, alginate-based tympanic 

membrane patch structures are printed using the 

alginate-based inks in the Laponite EP-CaCl2 bath as 

shown in Fig. 3(a). Before cross-linking, sodium 

alginate chains consist of a family of unbranched 

binary anionic copolymers of 1,4 linked β-D-

mannuronic acid (M units) and α-L-guluronic acid (G 

units) as shown in the inset of Fig. 3(a). During and 

after printing, Ca2+ ions in the support bath gradually 

contact and diffuse into the alginate-based structures. 

When the alginate polymer chains interact with the 

Ca2+ ions, the ionic cross-linking process initiates, and 

interchain ionic bonds between G blocks are formed 

with the help of Ca2+ ions as shown in Fig. 3(b). After 

submerging in the Laponite EP-CaCl2 bath, all the G 

blocks of alginate molecular chains are bonded with 

each other by Ca2+ ions, resulting in a stable calcium 

alginate network as shown in Fig. 3(c). Thus, the 

cross-linked alginate-based tympanic membrane patch 

has enough mechanical strength to be removed from 

the bath.  

3.3.2 Fabrication results of alginate-based 

tympanic membrane patches. The alginate-based 

tympanic membrane patch is designed with a three-

layered structure as shown in Fig. 3(c). The diameter 

and thickness of the top and bottom layers are 5.00 mm 

and 0.60 mm, respectively. The diameter and 

thickness of the middle layer are 3.00 mm and 0.80 

mm, respectively. The printed alginate-based 

tympanic membrane patch is illustrated in Fig. 4(a). 

After keeping in the Laponite EP-CaCl2 bath for 45 

minutes, the printed tympanic membrane patches are 

completely cross-linked and removed from the bath. 

After rinsing the residual Laponite EP suspension 

away from each patch surface, the fabricated alginate-

based tympanic membrane patches are shown in Fig. 

4(b). As seen from Figs. 4(c) and (d), the fabricated 

structure has a well-defined morphology in both top 

and side views. Some key dimensions of a randomly 

selected tympanic membrane patch are measured as 

follows: the diameter of the top and bottom layers is 

approximately 5.04 mm, the top/bottom layer 

thickness is approximately 0.65 mm, and the total 

thickness is approximately 2.27 mm, which are all 
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FIGURE 3: Fabrication mechanism of alginate-based tympanic membrane patches. Alginate-based tympanic 

membrane patch (a) printing and (b) ionic cross-linking in the Laponite EP-CaCl2 bath. (c) Schematic of 

completely cross-linked alginate-based tympanic membrane patch. 
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close to the designed values of 5.00 mm, 0.60 mm, and 

2.00 mm, respectively, indicating the printing 

accuracy of the proposed nanoclay support bath- 
enabled printing approach.  

 

3.4 Discussion 

Since the human tympanic membrane has a 

minimum Young’s modulus of approximately 400 kPa 

in the low stress range (0-1 MPa) [22], it is necessary 

to design the alginate-based ink to meet the 

requirement of the mechanical property. The effects of 

sodium alginate and CaCl2 concentrations on the 

Young’s modulus are measured and shown in Fig. 5(a). 

It is found that with the increase of alginate and CaCl2 

concentrations, the Young’s modulus of the alginate-

based samples increases, and the 8.0% (w/v) alginate 

cross-linked by 2.0% (w/v) CaCl2 has the highest 

Young’s modulus (approximately 254 kPa). However, 

this value is still lower than the required Young’s 

modulus. Thus, Laponite XLG is added into the 

sodium alginate to enhance the mechanical property of 

the alginate-based structures. Except being an internal 

scaffold material, Laponite can be used as a physical 

cross-linker to improve the mechanical properties of 

composite hydrogels [12, 20] by physical bonding 

between Laponite nanosilicates and the alginate 

molecular network [23]. The effects of Laponite XLG 

concentration on the Young’s modulus are studied, 

and the results are illustrated in Fig. 5(b). As seen from 

Fig. 5(b), the addition of Laponite XLG can 

effectively increase the Young’s modulus, and the 

alginate sample mixed with 2.0% (w/v) Laponite XLG 

has the Young’s modulus of approximately 450 kPa, 

which is higher than the minimum requirement.  

Then, the diffusion and gelation time of the 8.0% 

(w/v) alginate solutions cross-linked by 2.0% (w/v) 

CaCl2 is measured as approximately 2.5 min. Since the 

printing of the alginate-based tympanic membrane 

patches takes around 12.5 min, the gelation rate of the 

alginate-based inks needs to be adjusted to facilitate 

the “printing-then-solidification” procedure as 

proposed in previous studies [9]. When the mixture is 

exposed to Ca2+ ions, the reaction retardation agent 

Na2HPO4 reacts with Ca2+ firstly, and then the Ca2+ 

cations are gradually released to react with sodium 

alginate for cross-linking [20]. By increasing the 

Na2HPO4 concentration, the diffusion and gelation 

time of the mixed inks increases as shown in Fig. 5(c), 

and the mixture with 1.0% (w/v) Na2HPO4 has a 

measured diffusion and gelation time (approximately 

15 min) higher than 12.5 min. Thus, the optimal 

formula of the alginate-based ink is determined as 

FIGURE 5: Investigations of Young’s modulus and diffusion/gelation time of the alginate-based inks. (a) 

Young’s modulus as a function of alginate and CaCl2 concentrations. (b) Young’s modulus as a function of 

Laponite XLG concentration. (c) Diffusion and gelation time as a function of Na2HPO4 concentration. (Error bars: 

means ± standard deviation (SD) with n = 3 samples per group.) 
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follows: 8.0% (w/v) alginate, 2.0% (w/v) Laponite 

XLG, and 1.0% (w/v) Na2HPO4. The overall 

fabrication time is around 60 minutes (including 15-

minute printing time) in this study, so the nanoclay 

support bath-enabled printing approach is promising 

for on-demand fabrication of custom-made artificial 

tympanic membrane patches for clinical applications. 

 

4. PRINTING OF PEGDA-BASED NEURAL 
CHAMBERS IN AIR 
4.1 Introduction of Neural Chamber 

 Neural chambers, one type of microfluidic 

chambers, have been widely used in organ-on-a-chip 

devices to incubate neurons and/or other cells and to 

analyze neuron-to-cell [24-26] or neuron-to-neuron 

[27] spread and axonal transport. The typical structure 

of a neural chamber is illustrated in Fig. 6. Generally, 

the neural chamber is composed of a neuron 

compartment and a target compartment connecting by 

embedded microgrooves. Printing of neural chambers 

with a similar structure is critical for neuron-related 

investigations. Due to the excellent cell compatibility 

and thermal stability of the Laponite XLG-PEGDA 

nanocomposite hydrogel, it is selected as the build 

material to print Laponite XLG-PEGDA neural 

chambers using the nanoclay-enabled direct printing 

approach.  

 

4.2 Materials and Methods 

4.2.1 Material preparation for PEGDA-based 

neural chamber printing. For the preparation of the 

Laponite XLG-PEGDA nanocomposite hydrogel, 

10.0% (v/v) PEGDA solution was prepared by mixing 

stock PEGDA (Mn 700, Sigma-Aldrich, St. Louis, 

MO) with DI water at room temperature and then 

dissolving 1.0% (w/v) Irgacure 2959 (I-2959, Ciba, 

Basel, Switzerland) as a photoinitiator. Laponite XLG 

powders were added at 6.0% (w/v) into the 10.0% (v/v) 

PEGDA solution and mixed thorough using the 

overhead stirrer at 500 rpm for 60 minutes. The 

resulted Laponite XLG-PEGDA suspension has the 

yield-stress property and solid-like behavior during 

frequency sweep as reported [12]. It was stored in a 

sealed container and aged for at least one day. Before 

each use, the nanocomposite hydrogel suspension was 

degassed using the centrifuge at 2000 rpm for 5 

minutes to remove trapped bubbles. Each neural 

chamber was printed on a glass cover slip substrate, 

which was surface modified using diethylenetriamine 

(DETA, United Chemical Technologies Inc., Bristol, 

PA, T2910KG) for neuronal cell culture applications.  

4.2.2 Printing system and printing protocols. The 

trypsin/EDTA treatment was firstly performed on the 

glass cover slips to prepare the receiving substrate for 

neural chamber printing. Gelatin-methacryloyl 

(GelMA)-based sacrificial micro-filament arrays were 

then fabricated on the glass cover slips using a home-

made stereolithography (SLA) system. The GelMA-

based pre-polymer was prepared by dissolving 10% 

(w/v) home-made GelMA in warm water (~ 40℃) for 

around 30 minutes and 0.5% (w/v) lithium phenyl-

2,4,6-trimethylbenzoylphosphinate (LAP) as a photo-

initiator. The SLA system was developed with a 

customized DLP (digital light processing)-projector 

and other required elements such as motorized stages 

and a UV-transparent pre-polymer vat. The fabricated 

micro-filaments were controlled at 10 μm in both 

width and height and 50 μm in spacing between each 

other. Finally, the neural chambers were printed on the 

pre-treated and micro-filament-deposited glass cover 

slips using Laponite XLG-PEGDA. The extrusion 

system was the micro-dispensing pump machine 

(nScrypt-3D-450, nScrypt, Orlando, FL), and the 

printing experiments were performed at room 

temperature. For PEGDA-based neural chamber 

printing, a 25 gauge (250 μm inner diameter) 

dispensing tip (EFD Nordson, Vilters, Switzerland) 

was used to print Laponite XLG-PEGDA 

nanocomposite hydrogel structures in air. The printing 

pressure was 1.72×105 Pa (25 psi), the step distances 

along horizontal and vertical directions were 200 μm, 

and the printing speed was 1.0 mm/s. After printing, 

the Laponite XLG-PEGDA structures were exposed to 

UV light (18 W/cm2, OmniCure Series 2000, 

wavelength: 320-500 nm, Lumen Dynamics, 

Mississauga, ON, Canada) for 15 minutes for cross-

linking. 

 

4.3 Printing Results 

4.3.1 Fabrication mechanism of PEGDA-based 

neural chambers. Based on the printing strategy shown 

in Fig. 1(d), the fabrication mechanism is illustrated in 

Fig. 7. Firstly, Laponite XLG suspension is mixed 

with PEGDA solution to prepare the nanocomposite 

hydrogel precursor which is used as the ink material. 

During mixing, Laponite XLG functions as an internal 

scaffold material and the nanosilicates interact with 

ethylene oxide on PEGDA polymer chains through 

Neuron 

compartment

Neural chamber

Target 

compartment

Treated glass 

coverslip

Microgroove

Neuron outgrowth 

direction

FIGURE 6: Typical neural chamber structure. 
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secondary interactions [28, 29] to form physical gels 

as shown in the inset of Fig. 7(a). This nanocomposite 

hydrogel precursor has the yield-stress property 

similar to nanoclay suspensions alone [12] and can be 

directly printed into 3D structures as shown in Fig. 

7(a). After printing, the Laponite XLG-PEGDA 

chamber is exposed to UV light for chemical cross-

linking. Under UV radiation, covalent bonds are 

formed gradually between PEGDA polymer chains as 

shown in Fig. 7(b). Finally, stable and irreversible 

polymer networks are formed by connecting PEGDA 

chains with covalent bonds, resulting in a completely 

cross-linked Laponite XLG-PEGDA chamber 

structure as shown in Fig. 7(c).  

4.3.2 Fabrication results of PEGDA-based neural 

chambers. The designed Laponite XLG-PEGDA 

neural chamber has a rectangular shape with a length 

of 20.0 mm, a width of 20.0 mm, and a height of 15.0 

mm. To separate the neural chamber into two neuron 

and target compartments, a 1.0 mm thick middle wall 

was printed atop the SLA-printed sacrificial micro-

filament arrays, which can be removed to form the 

embedded microgrooves on the glass cover slip. As 

seen from Fig. 8(a), the yield-stress property of the 

Laponite XLG-PEGDA nanocomposite hydrogel 

makes it feasible to directly print Laponite XLG-

PEGDA structures in air. As the internal scaffold 

material, the Laponite XLG suspension helps maintain 

the shape and integrity of the neural chamber before 

the liquid PEGDA precursor is cross-linked by UV 

radiation (Fig. 8(b)). For illustration, the dimensions 

of a solidified neural chamber are measured as follows: 

length of 21.2 mm, width of 21.5 mm, height of 14.5 

mm, and middle wall thickness of 1.1 mm. Figure 8(c) 

shows the two compartments filled with cell medium. 

Due to the tight adhesion between the neural chamber 

and the cover slip substrate, the cell medium doesn’t 

leak through the bottom of the fabricated chamber. 

Since PEGDA precursor of each deposited Laponite 

XLG-PEGDA filament remains liquid during printing, 

the adjacent filaments can fuse well with each other. 

Thus, the fabricated neural chamber has no gap or 

interface on each wall, and there is no leakage of cell 

medium from the chamber.  

 

4.4 Discussion 

During nanoclay-enabled direct printing, a self-

supporting 3D structure can maintain its shape when 

the embedded hydrogel precursor is at liquid state as 

long as the gravity-induced compression stress is 

lower than the normal yield stress of the Laponite 

nanoclay suspension. When the compression stress is 

higher than a critical value, the bottom of printed 

structure may be liquefied, resulting in the collapse of 

the whole structure. As a result, it is important to 

investigate the limitation of the nanoclay-enabled 

direct printing approach. For a neural chamber having 

a total height of H and a uniform cross-sectional area 

of S, the gravitational force on the neural chamber can 

be calculated as G = ρgHS, where ρ is the density of 

FIGURE 7: Fabrication mechanism of Laponite XLG-PEGDA neural chamber. Laponite XLG-PEGDA neural 

chamber (a) printing in air and (b) chemical cross-linking under UV radiation. (c) Schematic of completely cross-

linked Laponite XLG-PEGDA neural chamber. 

PEGDA chains 

before cross-

linking

a)

Glass 

cover slip

Laponite 

XLG/PEGDAPrinted 

neural 

chamber

PEGDA chains 

being cross-

linking

b)

Neural 

chamber being 

cross-linked

UV 

radiation

c)

UV cross-

linked PEGDA 

chains

Cross-linked 

neural chamber

Laponite XLG-PEGDA neural 

chamber being printed in air

a)

Neural chamber cross-

linking under UV radiation

b)
Neural chamber filled 

with cell medium

c)

FIGURE 8: Fabrication results of the Laponite XLG-PEGDA neural chamber. Neural chamber (a) printing in air, 

(b) cross-linking under UV radiation, and (c) filling with cell medium. Scale bars: 10.0 mm. 
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the nanocomposite ink (1060 kg/m3), and g is the 

gravitational acceleration. The gravity-induced 

compression stress (σ) at the bottom of the chamber is 

calculated as σ = G/S = ρgH. For Laponite XLG-

PEGDA structures, the estimated shear yield stress (τyp) 

is 217.5 Pa [12]. According to the octahedral shear 

stress theory, the normal yield stress (σyp) can be 

estimated as 461.4 Pa by using ( )3 / 2yp yp =  

As a result, the critical height (Hc) of the neural 

chamber can be estimated as Hc = σyp/ρg = 44.4 mm. 

Since the designed neural chamber has a total height 

of 15.0 mm, which is lower than the critical height, the 

printed chamber can maintain its shape without 

collapse.  

 

5. CONCLUSIONS AND FUTURE WORK 
The effectiveness of the nanoclay suspension 

enabled extrusion-based 3D printing system has been 

presented, in which Laponite nanoclay suspensions 

with yield-stress property are utilized to facilitate the 

printing of 3D soft structures from different 

biocompatible ink materials. Specifically, two 

different printing strategies have been demonstrated. 

Firstly, the Laponite EP nanoclay suspension is used 

as a yield-stress support bath material, and alginate-

based tympanic membrane patches are fabricated 

using the nanoclay support bath-enabled 3D printing 

approach. Secondly, the Laponite XLG nanoclay 

suspension is utilized as a yield-stress internal scaffold 

material for direct printing in air, and Laponite XLG-

PEGDA based neural chambers with self-supporting 

property are printed. Due to the excellent cell 

compatibility of both Laponite EP [9] and XLG [12], 

the proposed nanoclay suspension-based 3D printing 

system presents great potential for cell 

printing/culturing applications in the future.  

It is noted that while alginate and PEGDA are 

utilized in this study, the 3D printing system also 

provides versatile approaches for effective extrusion 

3D printing of other ink materials, which may require 

special accommodation of their cross-linking rate. For 

future work, living cells can be mixed with the 

alginate-based ink to print cell-laden tympanic 

membrane patches, which can be used to support in-

growth of surrounding native tympanic membrane. 

The animal studies of tympanic membrane repair 

should be performed to verify the functional 

effectiveness of the printed alginate-based tympanic 

membrane patches. For neural chamber applications, 

neural cells can be incubated in the printed PEGDA-

based neural chambers to conduct neural engineering 

studies accordingly. In addition, such a printing 

system can be extended to the printing of hydrophobic 

inks by using applicable yield-stress suspensions such 

as a fumed silica suspension [30]. 
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