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Abstract

Three-dimensional (3D) in vitro tumor models that can capture the pathophysiology of human 

tumors are essential for cancer biology and drug development. However, simulating the tumor 

microenvironment is still challenging because it consists of a heterogeneous mixture of various 

cellular components and biological factors. In this regard, current extracellular matrix (ECM)-

mimicking hydrogels used in tumor tissue engineering lack physical interactions that can keep 

biological factors released by encapsulated cells within the hydrogel and improve paracrine 

interactions. Here, we developed a nanoengineered ion-covalent cross-linkable bioink to construct 

3D bioprinted organotypic tumor models. The bioink was designed to implement the tumor 

ECM by creating an interpenetrating network composed of gelatin methacryloyl (GelMA), a 

light cross-linkable polymer, and synthetic nanosilicate (Laponite) that exhibits a unique ionic 

charge to improve retention of biological factors released by the encapsulated cells and assist 
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in paracrine signals. The physical properties related to printability were evaluated to analyze 

the effect of Laponite hydrogel on bioink. Low GelMA (5%) with high Laponite (2.5-3.5%) 

composite hydrogels and high GelMA (10%) with low Laponite (1.0-2.0%) composite hydrogels 

showed acceptable mechanical properties for 3D printing. However, a low GelMA composite 

hydrogel with a high Laponite content could not provide acceptable cell viability. Fluorescent 

cell labeling studies showed that as the proportion of Laponite increased, the cells became more 

aggregated to form larger 3D tumor structures. RT-qPCR and western blot experiments showed 

that an increase in the Laponite ratio induces upregulation of growth factor and tissue remodeling-

related genes and proteins in tumor cells. In contrast, cell cycle and proliferation-related genes 

were downregulated. On the other hand, concerning fibroblasts, the increase in the Laponite ratio 

indicated an overall upregulation of the mesenchymal phenotype-related genes and proteins. Our 

study may provide a rationale for using Laponite-based hydrogels in 3D cancer modeling.
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1. Introduction

The tumor microenvironment (TME) is composed of a heterogeneous mixture containing a 

diverse spectrum of cellular components and biological factors [1, 2]. Cellular components 

constituting TME include cancer-associated fibroblasts (CAFs), macrophages (M1 or M2 

phenotype), antigen-presenting cells, and effector cells, as well as tumor cells [1, 3]. In 

addition to the cellular components, various biological factors, such as the extracellular 

matrix (ECM) surrounding the cells and the cytokine/growth factor gradient, can affect TME 

[1, 4]. For decades, tremendous efforts have been made to mimic TME to elucidate tumor 

behavior and to discover drugs with optimal antitumor efficacy [5].

As part of these numerous efforts, biofabrication strategies are used to design 3D in vitro 
models that mimic the structure and function of tissues using ECM-mimicking biomaterials 

and cells constituting specific organs [6, 7]. In particular, 3D bioprinting technology 

is promising in tumor modeling because it can simulate pathophysiological phenomena 

with precise tissue structure and provide porosity, polarity, and gradient through ECM 

compositions [5, 8, 9]. However, since TME is composed of different cell types and a highly 

heterogeneous matrix/protein structure rather than single components/monostructures, there 

is an unmet need to establish more reliable tumor models using appropriate bioinks. In this 

regard, tumor modeling should consider the study of biological mechanisms that facilitate 

biological signalings, such as cytokine and growth factor-mediated communication within 

the scaffold, and the introduction of heterogeneous bioinks (i.e., integrating stromal cells 

such as fibroblasts) to ensure the complexity of TME.

In this study, we developed a nanoengineered ion-covalent cross-linkable bioink containing 

both tumor cells (MIA PaCa-2, pancreatic cancer) and stromal cells (C3H10T1/2, fibroblast) 

to construct a 3D bioprinted organotypic tumor model. To this end, the bioink was 

designed to implement the ECM by creating an interpenetrating network composed of 
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gelatin methacryloyl (GelMA) with synthetic nanosilicate (Laponite) hydrogel. GelMA is a 

gelatin-based cross-linkable hydrogel and is a representative bioink used for 3D bioprinting 

[12]. The methacryloyl groups of GelMA allow for cross-linking of the matrix in the 

presence of photoinitiators and light irradiation [15], providing conformational fidelity and 

stability when cultured under physiological conditions [16]. GelMA also provides the RGD 

amino acid sequence (Arg-Gly-Asp) for integrin binding, which is advantageous for cell 

adhesion and survival [10]. However, GelMA alone does not keep a significant retention of 

biological factors released by the encapsulated cells to improve paracrine signaling within 

3D scaffolds [11–13]. Furthermore, bioprinting of GelMA-based bioinks has been reported 

to be commonly performed at concentrations higher than 10% [14] or temperatures lower 

than 15°C; these printing conditions are employed primarily due to the relatively lower 

viscosity of GelMA solutions [15]. Nevertheless, increasing the concentration of the GelMA 

macromer not only increases the viscosity of the bioink but also increases the stiffness of the 

hydrogel, reducing the porosity required for cell spreading and proliferation [16].

Laponite, a synthetic silicate nanoplatelet, has been used as a rheological modifier and 

filler in food and cosmetic manufacturing [17]. Owing to their anisotropic superficial 

charges (edge: positive charges; surface: negative charges), Laponite can self-assemble 

(sheets, house of cards, dispersed) and interact with a variety of charged molecules 

[18]. It can form and dynamically break down these arrangements in aqueous solutions 

(shear-thinning properties) and be used as drug delivery and capturing systems [19, 20]. 

Recently, the unique characteristics of Laponite, including size, shape, charge distribution, 

and its shear-thinning properties due to a “house of card” structure formation, have been 

explored for potential use in biomedical fields [21–24]. In line with these efforts, we have 

reported various research results from endovascular hemorrhage control [25], embolism 

[26, 27], and drug delivery [28] using Laponite-based shear-thinning biomaterial. In 

particular, Laponite has been studied as a drug delivery scaffold due to its sustained release 

and pH-responsive release profile [28, 29]. In addition, as a bioink, Laponite has been 

studied mainly for simulating 3D modeling of bone and musculoskeletal systems [30–32]. 

Remarkably, Laponite has been shown to improve several biological processes, including 

protein targeting to membranes, responses to growth factors, morphogenesis associated with 

cell differentiation, and transforming growth factor (TGF)-β receptor signaling [33]. Due to 

Laponite’s physical, chemical, and biological properties discussed here, we hypothesized 

that utilizing Laponite in the composition of bioinks would improve the retention of 

released biological factors to improve paracrine signaling within encapsulated cells. In 

particular, despite these diverse biological possibilities, cancer modeling using Laponite 

hydrogel has not been elucidated to the best of the author’s knowledge. Adding Laponite 

to GelMA bioinks would provide bioinks with improved retention of biological factors 

released by the encapsulated cells, assist in paracrine signals for tumor tissue engineering, 

and improve shear-thinning properties for 3D bioprinting. A detailed schematic illustration 

of nanoengineered bioink is depicted in Fig. 1.

Here, we present a 3D bioprinted organotypic tumor model using a bioink incorporating 

multiple cell types (tumor cell, stromal cell) and a combination of GelMA and Laponite 

hydrogels. Eight compositional GelMA/Laponite bioinks were prepared and characterized 

regarding printability, rheological properties, compression stability, and porosity. Next, we 
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specifically modeled pancreatic cancer, which is known to have a pronounced stromal 

tissue involvement in tumor progression and prognosis [4]. Abundant desmoplastic matrix 

accumulation, one of the most striking hallmarks of pancreatic cancer, is a significant 

contributor to the inefficiency of anticancer therapies [34], with CAFs playing a role in this 

unique microenvironment [35].

The bioengineered organotypic 3D model was developed by incorporating human 

pancreatic carcinoma cells (MIA PaCa-2) and a mouse embryonic cell line that displays 

the morphology of fibroblasts and is functionally similar to mesenchymal stem cells 

(C3H10T1/2, Clone 8) as cancer and stromal components in a spatially defined 3D 

architecture.

Cell-laden GelMA/Laponite bioink was 3D bioprinted, followed by viability analysis. Live-

cell labeling was used to assess the cellular distribution and morphology within the bioink. 

Furthermore, changes in biological response according to Laponite concentration were 

evaluated by detecting changes in mRNA and protein expression. The optimal printability of 

GelMA/Laponite-based bioink and the analysis of changes in the biological response of the 

tumor model according to Laponite concentration was presented. These studies can serve as 

a basis for the feasibility of 3D cancer modeling of Laponite-based hydrogels.

2. Materials and Methods

2.1. Materials and cells

2D nanoclay (Laponite) was purchased from (BYK Additives Ltd, TX, USA). Type 

A porcine skin gelatin, methacrylic anhydride, photoinitiator (PI) (2-hydroxy-4-(2-

hydroxyethoxyethoxy)-2-methypropiophenone), formaldehyde solution (4% v/v), Triton 

X-100, and bovine serum albumin (BSA) were purchased from Sigma-Aldrich. To create 

a pancreatic cancer model, we have selected a pancreas carcinoma cell line (MIA PaCa-2, 

ATCC #CRL-1420™) and a mouse embryonic cell line that displays the morphology of 

fibroblasts and is functionally similar to mesenchymal stem cells [36–38] (C3H10T1/2, 

Clone 8, ATCC # CCL-226™). MIA PaCa-2 and C3H10T1/2 were cultured in Dulbecco’s 

modified eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 

1% penicillin-streptomycin (ThermoFisher). Live&Dead cell viability kit, Alexa Fluor® 

568 phalloidin, Dulbecco’s phosphate-buffered saline (DPBS; GIBCO), CellTracker™ Red 

CMTPX Dye, and CellTracker™ Blue CMAC Dye were purchased from Thermo Fisher. 

Alexa Fluor® 647 Phalloidin was purchased from Cell Signaling Technology. The validated 

primers were obtained from Integrated DNA Technologies. UltraPure DNase/RNase Free 

water, and PowerUp SYBR Green Master Mix were purchased from Thermo Fisher. 

QuantiTect Reverse Transcription Kit was purchased from Qiagen.

2.2. GelMA synthesis

Gelatin methacryloyl was synthesized as described in previous studies [39, 40]. Briefly, type 

A porcine skin gelatin is diluted in DPBS at 60 °C and stirred continuously to reach a 10% 

w/v gelatin solution. Methacrylic anhydride is added to the gelatin solution (2:25 v/v) at 

a 0.5 ml/min rate and continuous stirring. After 1 h incubation, the reaction is stopped by 
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diluting with preheated DPBS (40 °C) and dialyzing against ultrapure water. The dialyzed 

solution is freeze-dried and stored at −20 °C until use. The GelMA solution is prepared by 

completely diluting the freeze-dried macromer with 0.5% (w/v) PI in DPBS.

2.3. Preparation of GelMA/Laponite composite bioinks

Stock solutions of 20% w/v GelMA (in DPBS) and 10% w/v Laponite (in ultrapure water) 

were used to prepare the GelMA/Laponite composite bioink. Composite bioinks of various 

concentrations of GelMA (5% and 10%) and Laponite (1.0%, 1.5%, 2.0%, 2.5%, 3.0%, 

and 3.5%) hydrogels were prepared from the stock solutions. GelMA hydrogel, Laponite 

hydrogel, and ultrapure water were put into a tube and mixed in a SpeedMixer (DAC 150.1 

FVZ, FlackTek, USA) at 3000 rpm for 5 minutes. The mixing step was repeated 3 times 

with 5 min intervals between mixing. The bioinks were stored at 4 °C before use. Before any 

experimental procedures, the GelMA/Laponite composite bioinks were warmed at 37 °C for 

30 minutes and equilibrated at 25 °C for 60 minutes.

2.4. Printing fidelity assessment

The printing fidelity of the GelMA/Laponite bioinks was assessed through the printing 

process performed on a BIO X bioprinter (CELLINK, USA) with a UV-protected cartridge 

connected to a polytetrafluoroethylene (PTFE) nozzle (30G), at 23 °C, 5 mm/s printing 

speed, and 50kPa to 80 kPa printing pressure. Monolayer structures were printed on 

polystyrene Petri dishes, and images were obtained to evaluate the printing fidelity in terms 

of fiber diameter. “Dr” stands for the fiber diameter ratio, “Dp” stands for the diameter of 

the printed fiber, and the PTFE nozzle diameter (Dn) is 370um. Based on the measured Dp 

values after 3D bioprinting, Dr is calculated according to the following calculation:

Dr = diameter of tℎe printed fiber, Dp
inner diameter of tℎe nozzle, Dn

The Dr is used to evaluate the deformation of printed fibers that achieve high printing 

fidelity when Dr is equal to or close to 1.

2.5. Injectability assessment of GelMA/Laponite composite bioinks

For injection force assessment, GelMA/Laponite bioinks were loaded into 3 cc syringes (BD 

Luer-Lok™ Syringe, # 309657) and injected through 30G PTFE nozzles (PTFE Dispensing 

Tip, #JG30-0.5TX). The bioinks were examined on a mechanical tester (Instron 5943, 

Instron Int. Ltd., MA, USA) using the Bluehill version 3 software with a 100 N load cell and 

an injection rate of 0.55 mm/s.

2.6. Rheological characterization

The rheological characteristics of GelMA/Laponite bioinks were assessed by a Rheometer 

(Anton Paar, MCR 302) following previous protocols [23]. Shear stress, viscosity, and 

storage moduli were evaluated with 25 mm sandblasted parallel-plate geometry. Oscillatory 

stress sweeps were recorded from 0.1 to 1000 Pa at 1 Hz.
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2.7. Cell viability and metabolic activity assay

The effect of GelMA and Laponite on cellular viability was assessed. MIA PaCa-2 cells 

were loaded at a density of 2 × 106 cells/mL in the various compositions of GelMA/Laponite 

composite hydrogels. After 3D bioprinting, the samples were photo-crosslinked at 25 mW 

cm−2 for 60 s. The cell-laden photo-crosslinked scaffolds were cultured for up to 10 days. 

Live/Dead™ viability/cytotoxicity staining (Thermo Fischer Scientific, Waltham, MA, USA) 

was performed according to the manufacturer’s protocol to visualize changes in cell viability 

within 3D bioprinted scaffolds. The fluorescence images (Calcein AM; green color: live cell/

Ethidium homodimer-1; red color: dead cell) were captured using a confocal microscope 

(Zeiss LSM 710, Germany).

In addition, a PrestoBlue™ cell viability reagent (Thermo Fischer Scientific, Waltham, MA, 

USA) was used to measure the relative metabolic activity of the cells encapsulated within 

the 3D bioprinted scaffolds. The fluorescence intensity (excitation: 560 nm; emission: 590 

nm) was measured using a microplate reader (Varioskan LUX, ThermoFisher).

2.8. Pancreatic organotypic 3D microtumor

The GelMA/Laponite bioinks were utilized to fabricate a pancreatic tumor organotypic 3D 

microtumor. MIA PaCa-2, a human pancreatic cancer cell line, and C3H10T1/2, a mouse 

embryonic mesenchymal cell line, were mixed with the GelMA/Laponite composite bioinks 

at a density of 107 cells/ml (MIA PaCa-2:C3H10T1/2 = 1:1). The cell-laden bioinks were 

then bioprinted into PDMS-coated 48-well plates using a 3D bioprinter equipped with a 

temperature-controlled pneumatic printhead at 23 °C. Afterward, 3D bioprinted structures 

were UV cross-linked at 25 mW cm−2 for 60 s. The 3D bioprinted models were cultured 

for up to 14 days with cell culture media replenishment every 2 days. Cancer cells (Blue 

CellTracker) and fibroblasts (Red CellTracker) were labeled using live cell trackers to 

evaluate the distribution of each cellular component within the pancreatic organoid 3D 

microtumor model.

2.9. Quantitative Real-Time PCR analysis

3D microtumor constructs were cultured for 3 days and collected for gene expression 

analysis. G10L0 was used as a control. Total RNA was isolated and purified using the 

RNeasy® Plus Mini Kit (Qiagen, CA, USA). The QuantiTect Reverse Transcription Kit was 

used to transcribe total RNA into the cDNA. The gene expression level was analyzed by 

quantitative real-time polymerase chain reaction (RT-PCR) in a Bio-Rad CFX384 Real-Time 

PCR Detection System. PCR cycle conditions are as follows: initial denaturation, 5 min at 

95 °C; recurring denaturation, 5 s at 95 °C; amplification, 10 s at 60 °C for 45 cycles. The 

relative expression level of all the mRNA was calculated and expressed as fold changes 

of the threshold cycle (Ct) using the 2-ΔΔCt method. The average value of reference genes, 

including glyceraldehyde 3-phosphate dehydrogenase (GAPDH), beta-actin (β-actin), 18s 

ribosomal RNA (18s rRNA), and hypoxanthine phosphoribosyltransferase 1(HPRT1) was 

used for the normalization. The primer sequences of the targeted genes are displayed in 

Table S1.
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2.10. Western Blot

Total protein was isolated from 3D microtumor constructs that had been incubated for three 

days. The M-PER extraction buffer (Thermo Fisher Scientific), supplemented with Halt 

phosphatase protease inhibitor (Thermo Fisher Scientific), was used to extract the protein. 

Protein concentration was determined via a Bradford Assay (Bio-Rad). Total protein (30 

μg) was loaded on the 4-20% Mini-Protean gradient gel (Bio-Rad), and SDS-PAGE was 

performed. The separated proteins were transferred to PVDF membranes. The membranes 

were washed and blocked with 3% bovine serum albumin overnight at 4°C degree. 

Then the membranes were incubated with antibodies for immunoblot analysis: anti-VEGF 

mouse antibody (Santa Cruz Biotechnology, 1:200), anti-Vimentin rabbit antibody (Abcam 

1:1000), anti-IGF1 rabbit antibody (Abcam 1:1000), anti-TGFβ1 rabbit antibody (Abcam 

1:1000), anti-β-Actin rabbit antibody (Cell Signaling Technology, 1:1000). Anti-mouse IgG 

(Cell Signaling Technology) and anti-rabbit IgG (Cell Signaling Technology) secondary 

antibodies were used at 1:2,000 dilutions. The membranes were then washed with TBS/T 

before being treated with a chemiluminescent substrate (ClarityTM Western ECL Substrate; 

Bio-Rad). The images of the membranes were taken using Azure Biosystems c500 Gel 

Imaging System, and the band intensities were quantified using Fiji software. Pixel intensity 

was measured from boxes around the bands of interest. The ratios of protein of interest to 

housekeeping protein were calculated and plotted.

2.11. Statistical Analysis

All data are presented as the mean ± standard error of the mean or standard deviation, 

as indicated in the figure captions. One-way or two-way ANOVA with Tukey’s post-hoc 

analysis was conducted, as indicated in the text or figure captions. A p-value below 0.05 was 

regarded as statistically significant. Statistical significance was defined as *p < 0.05, **p < 

0.01.

3. Results and Discussion

3.1. Printability assessment of GelMA/Laponite composite hydrogels

In the extrusion-based bioprinting process, it is well-known that inner nozzle diameter, 

pressure, printing speed, temperature, and bioink composition are parameters that can 

control and influence the morphology of printed fibers [41–43]. As a first step in optimizing 

the bioprinting process, we set the nozzle gauge (30G), temperature (23 °C), and printing 

speed (5 mm/s). We changed the GelMA/Laponite hydrogel compositions with controlled 

printing pressure (50kPa to 80 kPa). Single-layer structures were printed on polystyrene 

Petri dishes and imaged under a light microscope to assess the effect of the hydrogel 

composition on printing fidelity (Fig. 2A). As shown in Fig. 2B, as the ratio of Laponite 

increased, the overall thickness and shape of the printed GelMA/Laponite fibers were 

constant. Next, we evaluated the printability of composite hydrogels at a percentage range 

of 0.0-3.5% of Laponite in two GelMA percentages (5, 10%) (Fig. 2C). In the composite 

hydrogel, when the GelMA percentage was low (5%), and the Laponite content was less 

than 2.0%, the viscosity was too low to maintain the geometry. On the other hand, when the 

percentage of GelMA was high (10%) and the percentage of Laponite exceeded 2.5%, the 

viscosity was too high for extrusion. Based on these results, we divided into low GelMA % 
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(5%) with high Laponite % (2.5-3.5%) group and high GelMA % (10%) with low Laponite 

% (1.0-2.0%) group. A total of 8 hydrogel conditions were subsequently tested with the 

GelMA-only groups (5%, 10%). The printing fidelity was evaluated by determining the 

diameter ratio of printed fiber (Dp) to the nozzle diameter (Dd) (i.e., fiber diameter ratio, Dr) 

(Fig. 2D). The control groups (GelMA 5% and 10%) were too liquid to form fibers during 

the printing process. Due to the relatively low viscosity and storage modulus, 5% GelMA 

composite hydrogels (G5Lx groups: G5L2.5, G5L3.0, G5L3.5) showed a larger diameter 

ratio (Dr) compared to the 10% GelMA composite hydrogels (G10Ly groups: G10L1.0, 

G10L1.5, G10L2.0).

3D structures were printed with different geometries using G10L1.5 composite hydrogel to 

qualitatively demonstrate the capability of printing multiple layers in various geometries. 

After the printing process, the 3D structures were UV light cross-linked (Fig. 2E) and 

stained with food dyes diluted in DPBS before being imaged (Fig. 2F). The composite 

hydrogel was able to maintain its structure after the printing process in a 2-layer grid 

model (green), an 8-layer tube model (blue), and a 3-layer honeycomb model (red). These 

results show that the GelMA composite hydrogel with Laponite is capable of multilayered 

bioprinting.

Laponite has the potential to have distinct beneficial effects on the printability of 

hydrogels in 3D bioprinting. Clay nanomaterials to which Laponite belongs have been 

reported to modulate and manipulate physical and chemical characteristics in polymeric 

systems, such as flow behavior, stiffness, swelling, and degradation [16]. For instance, 

compositing synthetic inorganic nanosilicates with bio or synthetic polymers generates 

complex electrostatic interactions between them and forms an internal organization within 

the solution [44, 45]. This process allows nanosilicates such as Laponite to increase 

shear-thinning and self-healing properties in polymer systems [46, 47]. These material 

characteristics of Laponite can have a positive effect on the 3D bioprinting field, as shown in 

our results.

3.2. Injectability and rheological evaluation of non-crosslinked GelMA/Laponite 
composite hydrogels

We analyzed the mechanical properties of GelMA/Laponite composite hydrogels before 

and after UV cross-link. First, a syringe loaded with an uncrosslinked composite hydrogel 

was set up, as shown in Fig. 3A, to measure the injection force. Generally, bioinks with 

improved injection forces are preferred due to their high viscosity and shape fidelity, which 

can improve 3D bioprinting outcomes [48]. The composite bioink group (G5L0, G5L2.5, 

G5L3.0, G5L3.5) containing 5% GelMA showed a low injection force with the 30G PTFE 

nozzle/3cc combination even at a high concentration of Laponite (3.5% w/v) according to 

the injectability evaluation. The maximum force required to inject the composite hydrogel 

G5L3.5 (GelMA 5%/Laponite 3.5%) through the syringe was observed to be about 6.7 

N (Fig. 3B). We also tested another set of composite hydrogels containing 10% GelMA 

and low concentrations of Laponite (G10L0, G10L1.0, G10L1.5, G10L2.0) (Fig. 3C). 

As expected, even at lower Laponite concentrations (1%, 1.5%, and 2%), the composite 

hydrogel containing 10% GelMA had a higher injection force (8.21, 15.62, and 20.11 
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N, respectively) compared to the G5L3.5 composite hydrogel. An increasing, plateaued 

injection force curve with no clogging or non-uniform changes was shown irrespective 

of the composition of the hydrogel, suggesting that all composite bioinks exhibited a 

homogeneous quality. On the other hand, GelMA 5% without Laponite (G5L0) showed 

an injection force curve with a plateau level lower than the initial injection force required 

to remove the syringe piston from inertia, which is commonly observed in low viscosity 

compositions.

We evaluated the shear-thinning properties of the GelMA/Laponite composite hydrogels to 

investigate whether the composite hydrogels exhibit improved rheological properties over 

GelMA hydrogels (Fig. 3D). The shear-thinning behavior is an essential feature in extrusion 

3D bioprinting, highlighting the self-assembly interactions between polymer and Laponite, 

that can be dynamically formed and destroyed [49, 50]. All composite hydrogels, except 

pure GelMA hydrogels (GelMA 5% and 10%), displayed progressively declining viscosity-

strain curves on logarithmic scales (Fig. 3E and 3F), indicating shear-thinning behavior. 

In addition, the composite hydrogels showed self-healing behavior under cyclic oscillatory 

conditions, recovering to their initial modulus after various cycles. These results showed that 

GelMA/Laponite composite hydrogels acquire the typical characteristics of shear-thinning 

hydrogels by adding Laponite hydrogel. The initial rheological properties of the bioink are 

improved with increasing concentrations of GelMA and Laponite. Remarkably, increasing 

the Laponite fraction over the GelMA fraction significantly affects shear strength, viscosity, 

and self-healing properties. These rheological characteristics of our composite hydrogels are 

known to be due to the ionic Laponite-Laponite interactions in addition to GelMA-Laponite 

non-covalent surface interactions [51].

Furthermore, the rheological changes were analyzed during UV cross-linking of GelMA/

Laponite composite hydrogel (Supplementary Fig. 1). All GelMA/Laponite composite 

hydrogels showed a cross-linking reaction plateau within 180-300 seconds. The difference in 

the cross-linking reaction time (reaction time: 10% > 5%) is due to the amount of GelMA 

in the composite hydrogel, while the Laponite effect on the cross-linking reaction time was 

not significant. The storage modulus (G′) of the fully cross-linked G5Lx and G10Ly groups 

was evaluated as a function of the angular frequency (ω) to investigate the effect of Laponite 

on the mechanical behavior in the non-destructive strain range of the cross-linked composite 

hydrogel (Supplementary Fig. 1Bii and Cii). Laponite at a 2.5–3.5% concentration in the 

G5Lx group showed a storage modulus increase of at least 10 times. In the G10Ly group, 

Laponite at a 1.0–2.0% concentration showed a storage modulus increase of less than 10 

times. This difference in storage modulus according to the concentration range of Laponite 

may be due to the unique phase characteristics of Laponite. Previous studies of the phase 

diagrams of Laponite have shown that up to a concentration of 2% (w/w), Laponite forms 

an isotropic liquid that is completely exfoliated but does not interact with each other [19, 

44, 52–55]. However, at 2–3% (w/w) concentrations, Laponite forms isotropic gels with 

Laponite partially interacting with each other in a “house of cards” assembly. When the 

Laponite concentration exceeds 3% (w/w), Laponite becomes liquid crystals characterized 

by tightly packed “house of cards” assemblies with negligible Laponite movement [19, 53, 

55]. Based on these previously reported studies, our results may indicate a dramatic storage 
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modulus increase in the G5Lx group with a Laponite ratio greater than 2% than in the 

G10Ly group with a Laponite ratio less than 2% in GelMA/Laponite composite hydrogel.

In biodegradability tests, the composite hydrogel of the G5Lx group containing 2.5% or 

more of Laponite did not degrade for more than 5 days, and the structure was maintained 

(Supplementary Fig. 2A). However, the G10Ly group containing less than 2% Laponite 

showed steady degradation for 5 days (Supplementary Fig. 2B). Interestingly, the GelMA 

alone group (G5L0, G10L0) was degraded within 1 day. In contrast, the in vitro degradation 

rate decreased as the concentration increased in the 1.0–2.5% Laponite range. These results 

show that the in vitro degradation of GelMA/Laponite hydrogels depends on Laponite rather 

than GelMA.

Furthermore, in microstructure analyses evaluated through scanning electron microscopy 

(SEM) (Supplementary Fig. 2C), the G5Lx groups showed an increased porous network than 

the G10Ly groups. The porous structure of the G5Lx group was amorphous and had various 

sizes. In contrast, the porous structure of the G10Ly group showed a more homogenous 

porous structure. However, the change in the porous structure according to the increase 

of the Laponite content was not significant. This result indicates that the porosity change 

of the composite hydrogel is due to gelatin-based polymer rather than Laponite, similar 

to the previous study [23]. In the previous study from our group, the porous network 

of shear-thinning hydrogels composed of Laponite and gelatin was mainly affected by 

gelatin rather than Laponite. It is also consistent with the results of another research group 

that the addition of Laponite did not significantly affect the porous structure [56]. Our 

mechanical testing results suggest that GelMA in GelMA/Laponite composite hydrogel 

affects microtissue stiffness and porous microstructure. On the other hand, adding Laponite 

is expected to cause shear thinning properties based on improved storage modulus required 

for 3D printing and delayed biodegradation.

3.3. In vitro biocompatibility assessment of cell-laden GelMA/Laponite composite bioinks

To develop a co-culture of cancer cells and stromal cells as an organotypic tumor model, 

we 3D bioprinted a pancreatic tumor model using GelMA/Laponite composite hydrogels 

containing both tumor cells and stromal cells. First, we analyzed whether cells encapsulated 

in GelMA/Laponite composite hydrogel of various compositions (G5Lx, G10Ly) exhibit 

adequate cell viability after 3D bioprinting. The viability of MIA PaCa-2 cells encapsulated 

in 3D bioprinted scaffolds was investigated by measuring Live/Dead cell staining (direct 

viability) and metabolic activity (indirect mitochondria activity) after culture for up to 7 and 

10 days, respectively (Fig. 4).

The in vitro 3D reconstruction images confirmed differences in cell proliferation between 

the composite hydrogel groups. However, viable cells were observed in all groups (green 

labeling) (Fig. 4A and B). The G5Lx groups with high Laponite contents (G5L2.5, G5L3.0, 

G5L3.5) had relatively fewer viable cells than the G10Ly groups with low Laponite contents 

(G10L1.0, G10L1.5, G10L2.0). Notably, cells in the G10Ly group continued proliferating 

within the 3D bioprinted structures for up to 7 days to form cell aggregates (Supplementary 

Fig. 3A). In contrast, the G5Lx group had fewer cells, and it was distributed in a scattered 

and discrete pattern. Proliferation results in Supplementary Fig. 3 support observations 
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from Live/Dead cell staining. Because the electrostatic interaction of the Laponite-based 

hydrogel is capable of binding with ethidium homodimer-1 (red), the composite hydrogels 

were locally stained red (without nuclei morphology), which is consistent with published 

literature [57]. In particular, this trend was more pronounced as the concentration of 

Laponite in the gel increased, making it challenging to detect dead cells.

For quantitative analysis of cell viability (Fig. 4C–D) and proliferation (Supplementary Fig. 

3), the experimental groups were cultured for 10 days. Mitochondrial activity was analyzed 

by PrestoBlue assay. As observed in the live/dead assay, the G5Lx group containing 2.5% or 

more of Laponite showed lower cell viability (less than 45% cell viability of control) than 

the G10Ly group containing 2% or less of Laponite (over 75% cell viability of control). 

In particular, there was no significant difference in cell viability between the G5L0 and 

G10L0 groups that did not contain Laponite (specific values at day 7: 285.74±48.07 G5L0; 

242.24±13.71 G10L0). Hence, an increase in the amount of GelMA within the 5–10% range 

did not significantly affect cell viability. However, in Laponite above 2.5%, a decrease in cell 

viability was observed as the amount of Laponite increased.

Compared to previously reported findings, the concentration at which Laponite can affect 

cell growth may vary depending on the cell type. A previous study showed that NIH/3T3 

fibroblasts cultured in the presence of 4.5% Laponite maintained cell viability for up to 

14 days [23]. Another study reported that cell proliferation was not inhibited when human 

mesenchymal stem cells (MSCs) were encapsulated in 2% Laponite and cultured for 24 

hours [58]. In addition, it has been reported that a 6% Laponite-based bioink can be used 

to 3D bioprint a mouse progenitor osteoblast line and maintain adequate viability for up 

to 7 days [49]. In these reports, Laponite hydrogels maintained cell viability at higher 

concentrations of Laponite in mesenchymal-originated cells than those tested with epithelial 

cells. In particular, due to their affinity for mesenchymal cells, Laponite-based scaffolds 

have been mainly proposed for use as bioinks for bone tissue engineering [31, 49, 59]. 

In our results, when encapsulating human pancreatic cancer cells using GelMA/Laponite 

composite hydrogel, biocompatibility could be maintained in the Laponite concentration 

range of less than 2% w/w, so the subsequent study was conducted using only the G10Ly 

groups.

3.4. In vitro cell morphology assessment of cell-laden GelMA/Laponite composite bioinks

Our fluorescence live/dead images showed that when Laponite was added to the G10Ly 

group, cell aggregation was observed depending on the proportion of Laponite (Fig. 4A). 

Purwada et al. reported similar observations when Laponite-based hydrogels were used to 

engineer ex vivo B cell follicles [60]. The authors demonstrate that Laponite can confer 

structural and signaling cues comparable to the lymphocyte microenvironment, facilitating 

a germinal center-like response. Based on this biological cue of Laponite, we analyzed 

the effects of GelMA/Laponite composites on cell fate, morphology, proliferation, and 

aggregation in a 3D bioprinted tumor model.

To better understand the effect of Laponite concentration on pancreatic cancer cells, MIA 

PaCa-2 cells at a density of 2 × 106 cells/mL were encapsulated in GelMA/Laponite 

composite hydrogels (G10Ly groups). 3D bioprinted microtumors were cultured for up to 
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14 days and stained with Lamin A/C antibody (nuclei, cyan) and Phalloidin (cytoskeleton, 

yellow) (Fig. 4E). Fluorescence image analysis showed that in the case of G10L0, pancreatic 

cancer cells tended to migrate towards the surface of the microtumor. In contrast, for 

G10L1.0 and G10L1.5, pancreatic cancer cells tend to form cell aggregates/spheroids 

(microaggregates) within the microtumor. However, when the Laponite concentration was 

further increased to 2% (G10L2.0), the cell aggregates became distinct (macroaggregate) 

and more widely distributed to fill the microtumors.

3.5. High-throughput fabrication of 3D bioprinted pancreatic cancer model using GelMA/
Laponite composite bioink

In pancreatic cancer, 80% of the total volume of the tumor is derived from the stromal 

tissue (desmoplastic feature), and fibroblasts and CAFs play an important role in this 

unique microenvironment [34, 61]. CAFs support tumor progression and phenotypic 

transitions through paracrine signaling by secreted growth factors and interleukins [62–64]. 

In particular, CAFs and tumor cell interactions significantly impact overall tumor prognosis. 

For example, in an anticancer immunotherapeutic study, it has been reported that culturing 

3D spheroids composed of pancreatic cancer cells and fibroblasts with monocytes promotes 

M2 phenotypic differentiation of monocytes and affects therapeutic efficacy [65]. In another 

study, CAF-activated pancreatic cancer cells increased cancer invasion by remodeling the 

metabolic conversion mechanisms, including the matrix metalloproteinase (MMP) pathways 

[66]. Therefore, it is essential to consider the influence of cellular and stromal factors, 

including fibroblasts, when developing an in vitro 3D tumor model that reflects cancer 

biology.

To meet these biological considerations, we co-encapsulated pancreatic cancer cells (MIA 

PaCa-2) and fibroblasts (C3H10T1/2) into the G10Ly composite hydrogels to fabricate 

3D bioprinted organotypic microtumor models. Here, the bioprinter was utilized for high 

reproducibility and high-throughput fabrication of pancreatic cancer models.

This approach of high-throughput bioprinting of GelMA/Laponite composite hydrogel 

droplets encapsulating pancreatic cancer cells in co-culture with fibroblasts allowed us 

to minimize the complexity of the model and ensure volume and cell density in a high-

precision manner. By bioprinting droplets, we were able to achieve several advantages 

that are crucial for our research goals. Firstly, this approach allowed us to minimize 

the complexity of the model, ensuring a more streamlined and efficient process. It 

enabled us to focus primarily on the biological aspects and interactions within the tumor 

microenvironment, which is essential for understanding PDAC progression and developing 

potential treatments.

Furthermore, by bioprinting droplets, we could precisely control the volume and cell density 

within each droplet. This high-precision deposition ensured consistent and reproducible 

experimental conditions, enabling us to study PDAC cell-fibroblast interactions and 

hydrogel composition affecting tumor behavior and activation of fibroblasts into CAFs in 

a controlled manner. The ability to manipulate these parameters is crucial for understanding 

the behavior of PDAC cells and their responses to various stimuli. Additionally, the 

high-throughput nature of droplet bioprinting allowed us to generate a large number of 
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PDAC tumor models in a relatively short time. This scalability is particularly important for 

screening potential therapeutic agents or testing different experimental conditions, ultimately 

contributing to accelerating research progress in the field.

For that, pancreatic cancer cells and fibroblasts were mixed in G10Ly bioinks in a 1:1 ratio 

and then 3D bioprinted in a 48-well plate (Fig. 5A, B). First, the total cellular viability 

and proliferation of the 3D microtumor were analyzed through Live/Dead viability assays 

(Fig. 5C) and PrestoBlue metabolic activity assay (Fig. 5D). Similar to the 3D microtumor 

results using only MIA PaCa-2 cells (Fig. 4C), the co-culture 3D microtumor samples did 

not show significant cytotoxicity at Laponite content below 2% (Supplementary Fig. 4). 

In z-stack image analysis, cells were highly packed into a 3D microtissue with a green 

fluorescence signal (live cell). For quantitative viability and proliferation analysis, the cell 

metabolic activity of the Laponite-containing G10Ly groups (G10L1.0, G10L1.5, G10L2.0) 

was analyzed and compared to the GelMA alone group (G10L0) at each time point (Fig. 

5D). The observed cell viability represents the sum of the mitochondrial activities of all cells 

(tumor cells, fibroblasts) that make up the 3D microtumor. In our results, the cell viability 

difference was insignificant in all groups except for the G10L1.5 group. Interestingly, the 

G10L1.5 group showed a significant increase in cell viability and proliferation compared to 

the G10L0 group.

Next, we analyzed the cell distribution over time (up to 7 days) in the 3D bioprinted 

structure of each cell component (tumor cell, fibroblast) constituting the 3D microtumor 

(Fig. 5E). To this end, we labeled tumor cells and fibroblasts using green and red 

fluorescence live cell trackers, respectively. Interestingly, the presence of Laponite was 

observed to influence cellular aggregation. In the GelMA alone group, tumor cells and 

fibroblasts were relatively evenly distributed throughout the 3D bioprinted structures from 

Day 1 to Day 7. On the other hand, in the G10Ly group containing Laponite, fibroblast 

aggregates were observed from Day 1 and increased throughout the experiment period. As 

the amount of Laponite increased (1.0, 1.5, and 2.0%), the number and size of cellular 

aggregation islands increased. In particular, tumor cells were mixed with fibroblasts to show 

overlapping fluorescence signals rather than forming a cell aggregate composed of only 

cancer cells. The fluorescence overlap (co-localization) and interactions between tumor cells 

and fibroblasts are prominent in the G10L1.5 group. The G10L2.0 group is observed to 

constitute larger cellular aggregates composed mainly of fibroblasts encapsulating the cancer 

cells.

Our results suggest that the amount and presence of Laponite in GelMA/Laponite bioinks 

may influence the cellular behavior of tumor cells/fibroblasts in the co-culture 3D 

microtumors. According to previous studies, 2D synthetic silicate nanoparticles such as 

Laponite can directly attach to the cell surface, be absorbed into the cytoplasm, and interact 

with cells [67, 68]. In this respect, our results suggest that Laponite, as one of the main 

components of bioink, may not simply improve mechanical properties but have biologically 

active properties, which may have influenced the tumor cell/fibroblast interaction. In order 

to elucidate the bioactive properties of Laponite in more detail, we performed additional 

gene and protein expression analysis by culturing co-culture 3D bioprinted pancreatic 

tumors using GelMA/Laponite composite hydrogels of various compositions.
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3.6. Gene and protein expression analysis of 3D bioprinting pancreatic tumor-stroma 
organotypic microtumors

Growth factors such as VEGF, PDGF-β receptor, and IGF1 have been shown to affect 

cancer cell survival, progression, and chemoresistance in various types of cancer, including 

pancreatic cancer [69, 70]. In particular, VEGF acts as a mitogen for endothelial cells. Its 

overexpression in pancreatic cancer is associated with angiogenesis, increased tumor size, 

and reduced patient survival [69, 71]. As mentioned earlier, PDAC is often characterized 

by significant fibrosis and dysregulated TGF-β signaling [72, 73]. Additionally, vimentin, 

a mesenchymal cell marker, has been reported to help diagnose circulating tumor cells 

in pancreatic cancer [74]. In one clinical study, the proliferating cell nuclear antigen 

(PCNA) was expressed less than 5% of cases of chronic pancreatitis. At the same time, 

adenocarcinoma showed significant upregulation (53%) [75].

To what concern genes related to the activation of fibroblast into CAFs, the gene set 

for CAF signature was composed of COL1A1, COL1A2 [76], VEGF, TGFβ1 [77, 78], 

fibronectin [79, 80], IGF1 [81–83], and VIM [84, 85]. In addition to these genes, CAFs 

also gain further secretory phenotypes and extracellular matrix production/remodeling [84]. 

COL1A1 and COL1A2 are recognized to compose CAF transcriptional signatures and are 

associated with EMT signatures in TME [76]. CAFs can also produce many growth factors 

and proinflammatory cytokines. Notably, TGFβ1 and VEGF promote tumor progression, 

chronic tumor fibrosis, and angiogenesis [77, 78]. Fibronectin from CAFs mediates CAF-

cancer cell association and directional migration [79, 80]. CAFs produce an ECM rich in 

fibronectin with anisotropic fiber orientation, guiding cancer cells to migrate directionally. 

IGF1 secreted by CAFs can stimulate the motility of PDAC cells [81]. In addition, paracrine 

interaction between CAFs and cancer cells through IGF1 can promote EMT and induce 

resistance to chemotherapy [82, 83]. VIM expression in CAFs from PDAC patients is 

associated with significantly shorter overall survival [84]. VIM expression in CAFs is related 

to tumorigenesis, metastasis, recurrence, drug resistance, and poor prognosis in patients with 

several other cancers [85].

Considering the genetic expression characteristics of pancreatic cancer, the mRNA 

expression changes in cancer cells and fibroblasts according to the change in the Laponite 

ratio of GelMA/Laponite composite hydrogels were analyzed through real-time PCR 

technique. A Laponite-free G10L0 bioink was used as a control. To evaluate the effects of 

Laponite on tumor cells and fibroblasts, respectively, we designed human primers to analyze 

the mRNA expression levels of tumor cells in microtumors and designed mouse primers 

to analyze the fibroblast-related mRNA expression levels. Studies of tumor/fibroblast 

interactions using cells of different species have been reported, particularly experiments 

using human tumor cells and mouse fibroblasts [86–88]. Although species-specific primers 

that detect each mouse and human gene have been designed separately, it is worth 

noting that gene homology within mammals can influence the level of expression of each 

phenotype.

As shown in Fig. 6, the change in the ratio of Laponite causes a significant difference in 

the mRNA expression level of both the tumor-related gene and the fibroblast-related gene. 

First, the expression levels of growth factors, tissue remodeling, mesenchymal phenotype, 
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stemness, proliferation, and cell cycle-related genes were evaluated with tumor-related genes 

in a 3D bioprinted microtumor (Fig 6A). As the overall ratio of Laponite increased, 

tumor growth factors (VEGF) and remodeling-related genes (SNAI1, TGFb1, MMP2) 

were upregulated. In contrast, proliferation and cell cycle-related gene expressions (Ki67, 
CDK2, CDK4, CDK6, PCNA) were down-regulated. It was also observed that the stemness 

(OCT4, Nanog) and mesenchymal phenotype-related genes (VIM, FBN) were specifically 

upregulated when the ratio of Laponite was 1.5% (G10L1.5). In the quantitative analysis of 

individual genes, VEGF expression increased significantly with Laponite ratio (vs. G10L1.0; 

~10-fold, vs. G10L1.5 and G10L2.0; ~20-fold). PDGFBR1 mRNA expression peaked at 

1.5% (G10L1.5) of Laponite and decreased at 2.0% (G10L2.0) (Fig 6B). On the other hand, 

VIM and PCNA mRNA expression levels were significantly downregulated in G10L1.0 and 

G10L2.0 compared to G10L0. Interestingly, G10L1.5 showed comparatively higher VIM 
and PCNA mRNA expressions.

As for fibroblast-related genes, in addition to gene expressions related to growth factors, 

tissue remodeling, ECM molecules, and mesenchymal phenotype, the expression of genes 

associated with the activation of fibroblasts into CAFs was also evaluated in a 3D 

bioprinted microtumor composed of G10Ly composite hydrogel (Fig 6C). Interestingly, 

adding Laponite resulted in an overall upregulation of the diverse gene pools associated 

with fibroblasts. Especially mRNA expression levels of growth factors (VEGF, IGF1, 
FGF2, PDGFα), tissue remodeling (TGFβR1, TGFβR2, MMP1a, TIMP1), and ECM 

molecule-related genes (COL1A1, COL1A2, LAMB1, LAMC1, Fibronectin, NES) were 

upregulated with an increasing ratio of Laponite (0 to 2.0%) in 3D microtumors. However, 

interestingly, VIM, which is a representative mesenchymal phenotype, and specific ECM-

related molecules (TnC, PCOLCE2, BGN) showed upregulation peaks at 1.5% of Laponite 

(G10L1.5) in the 3D microtumor. In quantitative analysis, similar to the expression pattern 

of tumor-related genes, the amount of VEGF expression, known to be highly expressed in 

CAFs and promote tumor progression, chronic tumor fibrosis, and angiogenesis [77, 78], 

significantly increased with increasing Laponite ratio (vs. G10L1.0 ~30-fold; vs. G10L1.5 

~50-fold; vs. G10L2.0 ~60-fold) (Fig 6D). TGFβ1, expressed in CAFs, which is involved 

in tissue remodeling and fibrosis, and IGF1, which stimulates the motility of PDAC cells 

[81] and promotes EMT, and induces resistance to chemotherapy [82, 83], also showed 

remarkable upregulation at 1.5% or more of Laponite (TGFβ1 >40-fold; IGF1 >10-fold). 

Interestingly, the G10L1.5 group showed higher VIM expression than other G10Ly groups, 

similar to the tumor-associated gene expression pattern observed in Fig. 6B.

Finally, immunoblot analysis was performed to evaluate the biological changes of protein 

levels according to the % change of Laponite in 3D microtumors composed of GelMA and 

Laponite hydrogel (Fig. 6E). As the percentage of Laponite in the microtumor structure 

increased, the expression levels of VEGF and IGF1 proteins increased compared to the 

GelMA-only group. In contrast, in the GelMA-only group, the expression levels of VIM 

and TGFβ1 proteins were not down-regulated, as was observed in the gene results. The 

group with 1% Laponite (G10L1.0) showed significantly lower VIM and TGFβ1 protein 

expression levels. In contrast, the 1.5% (G10L1.5) and 2.0% (G10L2.0) Laponite groups 

showed similar levels of VIM expression to the GelMA-only group. Gene and protein 

expression results suggest that when fabricating a 3D microtumor construct using GelMA-
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based bioink, adding Laponite can exhibit biological effects on cancer and fibroblasts. In 

addition, the increased expression of genes related to CAFs suggests the possibility of 

utilizing GelMA/Laponite composite hydrogels for modeling and studying the activation of 

fibroblasts into CAFs in PDAC. Although GelMA/Laponite composite hydrogels evaluated 

in this study showed promising results in studying PDAC organoids generated from the 

co-culture of tumor cells and fibroblasts and the activation of fibroblasts into CAFs in in 
vitro environments, in vivo studies are necessary to verify the engraftment and the ability of 

this model to mimic the PDAC heterogeneity.

GelMA-based hydrogels are excellent choices for modeling and studying PDAC. Increasing 

stiffness is known to alter cellular behavior and trigger internal signaling pathways. 

Furthermore, desmoplastic tumors are associated with a poor prognosis, including PDAC. 

Due to its porous, adjustable mechanical properties and excellent in vitro and in 
vivo biocompatibility, GelMA-based hydrogels have been extensively explored to model 

desmoplastic tumors such as PDAC.

In a recent work by our group, hybrid methacrylate hyaluronic acid/GelMA (HAMA/

GelMA) hydrogels were evaluated regarding their ability to model desmoplastic PDAC [89]. 

In the study, spheroids composed of co-culture of PDAC cells and fibroblasts were cultured 

within HAMA/GelMA hydrogels mimicking different levels of tissue stiffness, from healthy 

pancreas tissue to hyper desmoplastic PDAC. The stiffness of the hydrogels was adjusted 

by varying crosslinking time for HAMA/GelMA hydrogels composed of 1% HAMA and 

10% GelMA. The results showed that higher expression levels of markers associated with 

proliferation, EMT, mechanotransduction, and progression are observed for cancer-fibroblast 

spheroids cultured in hyper desmoplastic matrix-mimicking hydrogels. In contrast, the same 

trend was only observed when spheroids were cultured in desmoplastic matrix-mimicking 

hydrogels with TGFβ1 supplementation.

In another study by Zhang et al., GelMA hydrogels prepared with varying methacrylation 

degrees and prepolymer concentrations were utilized to tune hydrogels’ porosity and 

stiffness [90]. These hydrogels with tunable properties were used to study stiffness-

dependent PDAC progression and tumor immunosuppression. Their assessments in in 
vitro and in vivo models suggested the GelMA hydrogel with high stiffness affects cell 

morphology, cytoskeleton remodeling, and malignant biological behaviors in PDAC.

Laponite has been known to have osteogenic bioactive properties in human MSCs 

or preosteoblasts [30, 31, 91]. Among these studies, whole transcriptome-level RNA-

sequencing analysis of human MSCs treated with Laponite showed that Laponite could 

regulate thousands of human genes [91]. The authors note that Laponite has implicated 

several biological processes, including protein targeting to membranes, responses to growth 

factors, morphogenesis of cell differentiation, positive regulation of mitogen-activated 

protein kinase (MAPK) cascade, cWnt signaling pathway, and TGFβ receptor signaling. 

Considering these previous studies with our results, we can suggest that Laponite has 

bioactive properties that can enhance fibrotic/ECM-related gene expression in a pancreatic 

cancer model characterized by fibroblast aggregation and CAF-cancer cell association. In 

our results, we confirmed that Laponite could influence the genes involved in growth factor, 
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mesenchymal cell phenotype, ECM formation, and CAFs phenotypes among the genes of 

fibroblasts. These results may explain the effect of Laponite on its bioactive properties 

on tumor cells/fibroblasts, which has been questioned in cell distribution studies in 3D 

microtumors (Fig 5E). That is, as the concentration of Laponite increases, aggregation of 

fibroblasts and CAF-cancer cell association in 3D bioprinted microtumors may be prominent 

due to the upregulation of TGFβ, IGF1, and MMP, and ECM-related genes caused by 

Laponite. In addition, although both epithelial and mesenchymal cells can be affected up 

to G10L1.5, which is not saturated with an electrostatic charge, the pattern of inducing the 

mesenchymal phenotype can become more pronounced when the Laponite content is further 

increased.

4. Conclusion

In this study, we developed a nanoengineered ion-covalent cross-linkable bioink to construct 

3D bioprinted organotypic tumor models. In particular, Laponite, which has been used 

to compose shear-thinning materials in tissue engineering, was introduced into GelMA to 

produce a nanoengineered ionic-covalently cross-linkable bioink that exhibits a unique ionic 

charge to improve retention of biological factors released by the encapsulated cells and 

assist in paracrine signals. In our results, composite hydrogels with low Laponite:GelMA 

ratios (G10L1.0, G10L1.5, and G10L2.0) exhibited high biocompatibility and improved 

rheological and mechanical properties for 3D bioprinting. In particular, GelMA/Laponite 

hydrogel efficiently promotes the proliferation of MIA PaCa-2 cells and fibroblasts, 

providing an excellent microenvironment that promotes Laponite concentration-dependent 

cell migration for self-assembly into cancer matrix aggregates. Furthermore, changes in the 

Laponite ratio have been shown to cause significant changes in mRNA expression levels of 

both tumor-associated and fibroblast-associated genes. GelMA/Laponite composite bioink 

caused tissue remodeling of cancer cells and upregulation of genes that could promote 

desmoplastic fibroblast phenotype and ECM accumulation in the 3D bioprinted microtumor. 

Taken together, GelMA/Laponite composite hydrogel has mechanical properties suitable 

for 3D bioprinting and improves tumor cell/mesenchymal stromal cell interaction for 

cell survival, proliferation, and cancer-stromal aggregation. These GelMA/Laponite bioink 

compositions are not limited to the pancreatic cancer cell lines we studied here. However, 

further biological underlying mechanism evaluation studies based on more detailed cancer 

biology may be required depending on the source of the forming tumor cell line. These 

studies are expected to serve as a basis for 3D cancer modeling potential of Laponite-based 

hydrogels.
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Figure 1. Schematic illustration of the fabrication of nanoengineered composite bioink.
GelMA/Laponite hydrogels combine physical and covalent photo-crosslinking from GelMA 

and ionic reinforcement from Laponite. It creates a shear-thinning bioink that is highly 

printable, cell-friendly, and stable after covalent photo-crosslinking. Laponite provides ionic 

interactions to create a reinforced network, allowing GelMA to behave as a shear-thinning 

bioink with self-healing properties. In addition, after photo-crosslinking of the GelMA 

component, Laponite reinforcement synergistically enhances mechanical strength. Scale bar: 

2 mm.
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Figure 2. Printability characterization of the GelMA/Laponite composite hydrogels.
A) Schematic representation of 3D printing process and a digital image of a 3D printed 

grid structure. B) bright-field microscopy (BF) images of printed fibers from different 

GelMA/Laponite composite hydrogels (Scale bar: 1 mm). C) Representation of printable 

and non-printable compositions. D) Fiber diameter ratio (Dr) of GelMA/Laponite composite 

hydrogels extruded through a 30G PTFE nozzle. Data are means ± SD (n = 10). E) 

Schematic representation of the shear-thinning GelMA/Laponite composite hydrogel before 

and after photo-crosslinking. F) Representative digital images of 3D printed multiple layers 

with different geometries (Scale bar: 2 mm).
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Figure 3. Injection force and rheological characterization.
A) Schematic of injection force measurement setup. B, C) Injection force profile (left) and 

mean injection force (right) from various GelMA/Laponite hydrogels with a 30G PTFE 

nozzle/3cc syringe combination (*p < 0.05, **p < 0.01). D) Schematic illustration of 

rheological evaluation. E, F) Assessment of rheological parameters including shear stress 

(left), viscosity (mid), and storage modulus (G′) (right) from various GelMA/Laponite 

hydrogels.
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Figure 4. In vitro biocompatibility of cell-laden GelMA/Laponite composite hydrogels and 
morphological studies on the encapsulated pancreatic carcinoma cell line.
A-B) Live/Dead fluorescence images from MIA PaCa-2 cells encapsulated in GelMA/

Laponite composite hydrogels followed by culturing for 10 days. C-D) Quantitative analysis 

of cell viability using Prestoblue assay (5% and 10% GelMA without Laponite) (*p < 0.05, 

**p < 0.01) Data are means ± SD (n = 3). E) Characterization of the spatial organization 

of MIA PaCa-2 cells encapsulated within the 10% GelMA/Laponite composite hydrogels. 

PFA-fixed in vitro tissues were stained with Alexa Fluor® 647 Phalloidin to visualize F-actin 

(yellow) and Anti-Lamin A/C antibody to visualize nuclei (cyan).
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Figure 5. Co-culture in vitro biocompatibility and morphological studies on the encapsulated 
cancer/fibroblast cell lines.
A-B) Schematic representation of 3D bioprinting pancreatic cancer organotypic 

microtumors employing GelMA/Laponite composite hydrogels. C) Representative image of 

Live/dead assay. D) Quantitative analysis of cell viability using PrestoBlue assay (*p < 0.05, 

**p < 0.01). E) Pancreatic carcinoma cells (MIA PaCa-2) and fibroblasts (C3H10T1/2) were 

labeled with Live CellTrackers (cancer: green; fibroblast: red), encapsulated in GelMA/

Laponite composite hydrogels, and cultured for up to 7 days for evaluating their morphology 

through confocal images (Scale bar: 100 μm). Data are means ± SD (n = 3).
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Figure 6. 
Gene and protein expression analysis of pancreatic cancer cells (MIA PaCa-2) and 

embryonic fibroblasts (C3H10T1/2) co-cultured in different GelMA/Laponite composite 

hydrogels for 3 days. (A) Heatmap analysis of tumoral genes, including growth factor, 

tissue remodeling, mesenchymal phenotype, stemness, proliferation & cell cycle-related 

genes. (B) Quantitative analysis of gene expressions. Results are expressed as the mean 

SD of three replicates of experiments. (n > 3, *p < 0.05, **p < 0.01). (C) Heatmap 

analysis of mouse fibroblast-related genes, including growth factor, tissue remodeling, ECM, 
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and mesenchymal phenotype-related genes. (D) Quantitative analysis of gene expressions. 

Results are expressed as mean ± SD of three replicates of experiments. (n > 3, *p < 0.05, 

**p < 0.01). (E) Western blotting was used to analyze protein expression levels at different 

compositions of GelMA/Laponite hydrogels. Quantitative analysis was expressed as mean ± 

SD. (n > 3, *p < 0.05, **p < 0.01).
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