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Abstract 

Extrusion-based 3D bioprinting is a direct deposition approach used to create 3 dimensional (3D) 

tissue scaffolds typically comprising hydrogels. Hydrogels are hydrated polymer networks that are 

chemically or physically crosslinked. Often, 3D bioprinting is performed in air, despite the 

hydrated nature of hydrogels and the potential advantage of using a liquid phase to provide 

crosslinking and otherwise functionalize the hydrogel. In this work, we print gelatin alginate 

hydrogels directly into a crosslinking solution of calcium chloride and investigate the influence of 

nozzle diameter, distance between nozzle and surface, calcium chloride concentration, and 

extrusion rate on the dimensions of the printed hydrogel. The hydrogel layer height was generally 

found to increase with increasing extrusion rate and nozzle distance, according to the increased 

volume extruded and the available space, respectively. In addition, the hydrogel width was 
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generally found to increase with decreasing nozzle distance and crosslinking concentration 

corresponding to confinement-induced spreading and low crosslinking regimes, respectively. 

Width/height ratios of ~ 1 were generally achieved when the nozzle diameter and distance were 

comparable above a certain crosslinking concentration. Using these relationships, biocompatible 

3D multilayer structures were successfully printed directly into calcium chloride crosslinking 

solution. 
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1. Introduction 

Additive manufacturing by extrusion-based 3 dimensional (3D) bioprinting enables the direct 

deposition of biomaterials for the fabrication of 3D scaffolds [1–3]. The potential applications of 

3D bioprinting span from regenerative medicine to tissue engineering [4–6]. Ideally, 3D 

bioprinting will enable the creation of biocompatible 3D scaffolds with tailored physical, chemical, 

and biological functionality [7]. Such scaffolds should be made of generally soft biopolymer 

hydrogels prepared with a stiffness suitable for the cell line to be investigated [3,8]. Notably, 

extrusion-based 3D bioprinting is typically performed in air, which places limits on the types of 

materials that can be printed [3,7,9–13]. The dimensions of a printed hydrogel and the print 

resolution, defined as the width and height of a single line, depend strongly on the hydrogel used 

and on the printing parameters nozzle diameter, distance between nozzle and surface (i.e., nozzle 

distance), and extrusion rate [14–17], as annotated in Figure 1. As hydrogels are hydrated 3D 
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polymer networks that are crosslinked by chemical or physical interactions, it is important to 

crosslink bioprinted hydrogels to maintain their structure and keep bioprinted hydrogels in a liquid 

environment so as to avoid the detrimental effects of dehydration [18–20]. Several strategies have 

been employed to ionically crosslink extruded hydrogels, including crosslinking a structure post 

printing [21], lowering the print into crosslinking solution during printing [22], 

coaxial/microfluidic print head designs to crosslink during extrusion [23,24], crosslinking during 

printing using an aerosol system [25], pre-crosslinking the hydrogel prior to extrusion [26], among 

others [27]. In another strategy, first reported in 2000 as 3D plotting or 3D bioplotting, extrusion 

of materials (e.g., moisture curable silicone resin, alginate, agar, agarose, and gelatin) is performed 

directly in crosslinking solution (Figure 1) on a submerged, often roughened, print surface [28–

31]. Printing in non-reactive support solutions and gels has also been demonstrated [32–34]. While 

examples of printing alginate-based hydrogels directly into crosslinking exist [29,35–39] and 

scaffolds printed in crosslinking solution were reported to improve printing outcomes [39] and cell 

viability [36] compared to printing in air, experiments have typically been performed using only 

one nozzle diameter and one crosslinking solution [29,35–37,39]. Furthermore, typically the 

width, but not the layer height, of the printed hydrogels is reported, the influence of extrusion rate 

is not investigated, and the nozzle distance is not mentioned or kept constant. Compared to printing 

in air, printing into a crosslinking solution brings additional challenges, such as swelling, and 

understanding the influence of printing parameters on print dimensions and resolution becomes 

crucial for the fabrication of 3D scaffolds. For example, the choice of nozzle distance for the 

second layer requires knowledge of the first layer height. In this work, we print biocompatible 

[40,41] and biodegradable [42,43] gelatin alginate hydrogels directly into a crosslinking solution 

of calcium chloride (CaCl2). By investigating the influence of nozzle diameter, nozzle distance, 
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CaCl2 concentration, and extrusion rate on the dimensions of the printed hydrogel, a parameter 

space for printing multilayer structures was identified and successfully demonstrated. This work 

provides a strategy for testing hydrogels for liquid-phase 3D bioprinting, which may expand the 

types of hydrogels that can be used in extrusion-based 3D bioprinting, and allow the fabrication 

of 3D scaffolds that provide an environment similar to the in vivo extra cellular matrix for tissue 

engineering and drug toxicity applications. 

 

 
 

Figure 1. (A) Schematic of a syringe extruding gelatin alginate hydrogel onto a support in liquid; 

nozzle diameter is the inner diameter of the nozzle and nozzle distance is the separation between 

the end of the nozzle and the print surface. 
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2. Materials and methods 

2.1. Gelatin alginate 

To prepare gelatin alginate hydrogels, gelatin (0.06 g/ml type B, Sigma-Aldrich) and sodium 

alginate (0.05 g/ml type P1, Sigma-Aldrich) powders were mixed using a magnetic stirrer at 200 

rpm in deionized water at 65 ˚C for 10 minutes. Typically, 3 g of gelatin and 2.5 g of alginate were 

added to 50 ml of deionized water and 0.01 g of orange food dye (U8-OSL0-PS8Q, Preema) was 

added during mixing to better visualize the nominally transparent printed structures. The heated 

hydrogel was loaded into a 20 ml sterile syringe with Luer lock tip (BDAM302237, VWR) prior 

to printing.  

 

2.2. Crosslinking solution 

Calcium chloride (CaCl2) powder (MFCD00149613, Fisher Scientific) was dissolved in deionized 

water to prepare crosslinking solutions with concentrations of 20–160 mM.  

 

2.3. 3D bioprinting 

An Ultimaker Original 3D printer was modified to enable syringe-based extrusion, as shown in 

Figure 2. The syringe holder consisted of polylactic acid parts 3D printed on an Ultimaker 3. The 

parts were used (1, 2) to hold the stepper motor (SM42HT38-1684AL, Smart Automation Motor 

Manufacturing Co., Ltd.), (3) to interface with the lead screw, and (4) to replace the syringe 

plunger ((5) a plunger cap (15889152, Fisher Scientific) was affixed to the end of the printed 

plunger), and (6) mount the syringe, as shown schematically in Figure 2A,B and fully assembled 

in Figure 2C. In this manner, syringe extrusion was controlled by the stepper motor using even 

numbered extrusion rates in the range 6–24 mm/s. For reference, 12 mm/s corresponds to an 
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extrusion rate of ~ 0.04 ml/s for the gelatin alginate hydrogel prepared. The print head speed in x 

and y was kept constant at 2 mm/s, within the 1-10 mm/s range typically reported for bioprinting 

[44]. The hydrogel temperature was maintained at 65 °C using a self-adhesive heating element 

(PPI Adhesive Products Limited) wrapped around (7) an aluminum cylinder holding (8) a 20 ml 

plastic syringe (15889152, Fisher Scientific), as shown in Figure 2D, and controlled using an 

Arduino Uno (not shown). Plastic tapered dispensing needles (Somerset Solders Ltd) with inner 

nozzle diameters of 0.58 mm, 0.84 mm, 1.20 mm, and 1.60 mm were used in this work.  

 

Prior to printing, a 90 mm diameter Petri dish lid (Fisher Scientific) was sanded (80-grit sandpaper, 

ZG-02-SZ-80, ZesGood) to roughen the surface and promote print attachment. 2 ml of CaCl2 

crosslinking solution was then placed in the plastic petri dish. One layer comprising 4 connected 

lines, 40 mm in length and separated by 4 mm, was then printed using nozzle distances of 0.3, 0.5, 

and 0.8 mm, CaCl2 concentrations of 20–160 mM within the range of typical CaCl2 values [45], 

and previously described extrusion rates and nozzle diameters. One layer comprising 10 connected 

lines, 60 mm in length and separated by 4 mm, each printed with a different extrusion rate between 

6–24 mm/s, was also used (e.g., Figure S1).  

 

Preliminary attempts at printing established that if the distance between the nozzle and the 

substrate was too large, the printed gel would not adhere to the substrate, and that if the distance 

was too small, the hydrogel would not exit the nozzle. Within these extremes and depending on 

the parameters selected, it is reasonable to expect, under the chosen conditions, that the cross 

section of a single printed line would have a geometry similar to one of the three categories shown 

in Figure 3: where (i) the width is roughly equal to the height (width/height ratio less than 1.3), 
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(ii) the width is greater than the height (width/height ratio greater than or equal to 1.3 and less than 

or equal to 2), or (iii) the width is more than twice the height. The category height/width ratios are 

defined quantitatively only for classification purposes; however, qualitatively, they are intended 

to identify shapes that might be suitable for multilayer stacking or fusion [17], depending on 

crosslinking concentration. Understanding the relationships between printing parameters and 

printed line geometry is a critical first step towards the fabrication of multilayer objects printed in 

a crosslinking solution. 

 

 

Figure 2. (A, B) Representations of the bespoke syringe holder from two perspectives. (C) 

Photograph of the entire print head. (D) 20 ml syringe filled with 10 ml of gelatin alginate hydrogel 

with orange dye. 
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Figure 3. Schematic showing the height and width of the structure printed into CaCl2 crosslinking 

solution and three possible printing outcomes or categories depending on print parameters used: 

(i) width/height ratio less than 1.3, (ii) width/height ratio greater than or equal to 1.3 and less than 

or equal to 2, and (iii) the width is more than twice the height. 

 

2.4. Optical characterization 

After printing and after crosslinking for 10 minutes, the printed hydrogel layer was sliced with a 

scalpel (Steel Blade) from the middle, gently removed from the petri dish using tweezers (Round 

Tip Micro Tweezers 160 mm, Nizbets), and placed on a glass slide for imaging (e.g., Figure S2). 

To image the dimensions of the hydrogel (line height and width determined as mean and standard 

deviation from 10 measurements each), a camera (P/S G1X II, Canon) was used. A crosslinking 

time of 10 minutes was chosen to reflect a reasonable time between printing subsequent layers and 

to minimize the effect of swelling behavior across a broad concentration range (Figure S3). 

 

3. Results and discussion 

3.1 Influence of nozzle diameter and nozzle-surface distance 

As in any fused filament fabrication or direct deposition approach, nozzle diameter and distance 

are key parameters that essentially define print resolution and layer height, respectively. Given the 

importance of these parameters, their influence on print dimensions in crosslinking solution was 
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investigated specifically in a liquid-phase bioprinting set-up. Average height and widths of gelatin 

alginate hydrogel lines printed using an extrusion rate of 12 mm/s into a 60 mM CaCl2 solution 

for nozzle distances of 0.3, 0.5, and 0.8 mm which are typical values for 3D bioprinting [46,47] 

with the nozzle diameters used: 0.58, 0.84, 1.20, and 1.60 mm are shown in Figure 4. Nozzle 

distances of 0.3 and 0.5 mm yielded hydrogels of height slightly greater than the nozzle distance. 

The heights were generally independent on nozzle diameter (Figure 4A). Under these conditions, 

the hydrogel height was generally initially confined by nozzle distance and likely swelled as the 

nozzle moved away along the printing path. The height for a nozzle distance of 0.8 mm was the 

same as for 0.5 mm (~ 0.75 mm regardless of nozzle diameter). Given that the widths are also 

similar under these conditions, it is likely that for the extrusion rate and print head speed selected, 

the volume extruded is insufficient for the hydrogel height to be affected by the nozzle distance at 

0.5 mm and above. The hydrogel widths increased linearly with increasing nozzle diameter for all 

distances (Figure 4B). Due to the smaller than nozzle diameter distance, the hydrogel expanded 

laterally during extrusion at the concentration and extrusion rate used, resulting in a width that 

increased with increasing nozzle diameter that was slightly larger than the nozzle diameter.  
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Figure 4. (A) Height and (B) width of gelatin alginate hydrogels printed into 60 mM CaCl2 using 

nozzle distances of 0.3, 0.5, and 0.8 mm, an extrusion rate of 12 mm/s, and nozzle diameters of 

0.58, 0.84, 1.20, and 1.60 mm. 

 

The data plotted in Figure 4, available in in Supporting Information as Table S1, was also plotted 

as a function of distance instead of nozzle diameter, as shown in Figure S4. From these 

representations, we concluded that the height values generally increased with increasing distance 

whereas width values generally decreased with increasing distance for all nozzle diameters 

investigated, in agreement with the trends identified from Figure 4. Similar behavior was observed 

for hydrogels printed into 80 mM and 100 mM CaCl2, as shown in Figure S5 and Table S2 and 

Figure S6 and Table S3, respectively. 
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Table 1. Dependence on nozzle diameter and distance for a CaCl2 concentration of 60 mM and an 

extrusion rate of 12 mm/s of the ratio of the width to the height of the printed hydrogel structures. 

Nozzle diameter (mm) Distance (mm) Width/Height ratio Category 

0.58 

0.3 1.48 ± 0.02 ii 

0.5 0.84 ± 0.01 i 

0.8 0.82 ± 0.02 i 

0.84 

0.3 1.76 ± 0.02 ii 

0.5 1.20 ± 0.05 i 

0.8 1.13 ± 0.02 i 

1.2 

0.3 2.50 ± 0.05 iii 

0.5 1.71 ± 0.05 ii 

0.8 1.31 ± 0.01 ii 

1.6 

0.3 3.45 ± 0.02 iii 

0.5 2.30 ± 0.07 iii 

0.8 2.24 ± 0.01 iii 

 

For the largest nozzle diameters (1.2 and 1.6 mm), the prints generally fall into category iii of 

Figure 3; however, for nozzle distances of 0.5 and 0.8 mm for the 1.2 mm nozzle diameter, the 

ratios of width to height are less than 2 (Table 1), falling into category ii. For nozzle diameters of 

0.84 and 0.58 mm, the prints are close to category i except for the smallest nozzle distance (0.3 

mm), which leads to category ii prints. Notably, whereas the ratios of the two 0.84 mm category i 

prints are greater than 1, the ratios of the two 0.58 mm category i prints are less than 1. Ratios less 

than 1 likely result when the distance is roughly equal to or greater than the nozzle diameter. The 

closest agreement between nozzle diameter and hydrogel height and width was obtained for a 

nozzle diameter of 0.84 mm and a distance of 0.8 mm, which resulted in a hydrogel having a height 

of 0.78 ± 0.02 mm and a width of 0.88 ± 0.01 mm (1.13 ± 0.02 mm width/height ratio); however, 

such agreement is expected to depend strongly on the crosslinking concentration used.  
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3.2 Influence of crosslinking concentration 

While similar print dimensions were obtained for hydrogels printed into 60–100 mM CaCl2, 

(Figures 4, S5, S6) it is necessary to further characterize the influence of crosslinking 

concentration across a broader concentration range. Gelatin alginate hydrogels were printed into 

CaCl2 concentrations in the range of 20–160 mM using a 12 mm/s extrusion rate as a function of 

nozzle diameter and distance and the dimensions (height, width, and ratio of width to height) of 

the resulting hydrogel structures were measured and plotted (Figure 5). 

 

For a nozzle distance of 0.3 mm and a nozzle diameter of 0.58 mm, hydrogel widths were greater 

than the heights for concentrations 60 mM and below (Figure 5A). Above 60 mM, the heights and 

widths were similar, resulting in ratios of ~ 1, corresponding to category i. The heights and widths 

were also comparable to the nozzle diameter. For larger nozzle diameters, low concentrations also 

resulted in hydrogel widths greater than the heights. As the nozzle distance was smaller than the 

nozzle diameter in Figure 5A, the widths remained larger than the height for all concentrations. It 

was not possible to achieve a category i print for larger nozzle diameters for a nozzle distance of 

0.3 mm; however, the ratio is closest to 1 at intermediate concentrations corresponding also to 

conditions when the widths were comparable to the nozzle diameters. 

 

For a nozzle distance of 0.5 mm and nozzle diameters of 0.58 mm and 0.84 mm, hydrogel widths 

and heights were comparable, and ratios close to 1 were achieved at most concentrations, 

corresponding to category i (Figure 5B). For larger nozzle diameters, widths were greater than 

heights, resulting in ratios > 1 and corresponding to categories ii and iii. 
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For a 0.8 mm nozzle distance and a 0.58 mm nozzle diameter, heights were generally larger than 

widths, with ratios < 1 (Figure 5C). For a 0.84 mm nozzle diameter, heights and widths were 

similar above 60 mM, with ratios close to 1. For the larger nozzle diameters, widths were larger 

than heights and category i prints could not be obtained. 

 

The data shown in Figure 5 highlights the interplay between nozzle distance and diameter and 

CaCl2 concentration when printing gelatin alginate. At low concentrations, widths are generally 

larger than the nozzle diameter and heights are generally determined by the nozzle distance when 

the distance is less than the nozzle diameter; The gelatin alginate spreads out laterally with a low 

degree of crosslinking. When the nozzle distance is greater than the nozzle diameter, heights can 

be larger than widths except at the lowest crosslinking concentrations. From Figure 5, category i 

prints with width/height ratios of ~ 1 appear most likely to occur when the nozzle diameter and 

distance have similar dimensions and the concentration is greater than 60 mM. Ratios of ~ 1 are 

possible to obtain when the nozzle distance is slightly smaller than the nozzle diameter (e.g., 0.3 

mm and 0.58 mm, respectively) at concentrations that result in moderate swelling to offset the 

initial nozzle confinement. If the nozzle distance is significantly greater than the nozzle diameter, 

ratios < 1 can be obtained. If the distance is significantly less than the diameter, ratios > 1 are 

generally expected. While these parameters allow the print geometry and therefore the print 

resolution and layer height to be tuned at an extrusion rate of 12 mm/s, the role of extrusion rate 

also needs to be investigated and understood. 
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Figure 5. Width, height, and width/height ratio of hydrogels printed into various CaCl2 

concentrations using nozzle distances of (A) 0.3 mm, (B) 0.5 mm, and (C) 0.8 mm, an extrusion 

rate of 12 mm/s, and nozzle diameters of 0.58, 0.84, 1.20, and 1.60 mm. In A, as denoted with an 

asterisk, the data point for the ratio for 1.6 mm nozzle diameter at 20 mM is off the scale shown 

(8.46 ± 0.04). Data is provided in Tables S4–S15. 

 

3.3 Influence of extrusion rate 

So far, all data were obtained from hydrogels printed with an extrusion rate of 12 mm/s. As 

extrusion rate defines the rate at which the hydrogel is extruded, and therefore the volume extruded 

in a given time, it is a key printing parameter to understand. In order to determine the influence of 

the extrusion rate on the hydrogel dimensions, the hydrogel was printed into CaCl2 concentrations 

in the range of 20–100 mM with even numbered extrusion rates in the range 6–24 mm/s for a 

nozzle distance of 0.5 mm and nozzle diameters of 0.58, 0.84, 1.20, and 1.60 mm. As shown in 
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Figure 5, concentrations above 100 mM did not strongly affect the measured hydrogel print 

dimensions. For a given nozzle diameter, increasing the extrusion rate increased the volume of 

hydrogel extruded. From Figure 6, it is clear that the height and width generally increased linearly 

with increasing extrusion rate. A strong dependence on concentration was not observed, but the 

height and more so the width were generally slightly larger for lower concentrations. Given the 

linear dependence of the height and width on extrusion rate, it is reasonable to expect that plots 

such as in Figure 5, obtained at different extrusion rates, could be used to determine which 

parameters can be used to produce a print of desired line geometry, print resolution, and layer 

height.  
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Figure 6. Height and width of gelatin alginate hydrogels printed with different extrusion rates (6–

24 mm/s) and concentrations (20–100 mM) using a nozzle distance of 0.5 mm and nozzle 

diameters of (A) 0.58 mm, (B) 0.84 mm, (C) 1.20 mm, and (D) 1.60 mm. Data is provided in 

Tables S16–S23. 

 

3.4 3D bioprinting of multilayer structures 

The data presented above effectively maps the printing parameter space and allows us to select or 

predict the dimensions of the printed hydrogel and to choose appropriate nozzle distances for 

subsequent layers. Based on the expected line height and width for printing parameters discussed 
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above, we printed 4-layer structures with different nozzle diameters into 60 mM CaCl2 with an 

extrusion rate of 12 mm/s (Figure 7). The initial and subsequent nozzle distances were chosen 

according to Table S1, as indicated in Table 2. Each layer was printed in ~ 4 s with no delay 

between subsequent layers. 

 

 
 

Figure 7. Multilayer gelatin alginate hydrogel structures printed into a 60 mM CaCl2 solution with 

an extrusion rate of 12 mm/s, and nozzle diameters of (A) 0.58 mm, (B) 0.84 mm, (C) 1.20 mm, 

and (D) 1.60 mm. 
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Table 2. Chosen parameters for multilayer gelatin alginate hydrogel structures printed into a 60 

mM CaCl2 solution with an extrusion rate of 12 mm/s and resulting structure dimensions. The first 

layer was printed using a nozzle distance of 0.3 mm; subsequent layers were printed with a nozzle 

distance of 0.5 mm. All values have units of mm. 

Nozzle diameter 
Expected initial  

layer height 

Expected  

line width 
Structure height 

Structure  

line width 

0.58 0.46 ± 0.01 0.68 ± 0.02 2.70 ± 0.03 0.67 ± 0.07 

0.84 0.55 ± 0.02 0.97 ± 0.01 2.70 ± 0.04 0.98 ± 0.06 

1.20 0.56 ± 0.01 1.40 ± 0.05 2.60 ± 0.06 1.20 ± 0.08 

1.60 0.55 ± 0.02 1.90 ± 0.01 2.67 ± 0.05 1.60 ± 0.10 

 

Initial nozzle distances of 0.3 mm and subsequent nozzle distances of 0.5 mm were chosen for all 

nozzle diameters; the first layers were expected to be ~ 0.55 mm in height and subsequent layers 

were expected to be ~ 0.75 mm in height. The final height of the 4-layer structures was therefore 

expected to be in the range of 2–3 mm. As shown in Table 2, the final structure height was 2.60–

2.70 mm and the overall average layer height was 0.67 ± 0.02 mm. For each of the nozzle diameters 

used, it was possible to obtain a multilayer structure with similar overall height and tunable line 

widths that depend on the nozzle diameter, concentration, and extrusion rate used, demonstrating 

the potential of liquid-phase 3D bioprinting. Similar 2-layer prints were found to be biocompatible; 

human mesenchymal stem cell viability was assessed using an Alamar Blue assay (DAL1025, 

Thermo Fisher) over 7 days relative to an empty well plate on grid structures printed using an 

extrusion rate of 12 mm/s, a nozzle diameter of 0.84 mm, and first and second layer nozzle 

distances of 0.3 mm and 0.5 mm, respectively, in 60 mM and 100 mM CaCl2 crosslinking solution 

(Figure S7). Stem cells were seeded onto the prints after printing, as shear stress during extrusion 
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can lead to cell death [37] and stem cell differentiation is particularly sensitive to mechanical 

factors [48]. 

 

The results presented here provide a simple guide for testing new hydrogels for liquid-phase 3D 

bioprinting. Characterizing the effect of printing parameters on the geometry of the resulting 

hydrogel layer provides critical information relating to the selection of nozzle distance for 

subsequent layers. Notably, a variable nozzle distance may be required in order to obtain certain 

multilayer structures, depending on the hydrogel used and the printing parameters. In this work, 

control over line width and structure geometry is demonstrated, however, liquid-phase 3D 

bioprinting into crosslinking solution is expected to provide hydrogels with tunable mechanical 

properties as well [49], making it an attractive approach for generating tissue culture scaffolds with 

tunable functional properties.  

 

4. Conclusions 

Liquid-phase 3D bioprinting requires careful consideration of the print parameters: nozzle 

distance, nozzle diameter, crosslinking concentration, and extrusion rate. Proper selection of these 

parameters can allow the geometry of gelatin alginate hydrogel prints to be tuned, from lines with 

a ribbon-like geometry, where the width is larger than the height, to structures with width/height 

ratios of ~ 1. At low crosslinking concentrations, widths are generally larger than heights. When 

the nozzle distance is much less than the nozzle diameter, the printed structure, confined by the 

nozzle, expands laterally. Width/height ratios of ~ 1 are generally achieved when the nozzle 

diameter and distance are comparable above a certain crosslinking concentration. Print speed is 

another important parameter [17,45], and the approach described should be undertaken each time 
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a different print speed is used. This approach can be generalized and applied to other gels for liquid 

phase 3D bioprinting prior to attempting multilayer prints. 3D bioprinting in liquid allows hydrogel 

prints to remain fully hydrated during and after printing and to tune the properties of the print 

through choice of crosslinking concentration. 
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Figure S1. Gelatin alginate hydrogel layer printed into 80 mM CaCl2 using a nozzle distance of 

0.5 mm, a nozzle diameter of 0.58 mm, and various extrusion rates (6–24 mm/s). 

 

 

 

Figure S2. Images of gelatin alginate hydrogel cross sections printed into 60 mM CaCl2 using a 

nozzle distances of 0.5 mm, an extrusion rate of 12 mm/s, and nozzle diameters of (A) 0.58, (B) 

0.84, (C) 1.20, and (D) 1.60 mm. 
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Figure S3. Swelling behavior of crosslinked gelatin alginate was determined by measuring the 

weight of hydrogels prepared in well plates at different time points (10 – 1440 minutes) as a 

function of crosslinking concentration in the range 20 – 100 mM and comparing them to the weight 

of dry non-crosslinked hydrogels. Each sample was prepared in triplicate and the swelling 

percentage was calculated as 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (%) =  [(𝑊𝑠 − 𝑊𝑑) 𝑊𝑑⁄ ] × 100 where 𝑊𝑠 is the weight of 

the swollen hydrogels and 𝑊𝑑 is the weight of the dry non-crosslinked hydrogel. For 

concentrations of 20 mM and 40 mM, the hydrogels continued to expand until reaching 

equilibrium after ~ 240 minutes and ~ 120 minutes, respectively. Concentration dependent 

shrinkage of alginate-based hydrogels has been observed previously [1]. A crosslinking time of 10 

minutes was chosen for bioprint characterization to minimize the effect of the swelling behavior. 
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Table S1. Height and width dependence on nozzle diameter and distance for a CaCl2 concentration 

of 60 mM and an extrusion rate of 12 mm/s. 

 

Nozzle diameter (mm) Distance (mm) Height (mm) Width (mm) 

0.58 

0.3 0.46 ± 0.01 0.68 ± 0.02 

0.5 0.76 ± 0.01 0.64 ± 0.01 

0.8 0.76 ± 0.01 0.62 ± 0.02 

0.84 

0.3 0.55 ± 0.02 0.97 ± 0.01 

0.5 0.76 ± 0.02 0.91 ± 0.05 

0.8 0.78 ± 0.02 0.88 ± 0.01 

1.2 

0.3 0.56 ± 0.01 1.40 ± 0.05 

0.5 0.75 ± 0.01 1.28 ± 0.05 

0.8 0.75 ± 0.01 1.19 ± 0.01 

1.6 

 

0.3 0.55 ± 0.02 1.90 ± 0.01 

0.5 0.74 ± 0.05 1.70 ± 0.05 

0.8 0.75 ± 0.01 1.68 ± 0.01 

 

 

 

Figure S4. (A) Height and (B) width of gelatin alginate hydrogels printed into a 60 mM CaCl2 

solution using nozzle diameters of 0.58, 0.84, 1.20, and 1.60 mm and nozzle distances of 0.3, 0.5, 

and 0.8 mm. 
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Figure S5. (A) Height and (B) width of gelatin alginate hydrogels printed into 80 mM CaCl2 using 

nozzle distances of 0.3, 0.5, and 0.8 mm, an extrusion rate of 12 mm/s, and nozzle diameters of 

0.58, 0.84, 1.20, and 1.60 mm. 

 

Table S2. Dependence on nozzle diameter and distance for a CaCl2 concentration of 80 mM and 

an extrusion rate of 12 mm/s of the ratio of the width to the height of the printed hydrogel 

structures. 

 

Nozzle diameter (mm) Distance (mm) Width/height ratio Category 

0.58 

0.3 1.09 ± 0.03 i 

0.5 0.72 ± 0.02 i 

0.8 0.71 ± 0.01 i 

0.84 

0.3 1.55 ± 0.02 ii 

0.5 1.04 ± 0.02 i 

0.8 1.00 ± 0.01 i 

1.2 

0.3 2.24 ± 0.03 iii 

0.5 1.50 ± 0.01 ii 

0.8 1.48 ± 0.03 ii 

1.6 

0.3 2.93 ± 0.02 iii 

0.5 2.00 ± 0.02 iii 

0.8 1.88 ± 0.03 ii 
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Figure S6. (A) Height and (B) width of gelatin alginate hydrogels printed into 100 mM CaCl2 

using nozzle distances of 0.3, 0.5, and 0.8 mm, an extrusion rate of 12 mm/s, and nozzle diameters 

of 0.58, 0.84, 1.20, and 1.60 mm. 

 

 

Table S3. Dependence on nozzle diameter and distance for a CaCl2 concentration of 100 mM and 

an extrusion rate of 12 mm/s of the ratio of the width to the height of the printed hydrogel 

structures. 

 

Nozzle diameter (mm) Distance (mm) 
Width/height ratio 

 

Category 

0.58 

0.3 1.07 ± 0.04 i 

0.5 0.74 ± 0.01 i 

0.8 0.69 ± 0.01 i 

0.84 

0.3 1.53 ± 0.01 ii 

0.5 1.09 ± 0.01 i 

0.8 1.03 ± 0.05 i 

1.2 

0.3 2.12 ± 0.01 iii 

0.5 1.56 ± 0.04 ii 

0.8 1.51 ± 0.04 ii 

1.6 

0.3 2.74 ± 0.02 iii 

0.5 2.08 ± 0.04 iii 

0.8 2.01 ± 0.02 iii 



7 

 

 

Table S4. Height, width, and ratio of the width to the height of the printed hydrogel structures as 

a function of concentration for a nozzle diameter of 0.58 mm, a nozzle distance of 0.3 mm, and an 

extrusion rate of 12 mm/s.  

 

Concentration (mM) Width (mm) Height (mm) Ratio 

20 1.05 ± 0.05 0.34 ± 0.01  3.05 ± 0.02  

40 0.88 ± 0.01 0.39 ± 0.02 2.24 ± 0.02 

60 0.68 ± 0.02 0.46 ± 0.01 1.48 ± 0.01 

80 0.63 ± 0.04 0.58 ± 0.02 1.10 ± 0.03 

100 0.58 ± 0.06 0.54 ± 0.03 1.08 ± 0.04 

120 0.54 ± 0.02 0.47 ± 0.01 1.16 ± 0.02 

140 0.53 ± 0.02 0.44 ± 0.01 1.19 ± 0.02 

160 0.51 ± 0.01 0.40 ± 0.02 1.27 ± 0.01 

 

 

Table S5. Height, width, and ratio of the width to the height of the printed hydrogel structures as 

a function of concentration for a nozzle diameter of 0.58 mm, a nozzle distance of 0.5 mm, and an 

extrusion rate of 12 mm/s.  

 

Concentration (mM) Width (mm) Height (mm) Ratio 

20 0.90 ± 0.01 0.54 ± 0.01 1.68 ± 0.01 

40 0.67 ± 0.02 0.68 ± 0.02 0.99 ± 0.02 

60 0.64 ± 0.01 0.76 ± 0.01 0.84 ± 0.01 

80 0.58 ± 0.02 0.81 ± 0.03 0.72 ± 0.02 

100 0.56 ± 0.01 0.75 ± 0.02 0.75 ± 0.01 

120 0.52 ± 0.01 0.68 ± 0.01 0.76 ± 0.01 

140 0.50 ± 0.01 0.63 ± 0.04 0.79 ± 0.02 

160 0.47 ± 0.02 0.58 ± 0.03 0.81 ± 0.02 
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Table S6. Height, width, and ratio of the width to the height of the printed hydrogel structures as 

a function of concentration for a nozzle diameter of 0.58 mm, a nozzle distance of 0.8 mm, and an 

extrusion rate of 12 mm/s.  

 

Concentration (mM) Width (mm) Height (mm) Ratio 

20 0.88 ± 0.01 0.54 ± 0.01 1.63 ± 0.01 

40 0.64 ± 0.02 0.71 ± 0.01 0.91 ± 0.01 

60 0.62 ± 0.02 0.76 ± 0.01 0.81 ± 0.02 

80 0.58 ± 0.01 0.82 ± 0.01 0.71 ± 0.01 

100 0.53 ± 0.02 0.76 ± 0.02  0.70 ± 0.01 

120 0.52 ± 0.03 0.69 ± 0.02 0.75 ± 0.02 

140 0.48 ± 0.01 0.64 ± 0.02 0.75 ± 0.01 

160 0.46 ± 0.01 0.59± 0.01 0.78 ± 0.01 

 

 

Table S7. Height, width, and ratio of the width to the height of the printed hydrogel structures as 

a function of concentration for a nozzle diameter of 0.84 mm, a nozzle distance of 0.3 mm, and an 

extrusion rate of 12 mm/s.  

 

Concentration (mM) Width (mm) Height (mm) Ratio 

20 1.50 ± 0.06 0.34 ± 0.01 4.40 ± 0.03 

40 1.30 ± 0.02 0.39 ± 0.02 3.32 ± 0.02 

60 0.97 ± 0.01 0.55 ± 0.02 1.77 ± 0.01 

80 0.89 ± 0.02 0.57 ± 0.03 1.55 ± 0.02 

100 0.83 ± 0.01 0.54 ± 0.02 1.54 ± 0.01 

120 0.80 ± 0.04 0.48 ± 0.01 1.65 ± 0.02 

140 0.77 ± 0.04 0.45 ± 0.02 1.70 ± 0.03 

160 0.70 ± 0.03 0.40 ± 0.05 1.72 ± 0.04 
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Table S8. Height, width, and ratio of the width to the height of the printed hydrogel structures as 

a function of concentration for a nozzle diameter of 0.84 mm, a nozzle distance of 0.5 mm, and an 

extrusion rate of 12 mm/s.  

 

Concentration (mM) Width (mm) Height (mm) Ratio 

20 1.26 ± 0.03 0.51 ± 0.01 2.45 ± 0.02 

40 0.97 ± 0.05 0.67 ± 0.01 1.44 ± 0.02 

60 0.91 ± 0.05 0.76 ± 0.02 1.19 ± 0.03 

80 0.83 ± 0.01 0.80 ± 0.02 1.04 ± 0.02 

100 0.80 ± 0.01 0.73 ± 0.02 1.09 ± 0.01 

120 0.74 ± 0.06 0.65 ± 0.01 1.13 ± 0.02 

140 0.71 ± 0.01 0.63 ± 0.04 1.13 ± 0.02 

160 0.69 ± 0.03 0.59 ± 0.05 1.17 ± 0.04 

 

 

Table S9. Height, width, and ratio of the width to the height of the printed hydrogel structures as 

a function of concentration for a nozzle diameter of 0.84 mm, a nozzle distance of 0.8 mm, and an 

extrusion rate of 12 mm/s.  

 

Concentration (mM) Width (mm) Height (mm) Ratio 

20 1.24 ± 0.03 0.54 ± 0.02 2.30 ± 0.02 

40 0.94 ± 0.04 0.71 ± 0.05 1.33 ± 0.04 

60 0.88 ± 0.01 0.78 ± 0.02 1.13 ± 0.01 

80 0.84 ± 0.04 0.83 ± 0.01 1.00 ± 0.01 

100 0.77 ± 0.05 0.75 ± 0.04 1.03 ± 0.05 

120 0.74 ± 0.04 0.68 ± 0.02 1.10 ± 0.03 

140 0.69 ± 0.01 0.65 ± 0.02 1.06 ± 0.01 

160 0.66 ± 0.03 0.62 ± 0.03 1.06 ± 0.03 
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Table S10. Height, width, and ratio of the width to the height of the printed hydrogel structures as 

a function of concentration for a nozzle diameter of 1.20 mm, a nozzle distance of 0.3 mm, and an 

extrusion rate of 12 mm/s.  

Concentration (mM) Width (mm) Height (mm) Ratio 

20 2.13 ± 0.03 0.34 ± 0.01 6.24 ± 0.01 

40 1.85 ± 0.05 0.42 ± 0.03 4.36 ± 0.04 

60 1.40 ± 0.05 0.56 ± 0.01 2.51 ± 0.03 

80 1.32 ± 0.05 0.59 ± 0.02 2.24 ± 0.03 

100 1.21 ± 0.06 0.56 ± 0.01 2.12 ± 0.01 

120 1.13 ± 0.01 0.54 ± 0.02 2.09 ± 0.01 

140 1.04 ± 0.04 0.48 ± 0.01 2.16 ± 0.01 

160 1.01 ± 0.04 0.43 ± 0.01 2.31 ± 0.02 

 

 

Table S11. Height, width, and ratio of the width to the height of the printed hydrogel structures as 

a function of concentration for a nozzle diameter of 1.20 mm, a nozzle distance of 0.5 mm, and an 

extrusion rate of 12 mm/s.  

 

Concentration (mM) Width (mm) Height (mm) Ratio 

20 1.81 ± 0.04 0.51 ± 0.02 3.50 ± 0.03 

40 1.36 ± 0.02 0.68 ± 0.03 2.00 ± 0.02 

60 1.28 ± 0.05 0.75 ± 0.01 1.70 ± 0.02 

80 1.20 ± 0.01 0.79 ± 0.01 1.50 ± 0.01 

100 1.12 ± 0.04 0.71 ± 0.04 1.57 ± 0.04 

120 1.08 ± 0.06 0.66 ± 0.02 1.64 ± 0.03 

140 1.01 ± 0.01 0.64 ± 0.04 1.56 ± 0.02 

160 0.99 ± 0.03 0.64 ± 0.01 1.55 ± 0.01 
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Table S12. Height, width, and ratio of the width to the height of the printed hydrogel structures as 

a function of concentration for a nozzle diameter of 1.20 mm, a nozzle distance of 0.8 mm, and an 

extrusion rate of 12 mm/s.  

 

Concentration (mM) Width (mm) Height (mm) Ratio 

20 1.76 ± 0.03 0.53 ± 0.04 3.32 ± 0.03 

40 1.36 ± 0.05 0.70 ± 0.02 1.94 ± 0.03 

60 1.19 ± 0.01 0.75 ± 0.01 1.58 ± 0.01 

80 1.17 ± 0.03 0.79 ± 0.02 1.49 ± 0.03 

100 1.10 ± 0.05 0.73 ± 0.04 1.51 ± 0.04 

120 1.04 ± 0.05 0.68 ± 0.02 1.52 ± 0.03 

140 0.99 ± 0.05 0.66 ± 0.01 1.49 ± 0.02 

160 0.96 ± 0.03 0.65 ± 0.03 1.48 ± 0.03 

 

 

Table S13. Height, width, and ratio of the width to the height of the printed hydrogel structures as 

a function of concentration for a nozzle diameter of 1.60 mm, a nozzle distance of 0.3 mm, and an 

extrusion rate of 12 mm/s.  

 

Concentration (mM) Width (mm) Height (mm) Ratio 

20 2.87 ± 0.06 0.33 ± 0.03 8.46 ± 0.04 

40 2.52 ± 0.06 0.42 ± 0.01 5.90 ± 0.03 

60 1.90 ± 0.01 0.55 ± 0.02 3.40 ± 0.01 

80 1.73 ± 0.04 0.59 ± 0.02 2.94 ± 0.02 

100 1.56 ± 0.03 0.56 ± 0.01 2.75 ± 0.02 

120 1.47 ± 0.03 0.54 ± 0.01 2.73 ± 0.01 

140 1.43 ± 0.03 0.48 ± 0.06 2.98 ± 0.04 

160 1.38 ± 0.06 0.43 ± 0.01 3.21 ± 0.04 
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Table S14. Height, width, and ratio of the width to the height of the printed hydrogel structures as 

a function of concentration for a nozzle diameter of 1.60 mm, a nozzle distance of 0.5 mm, and an 

extrusion rate of 12 mm/s.  

 

Concentration (mM) Width (mm) Height (mm) Ratio 

20 2.40 ± 0.03 0.51 ± 0.03 4.65 ± 0.03 

40 1.83 ± 0.04 0.68 ± 0.06 2.69 ± 0.06 

60 1.70 ± 0.05 0.74 ± 0.05 2.28 ± 0.05 

80 1.60 ± 0.04 0.80 ± 0.01 2.00 ± 0.02 

100 1.49 ± 0.05 0.71 ± 0.03 2.08 ± 0.04 

120 1.43 ± 0.05 0.66 ± 0.03 2.15 ± 0.04 

140 1.36 ± 0.05 0.65 ± 0.02 2.09 ± 0.03 

160 1.34 ± 0.02 0.64 ± 0.04 2.08 ± 0.03 

 

 

Table S15. Height, width, and ratio of the width to the height of the printed hydrogel structures as 

a function of concentration for a nozzle diameter of 1.60 mm, a nozzle distance of 0.8 mm, and an 

extrusion rate of 12 mm/s.  

 

Concentration (mM) Width (mm) Height (mm) Ratio 

20 2.37 ± 0.04 0.53 ± 0.02 4.48 ± 0.03 

40 1.79 ± 0.06 0.71 ± 0.02 2.50 ± 0.03 

60 1.68 ± 0.01 0.75 ± 0.02 2.24 ± 0.01 

80 1.54 ± 0.02 0.82 ± 0.03 1.88 ± 0.03 

100 1.48 ± 0.01 0.73 ± 0.02 2.02 ± 0.02 

120 1.41 ± 0.01 0.68 ± 0.02 2.05 ± 0.01 

140 1.34 ± 0.05 0.67 ± 0.06 2.01 ± 0.06 

160 1.31 ± 0.01 0.65 ± 0.02 2.01 ± 0.02 
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Table S16. Height of the printed hydrogel structures as a function of CaCl2 concentration (20–100 

mM) and extrusion rate (6–24 mm/s) with a nozzle diameter of 0.58 mm and a nozzle distance of 

0.5 mm. 

Extrusion 

rate (mm/s) 

20 mM 40 mM 60 mM 80 mM 100 mM 

Height (mm) Height (mm) Height (mm) Height (mm) Height (mm) 

6 0.53 ± 0.02 0.55 ± 0.04 0.57 ± 0.02 0.54 ± 0.04 0.51 ± 0.02 

8 0.56 ± 0.02 0.57 ± 0.03 0.60 ± 0.04 0.57 ± 0.03 0.54 ± 0.03 

10 0.58 ± 0.03 0.60 ± 0.03 0.63 ± 0.04 0.60 ± 0.03 0.57 ± 0.03 

12 0.61 ± 0.03 0.63 ± 0.02 0.66 ± 0.03 0.63 ± 0.03 0.60 ± 0.04 

14 0.64 ± 0.02 0.66 ± 0.04 0.69 ± 0.04 0.66 ± 0.03 0.63 ± 0.03 

16 0.67 ± 0.02 0.69 ± 0.04 0.72 ± 0.03 0.69 ± 0.04 0.66 ± 0.04 

18 0.69 ± 0.03 0.72 ± 0.03 0.75 ± 0.02 0.71 ± 0.04 0.69 ± 0.03 

20 0.72 ± 0.03 0.75 ± 0.04 0.78 ± 0.03 0.73 ± 0.02 0.72 ± 0.03 

22 0.76 ± 0.04 0.78 ± 0.03 0.81 ± 0.04 0.76 ± 0.03 0.74 ± 0.04 

24 0.78 ± 0.03 0.80 ± 0.02 0.83 ± 0.04 0.79 ± 0.04 0.77 ± 0.03 

 

 

Table S17. Width of the printed hydrogel structures as a function of CaCl2 concentration (20–100 

mM) and extrusion rate (6–24 mm/s) with a nozzle diameter of 0.58 mm and a nozzle distance of 

0.5 mm. 

Extrusion 

rate (mm/s) 

20 mM 40 mM 60 mM 80 mM 100 mM 

Width (mm) Width (mm) Width (mm) Width (mm) Width (mm) 

6 0.81 ± 0.03 0.77 ± 0.02 0.73 ± 0.04 0.70 ± 0.04 0.68 ± 0.03 

8 0.82 ± 0.03 0.81 ± 0.04 0.76 ± 0.04 0.74 ± 0.03 0.71 ± 0.03 

10 0.85 ± 0.02 0.84 ± 0.04 0.78 ± 0.03 0.78 ± 0.03 0.75 ± 0.04 

12 0.88 ± 0.03 0.88 ± 0.02 0.82 ± 0.02 0.81 ± 0.04 0.79 ± 0.03 

14 0.91 ± 0.03 0.91 ± 0.03 0.85 ± 0.03 0.84 ± 0.03 0.81 ± 0.04 

16 0.93 ± 0.03 0.95 ± 0.02 0.88 ± 0.04 0.88 ± 0.03 0.85 ± 0.03 

18 0.97 ± 0.02 0.99 ± 0.03 0.90 ± 0.04 0.91 ± 0.04 0.89 ± 0.04 

20 1.19 ± 0.03 1.13 ± 0.04 0.94 ± 0.04 0.95 ± 0.03 0.92 ± 0.03 

22 1.23 ± 0.04 1.18 ± 0.04 0.98 ± 0.02 0.98 ± 0.03 0.96 ± 0.04 

24 1.27 ± 0.04 1.23 ± 0.04 1.21 ± 0.03 1.17 ± 0.03 1.08 ± 0.03 
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Table S18. Height of the printed hydrogel structures as a function of CaCl2 concentration (20–100 

mM) and extrusion rate (6–24 mm/s) with a nozzle diameter of 0.84 mm and a nozzle distance of 

0.5 mm. 

Extrusion 

rate (mm/s) 

20 mM 40 mM 60 mM 80 mM 100 mM 

Height (mm) Height (mm) Height (mm) Height (mm) Height (mm) 

6 0.62 ± 0.03 0.60 ± 0.02 0.58 ± 0.04 0.56 ± 0.03 0.53 ± 0.04 

8 0.65 ± 0.04 0.63 ± 0.04 0.61 ± 0.02 0.59 ± 0.04 0.56 ± 0.02 

10 0.68 ± 0.03 0.66 ± 0.02 0.64 ± 0.04 0.61 ± 0.03 0.59 ± 0.02 

12 0.71 ± 0.02 0.69 ± 0.02 0.67 ± 0.04 0.66 ± 0.02 0.62 ± 0.03 

14 0.74 ± 0.02 0.71 ± 0.04 0.70 ± 0.04 0.69 ± 0.02 0.66 ± 0.02 

16 0.76 ± 0.04 0.74 ± 0.03 0.73 ± 0.02 0.72 ± 0.03 0.69 ± 0.02 

18 0.79 ± 0.02 0.77 ± 0.04 0.76 ± 0.03 0.75 ± 0.04 0.72 ± 0.02 

20 0.82 ± 0.02 0.80 ± 0.03 0.78 ± 0.03 0.78 ± 0.04 0.75 ± 0.04 

22 0.85 ± 0.04 0.83 ± 0.04 0.81 ± 0.04 0.80 ± 0.04 0.78 ± 0.04 

24 0.88 ± 0.03 0.86 ± 0.04 0.83 ± 0.04 0.83 ± 0.04 0.80 ± 0.02 

 

 

Table S19. Width of the printed hydrogel structures as a function of CaCl2 concentration (20–100 

mM) and extrusion rate (6–24 mm/s) with a nozzle diameter of 0.84 mm and a nozzle distance of 

0.5 mm. 

Extrusion 

rate (mm/s) 

20 mM 40 mM 60 mM 80 mM 100 mM 

Width (mm) Width (mm) Width (mm) Width (mm) Width (mm) 

6 0.84 ± 0.03 0.81 ± 0.04 0.78 ± 0.04 0.76 ± 0.04 0.73 ± 0.03 

8 0.87 ± 0.03 0.83 ± 0.04 0.81 ± 0.03 0.79 ± 0.02 0.76 ± 0.03 

10 0.91 ± 0.03 0.86 ± 0.03 0.84 ± 0.04 0.82 ± 0.04 0.79 ± 0.02 

12 0.94 ± 0.03 0.89 ± 0.03 0.87 ± 0.04 0.85 ± 0.04 0.82 ± 0.03 

14 0.97 ± 0.02 0.92 ± 0.04 0.90 ± 0.02 0.88 ± 0.03 0.85 ± 0.03 

16 1.03 ± 0.04 0.95 ± 0.03 0.93 ± 0.04 0.91 ± 0.03 0.88 ± 0.03 

18 1.06 ± 0.03 0.98 ± 0.03 0.96 ± 0.03 0.94 ± 0.03 0.91 ± 0.04 

20 1.09 ± 0.03 1.01 ± 0.04 0.99 ± 0.04 0.97 ± 0.04 0.94 ± 0.04 

22 1.12 ± 0.04 1.04 ± 0.03 1.03 ± 0.04 1.04 ± 0.03 0.97 ± 0.03 

24 1.15 ± 0.04 1.08 ± 0.02 1.07 ± 0.03 1.06 ± 0.03 1.02 ± 0.04 
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Table S20. Height of the printed hydrogel structures as a function of CaCl2 concentration (20–100 

mM) and extrusion rate (6–24 mm/s) with a nozzle diameter of 1.20 mm and a nozzle distance of 

0.5 mm. 

Extrusion 

rate (mm/s) 

20 mM 40 mM 60 mM 80 mM 100 mM 

Height (mm) Height (mm) Height (mm) Height (mm) Height (mm) 

6 0.60 ± 0.03 0.63 ± 0.02 0.66 ± 0.04 0.63 ± 0.04 0.60 ± 0.03 

8 0.63 ± 0.02 0.66 ± 0.02 0.68 ± 0.02 0.66 ± 0.02 0.63 ± 0.03 

10 0.67 ± 0.04 0.69 ± 0.04 0.71 ± 0.03 0.68 ± 0.03 0.66 ± 0.03 

12 0.69 ± 0.04 0.72 ± 0.04 0.74 ± 0.03 0.71 ± 0.04 0.69 ± 0.02 

14 0.71 ± 0.02 0.75 ± 0.02 0.77 ± 0.03 0.74 ± 0.04 0.71 ± 0.03 

16 0.73 ± 0.03 0.77 ± 0.03 0.81 ± 0.04 0.77 ± 0.04 0.74 ± 0.04 

18 0.76 ± 0.02 0.80 ± 0.03 0.83 ± 0.02 0.80 ± 0.03 0.76 ± 0.04 

20 0.79 ± 0.03 0.83 ± 0.04 0.86 ± 0.02 0.83 ± 0.04 0.79 ± 0.04 

22 0.81 ± 0.04 0.85 ± 0.03 0.89 ± 0.02 0.86 ± 0.03 0.80 ± 0.02 

24 0.84 ± 0.03 0.87 ± 0.03 0.91 ± 0.02 0.89 ± 0.03 0.83 ± 0.03 

 

 

Table S21. Width of the printed hydrogel structures as a function of CaCl2 concentration (20–100 

mM) and extrusion rate (6–24 mm/s) with a nozzle diameter of 1.20 mm and a nozzle distance of 

0.5 mm. 

Extrusion 

rate (mm/s) 

20 mM 40 mM 60 mM 80 mM 100 mM 

Width (mm) Width (mm) Width (mm) Width (mm) Width (mm) 

6 1.20 ± 0.04 1.18 ± 0.04 1.15 ± 0.04 1.12 ± 0.04 1.09 ± 0.04 

8 1.23 ± 0.02 1.21 ± 0.03 1.18 ± 0.03 1.15 ± 0.02 1.12 ± 0.03 

10 1.26 ± 0.04 1.24 ± 0.04 1.22 ± 0.03 1.18 ± 0.04 1.15 ± 0.03 

12 1.29 ± 0.04 1.27 ± 0.03 1.26 ± 0.04 1.21 ± 0.03 1.18 ± 0.03 

14 1.32 ± 0.03 1.31 ± 0.03 1.29 ± 0.04 1.24 ± 0.03 1.21 ± 0.02 

16 1.35 ± 0.03 1.34 ± 0.04 1.32 ± 0.03 1.27 ± 0.03 1.24 ± 0.03 

18 1.38 ± 0.03 1.37 ± 0.03 1.35 ± 0.04 1.30 ± 0.04 1.27 ± 0.02 

20 1.42 ± 0.02 1.41 ± 0.04 1.38 ± 0.03 1.33 ± 0.03 1.30 ± 0.03 

22 1.44 ± 0.04 1.43 ± 0.03 1.40 ± 0.04 1.36 ± 0.04 1.33 ± 0.03 

24 1.48 ± 0.02 1.47 ± 0.02 1.43 ± 0.03 1.39 ± 0.03 1.36 ± 0.04 
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Table S22. Height of the printed hydrogel structures as a function of CaCl2 concentration (20–100 

mM) and extrusion rate (6–24 mm/s) with a nozzle diameter of 1.60 mm and a nozzle distance of 

0.5 mm. 

Extrusion 

rate (mm/s) 

20 mM 40 mM 60 mM 80 mM 100 mM 

Height (mm) Height (mm) Height (mm) Height (mm) Height (mm) 

6 0.59 ± 0.03 0.62 ± 0.03 0.66 ± 0.05 0.63 ± 0.03 0.61 ± 0.04 

8 0.62 ± 0.04 0.65 ± 0.03 0.68 ± 0.03 0.66 ± 0.02 0.64 ± 0.03 

10 0.65 ± 0.03 0.68 ± 0.05 0.70 ± 0.03 0.68 ± 0.04 0.67 ± 0.02 

12 0.68 ± 0.05 0.71 ± 0.04 0.73 ± 0.02 0.71 ± 0.04 0.70 ± 0.03 

14 0.70 ± 0.03 0.73 ± 0.04 0.75 ± 0.03 0.74 ± 0.03 0.73 ± 0.02 

16 0.74 ± 0.04 0.76 ± 0.04 0.78 ± 0.03 0.77 ± 0.02 0.76 ± 0.04 

18 0.77 ± 0.01 0.78 ± 0.03 0.81 ± 0.03 0.78 ± 0.02 0.77 ± 0.02 

20 0.79 ± 0.02 0.81 ± 0.02 0.83 ± 0.04 0.81 ± 0.05 0.78 ± 0.03 

22 0.82 ± 0.04 0.84 ± 0.04 0.85 ± 0.04 0.83 ± 0.03 0.80 ± 0.03 

24 0.84 ± 0.02 0.86 ± 0.02 0.87 ± 0.04 0.85 ± 0.03 0.82 ± 0.04 

 

 

 

Table S23. Width of the printed hydrogel structures as a function of CaCl2 concentration (20–100 

mM) and extrusion rate (6–24 mm/s) with a nozzle diameter of 1.60 mm and a nozzle distance of 

0.5 mm. 

Extrusion 

rate (mm/s) 

20 mM 40 mM 60 mM 80 mM 100 mM 

Width (mm) Width (mm) Width (mm) Width (mm) Width (mm) 

6 1.67 ± 0.02 1.63 ± 0.04 1.58 ± 0.03 1.54 ± 0.02 1.49 ± 0.03 

8 1.70 ± 0.02 1.67 ± 0.01 1.61 ± 0.05 1.58 ± 0.02 1.53 ± 0.04 

10 1.74 ± 0.04 1.71 ± 0.02 1.65 ± 0.04 1.61 ± 0.02 1.57 ± 0.04 

12 1.77 ± 0.02 1.75 ± 0.03 1.68 ± 0.04 1.64 ± 0.03 1.61 ± 0.03 

14 1.81 ± 0.03 1.79 ± 0.02 1.71 ± 0.03 1.67 ± 0.03 1.65 ± 0.04 

16 1.85 ± 0.01 1.82 ± 0.04 1.74 ± 0.03 1.71 ± 0.03 1.68 ± 0.03 

18 1.88 ± 0.01 1.85 ± 0.04 1.78 ± 0.03 1.75 ± 0.03 1.71 ± 0.03 

20 1.91 ± 0.01 1.89 ± 0.04 1.81 ± 0.04 1.79 ± 0.04 1.74 ± 0.03 

22 1.94 ± 0.01 1.93 ± 0.03 1.84 ± 0.04 1.83 ± 0.03 1.78 ± 0.03 

24 1.98 ± 0.01 1.96 ± 0.03 1.87 ± 0.04 1.86 ± 0.04 1.81 ± 0.02 
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Biocompatibility assessment 

Umbilical cord-derived human mesenchymal stem cells (hMSCs) (ATCC PCS-500-010), were 

cultured in cell culture flasks (SIA0618, Sigma-Aldrich) in 7 ml of complete cell culture medium 

(CMEM). CMEM was made by combining 500 ml of Mesenchymal Stem Cell Basal Medium 

(ATCC PCS-500-030) with 10 ml of Mesenchymal Stem Cell Growth Kit for Adipose and 

Umbilical-derived MSCs - Low Serum (ATCC PCS-500-040), 0.5 ml of Gentamicin 

Amphotericin B Solution (ATCC PCS-999-002), and 0.5 ml of Penicillin Streptomycin 

Amphotericin B Solution (ATTC PCS-999-002). Flasks were incubated at 37°C, 5% CO2 in 

humidified air for 3 weeks until cells reached 70–90% confluence. Media was removed and cells 

were then washed three times with Dulbecco's Phosphate Buffered Saline (DPBS). Then, 5 ml of 

trypsin-EDTA (0.05%, 59417C, Sigma-Aldrich) was applied and the cells were incubated at 37°C, 

5% CO2 in humidified air for ~6 min. The cells subsequently detached from the flask and the 

contents were transferred into a 15 ml tube (CLS430791, Sigma-Aldrich) and centrifuged at 4°C 

for 5 min at 1500 rpm (ROTOFIX 32A, Hettich) with 5 ml of additional CMEM. Supernatants 

were removed and the pellet was re-suspended with 1 ml CMEM, counted with a hemocytometer 

(BR717810, Sigma-Aldrich) and further diluted to a density of 105 cells per 100 µl CMEM.  

 

2-layer grid structures were printed using an extrusion rate of 12 mm/s, a nozzle diameter of 0.84 

mm, and first and second layer nozzle distances of 0.3 mm and 0.5 mm, respectively, in 60 mM 

and 100 mM CaCl2 crosslinking solution (4 of each). Images of the nominally 40 mm x 40 mm 

structures printed in 60 mM and 100 mM CaCl2 after rinsing in DPBS and CMEM are shown in 

Figure S7A,B in a 60 mm diameter Petri dish (P5481, Sigma-Aldrich). 
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1 ml containing 106 cells was seeded onto each print and into each empty control well of a 6 well 

plate (SIAL0516, Sigma-Aldrich): 4 60 mM prints, 4 100 mM prints, and 4 empty control wells. 

Well plates were incubated at 37°C, 5% CO2 in humidified air. Cytotoxicity was assessed with 

Alamar Blue (DAL1025, Thermo Fisher). At each time point (1 day, 3, days, 5 days, and 7 days), 

250 µl of Alamar Blue (1:1 in DPBS) was added to the 1 ml of CMEM in each well, which was 

then covered with aluminum foil and incubated at 37°C, 5% CO2 in humidified air for not more 

than 2 hours. Subsequently, 100 µl of the solution was transferred into each of 3 wells of a 96-well 

plate (M9410-1CS, Sigma-Aldrich) and exposed to an excitation of wavelength of 560 nm using 

a microplate reader (Clariostar). 
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Figure S7. Images of the 2-layer prints printed in (A) 60 mM and (B) 100 mM CaCl2 after rinsing 

in DPBS and CMEM. Cell viability based on absorbance and normalized to the empty well plate 

control at (C) day 1, (D) day 3, (E) day 5, and (F) day 7 where * p < 0.05, ** p < 0.01, and *** p 

< 0.001. 
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