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Abstract

The mechanical properties of hydrogels used in biomaterials and tissue engineering applications 

are critical determinants of their functionality. Despite the recent rise of additive manufacturing, 

and specifically extrusion-based bioprinting, as a prominent biofabrication method, comprehensive 

studies investigating the mechanical behavior of extruded constructs remain lacking. To address 

this gap in knowledge, we compared the mechanical properties and swelling properties of 

crosslinked gelatin-based hydrogels prepared by conventional molding techniques or by 3D 

bioprinting using a BioBots Beta pneumatic extruder. A preliminary characterization of the impact 

of bioprinting parameters on construct properties revealed that both Young's modulus and optimal 

extruding pressure increased with polymer content, and that printing resolution increased with 

both printing speed and nozzle gauge. High viability (>95%) of encapsulated NIH 3T3 fibroblasts 

confirmed the cytocompatibility of the construct preparation process. Interestingly, the Young's 

moduli of extruded and molded constructs were not different, but extruded constructs did show 

increases in both the rate and extent of time-dependent mechanical behavior observed in creep. 

Despite similar polymer densities, extruded hydrogels showed greater swelling over time 

compared to molded hydrogels, suggesting that differences in creep behavior derived from 

differences in microstructure and fluid flow. Because of the crucial roles of time-dependent 

mechanical properties, fluid flow, and swelling properties on tissue and cell behavior, these 

findings highlight the need for greater consideration of the effects of the extrusion process on 

hydrogel properties.
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1. Introduction

In recent years, the increasingly apparent shortage of organs for transplantation [1] has 

prompted the rise of novel tissue engineering approaches. Hydrogels are particularly useful 

biomaterials for biomedical applications because their mechanical behavior mimics that of 

native tissue extracellular matrix [2]. These cross-linked water-swollen polymer structures 

possess porous networks that allow nutrient diffusion to encapsulated cells [3], and generate 

bulk time-dependent poroelastic properties [4, 5]. Furthermore, the polymer networks 

themselves are capable of rearrangement [6, 7], conferring bulk viscoelastic properties to the 
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hydrogels and adding yet another dimension of complexity which can be tuned to engineer 

synthetic tissue.

Additive manufacturing techniques allow for precise spatial control in the fabrication of 

hydrogel constructs. Indeed, bioprinting, which generates constructs through layer-by-layer 

deposition of cell-laden hydrogel material, has emerged as an advantageous approach over 

more traditional methods, such as molding, that do not offer sufficient control over the 

intricacies associated with engineering complex tissues [8]. In particular, bioprinting has the 

potential to allow encapsulation and patterning of multiple cell types as well as accurate 

control over construct geometry at the microenvironmental level. Though current bioprinting 

approaches include inkjet and laser-assisted printing, extrusion printing has become an 

appealing option for biofabrication due to its affordability, capacity for high cell density and 

adaptability for hydrogels with a diverse range of properties (viscosity, gelation method, etc) 

[9–12].

The versatile nature of extrusion-based bioprinting has elicited a wide-ranging assessment of 

the cytocompatibility of various biomaterials with respect to specific bioprinting modalities 

[13]. In order to develop robust, consistent and scalable biofabrication platforms, efforts 

have also been made to characterize the impact of bioprinting parameters, including printing 

speed and pressure as well as needle diameter, on extruded construct properties such as 

resolution [14, 15]. However, investigation into the mechanical behavior of extruded 

constructs as it compares to conventional biofabrication techniques remains lacking. Indeed, 

previous mechanical characterization studies of extruded constructs are largely constrained 

to the elastic component of construct behavior [16–18] and do not extend to evaluating the 

mechanism behind differences in both elastic and time-dependent mechanical properties 

resulting from the bioprinting process itself [19]. Another crucial characteristic of hydrogels 

is their capacity to undergo swelling and shrinking as a result of fluid flow in response to 

imbalances between osmotic pressure, electrostatic forces and elastic restoring forces [20, 

21]. By tuning the characteristics of microporous, macroporous or superporous hydrogels, 

swelling behavior can be altered to mimic different tissues such as cartilage [22], to develop 

stimulus-responsive biomaterials for drug delivery [23], and to serve various functions such 

as preventing post-surgical soft tissue adhesion [24]. However, examination into the impact 

of extrusion on the swelling behavior of constructs remains limited.

Thus, the objective of this study was to gain a mechanistic understanding of how bioprinting 

affects the mechanical and swelling properties of extruded hydrogel constructs as part of a 

characterization evaluating the impact of both hydrogel composition and bioprinting 

parameters on construct properties. The employed biofabrication platform consists of a Bio-

Bots Beta pneumatic extruder in combination with gelatin methacrylate (GelMA) hydrogel 

(figures 1(a) and (b)). GelMA was chosen because it is a widely used bioink for extrusion 

[25, 26] that contains cell-binding RGD motifs [27] and supports encapsulated cell viability 

[18, 28]. We modulated parameters including polymer content, photocrosslinking initiator 

concentration, printing speed, nozzle inner diameter, and printing pressure (figure 1(c)). 

Construct quality and resolution were evaluated using optical microscopy. Cell viability of 

cells encapsulated in extruded and molded constructs was using LIVE/DEAD® staining. 

Then, hydrogel cylinders of the exact same dimensions (figure 1(d)) were prepared by 
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molding or extrusion and uniaxial unconfined compression was performed to assess 

differences in Young's modulus (figure 1(e)). Differences in time-dependent mechanical 

properties between extruded and molded constructs were subsequently assessed in 

unconfined creep, an established if preliminary method for the characterization of 

viscoelastic and poroelastic materials [29–31]. Finally, the mechanism by which extrusion 

altered the mechanical properties of constructs was examined using optical microscopy and 

a swelling kinetics study. Taken together, the results of this investigation provide critical 

information as to how the bioprinting process modulates the performance of extruded 

constructs under mechanical stimulation. This information will be critical for the 

development and optimization of bioprinted constructs for in vitro tissue engineering and the 

design of biomaterials that will be undergo mechanical loading in vivo.

2. Methods

2.1. Gelatin methacrylation

GelMA was synthesized using previously described methods [25, 26]. Briefly, a 10% w/v 

solution was prepared by dissolving gelatin (Type A, 300 bloom, porcine skin, Sigma 

Aldrich) in phosphate buffered saline (PBS) at approximately 60 °C. Following complete 

dissolution, the solution temperature was maintained at 50 °C and 0.14 ml methacrylic 

anhydride was added for each gram of dissolved gelatin. The methacrylation reaction was 

allowed to proceed for 4 h at 50 °C under vigorous stirring. PBS warmed to 40 °C was 

added to obtain a GelMA concentration of 4.5% w/v, and then ice-cold acetone was added at 

a volumetric GelMA solution-to-acetone ratio of 1:4, allowing the GelMA to precipitate 

overnight. The precipitate was dried and dissolved in PBS at a concentration of 10% w/v by 

heating to approximately 50 °C. Following vacuum filtration through a 0.22 μm filter 

(polyethersulfone membrane, Fisher Scientific), the solution was dialyzed (Slide-A-Lyzer 

G2 Dialysis Cassettes, gamma-irradiated, 10 K molecular weight cutoff, Fisher Scientific) 

for 3 days against deionized water with dialysis media change twice a day. The GelMA 

solution was finally lyophilized for four days and stored at −20 °C.

2.2. Hydrogel fabrication by bioprinting andmolding

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), a cytocompatible photoinitiator 

activated by visible light at a wavelength of 405 nm [32, 33], was used to initiate 

photocrosslinking of GelMA. Hydrogels were prepared by dissolving synthesized GelMA at 

10–20 w/v% in PBS along with LAP (Biobots) at 0.25% or 0.5%, as indicated. The 

employed bioprinting system was a BioBots Beta pneumatic extruder, which is equipped 

with an extrusion pressure range of 0–140 psi and violet light irradiation capability at a 

wavelength of 405 nm. Prepared hydrogel formulations were loaded in a 10 ml syringe (BD) 

fitted with 27 gauge (27G, 200 μm inner diameter), 22 gauge (22G, 420 μm inner diameter) 

or 18 gauge (18G, 840 μm inner diameter) nozzles (Jensen Global Dispensing) for extrusion. 

Solutions were allowed to physically crosslink (gel) in the syringe prior to extrusion (∼20 

min). Computer models for the constructs (either lines or cylinders) were designed using 

Creo Parametric 3.0 and imported into Repetier-Host software, where printing speed was set 

prior to extrusion. Hydrogel lines were extruded at printing pressures ranging from 60 to 130 
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psi and travel feed rates from 4 to 12 mm s−1, as indicated, under constant irradiation from 

the violet light source. Hydrogel cylinders were printed at 100 psi, 8 mm s−1, and in 6 layers.

Molded cylinders of the same dimensions as extruded cylinders were prepared by letting 

GelMA solutions gelate at solution depths matching that of extruded counterparts for 20 min 

and then irradiating the solutions under violet light for the same amount of time as extruded 

cylinders (10 min). Biopsy punches (Fisher Scientific) were subsequently used to obtain 

molded cylinders with the same dimensions as extruded cylinders (1.4 mm height × 5 mm in 

diameter), which was confirmed by measuring with calipers. Petri dishes were used as 

extrusion and molding substrates for extrusion pressure testing, line width evaluation, all 

mechanical testing and the swelling study, while glass slides were used for the 

microstructural analysis of constructs with optical microscopy.

2.3. Imaging and analysis for line extrusions and cylinders

Single-layer extruded lines were imaged using an EVOS microscope (transmitted light, 

phase contrast, 4× magnification). For line extrusions with 18G nozzles, whose widths 

exceeded the imaging area of the microsope, full-size images of each line were generated by 

capturing two images spanning the total width and performing a stitching operation using 

ImageJ [34]. The total area of each line (obtained from ImageJ) was divided by the total 

length to obtain the average line width.

Representative photographs of extruded and molded cylinders were taken with a Canon 

S120 digital camera. Using a Zeiss AxioObserver Z1 microscope (phase contrast, 10× 

magnification), optical micrographs of extruded and molded cylinders (15 mm diameter, 1 

mm height) were also taken to assess differences in microstructure. The focal plane of the 

micrographs was set to the surface of the glass, i.e. the plane of contact between the 

hydrogel and the glass substrate.

2.4. Cell culture

Although high viability of cells encapsulated in gels prepared with similar crosslinking 

protocols have been described in several studies [32,33,35], including the use of GelMA, 

LAP, and light exposure for up to 10 min, we conducted a cell viability assay to assess the 

impact of the extrusion process on cell viability. NIH/3T3 fibroblasts (ATCC® CRL-1658™) 

were cultured in Dulbecco's Modified Eagle's Medium (DMEM) with 4.5 g M−1 glucose, L-

glutamine, and sodium pyruvate (Corning, Corning, NY, Cat. No. 10-013) supplemented 

with 10% heat-inactivated fetal bovine serum and maintained in an incubator at 37 °C and 

5% CO2. Cells were subcultured when approximately 80% confluent and detached using 

trypsin-EDTA (0.25%, phenol red) (ThermoFisher Scientific, Waltham, MA Cat. No. 

25200056). Culture medium was changed every 3–4 days. The baseline viability of the cells 

was assessed using the Trypan Blue Exclusion method prior to encapsulation and the LIVE/

DEAD® assay.

2.5. Cell encapsulation and viability study

Concentrated stock solutions of cells and GelMA (maintained at 37 °C) were gently mixed 

together resulting in a final concentration of 10% GelMA, 0.25% LAP, and 5.0 × 10 cells 
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mL−1. For the creation of 3D printed constructs, approximately 5 ml of cell-laden GelMA 

was poured into a 10 ml syringe and allowed to gel for 20 min, as described above. Next, 

eight lines were extruded using a 27G nozzle, a travel feed rate of 8 mm s−1, and a layer 

height of 0.2 mm onto a microscope slide and exposed to 405 nm light for 10 min For the 

creation of molded hydrogels, 1 ml of cell-laden GelMA was poured into one well of a 6-

well plate and allowed to cool for 20 min. The thickness of the hydrogel approximated the 

thickness of the extruded lines described above. A 5 mm biopsy punch was used to obtain 

molded hydrogels, which were then were placed on a microscope slide and exposed to 405 

nm light for 10 min Cell viability was immediately assessed using the LIVE/DEAD® assay 

(Thermo Fisher Scientific) according to the manufacturers' instructions. Briefly, the two 

components were combined with sterile PBS to generate 2 ml of a 4 μm ethidium 

homodimer (EthD-1) and 2 μm calcein AM solution. Live cells were stained with calcein 

AM (excitation/emission (ex/em): ∼495 nm/∼515 nm) and damaged or dead cells were 

stained with EthD-1 (ex/em: ∼495 nm/∼635). Hydrogels, encircled with a hydrophobic pen, 

were incubated with 100–150 μl of LIVE/DEAD® solution for 20 min at room temperature. 

Cells not subjected to hydrogel encapsulation were used as a positive control.

2.6. Cell-laden hydrogel imaging acquisition and analysis

One image of each sample (n = 5 for all groups: 3D printed, molded, and positive/cell-only 

control) was immediately captured using confocal microscopy (Zeiss LSM 700, Peabody, 

MA). A z-stack of images (a minimum of n = 20 per sample), standardized to image through 

the entire thickness of the sample, was captured through the microscope slides using a 

resolution of 512 × 512 pixels via a 10×/0.3 Dry lens, 5% laser output using the 488 nm and 

639 nm lasers, and a pinhole of 1 AU. Images were processed using ImageJ, where Z-stacks 

were compressed into one image using maximum intensity and subsequently subtracting the 

background using a rolling ball algorithm [36]. Subsequently, images were converted to 

RGB, channels were split to manually count dead (red) and live (green) cells using the 

ImageJ Cell Counter plugin. Percent viability was determined by dividing the number of live 

cells by the total number of cells and multiplying by 100%.

2.7. Mechanical testing

For mechanical testing, cylinders (5 mm diameter, 1.4 mm height) were placed on the 

compression platens of a Bose Electroforce 3220 in an unconfined setup, immersed in PBS, 

and preloaded with a compressive stress of 2.5 kPa prior to each test. To measure Young's 

modulus, hydrogels were uniaxially compressed to a strain of 15% at a strain rate of 10 or 

16.5% per minute, as indicated. Linear regression was performed on the obtained stress-

strain data over the initial 7% of strain [22] to obtain the slope of the initial linear portion of 

the stress-strain curve (Young's modulus). For creep testing, a 5 kPa stress was applied to the 

cylinders for 7 min (creep portion) followed by reduction of stress to 2.5 kPa for 7 min 

(recovery portion). Exponential fitting of the creep and recovery portions of the data was 

performed using equations (1) and (2) respectively, where ε represents strain. Note that t 
corresponds to elapsed time from the moment at which a stress of 5 kPa was reached for 

equation (1) and the moment at which a stress of 0 Pa was reached for equation (2). acreep 

and arecovery correspond to the changes in strain caused by creep and recovery respectively 

while bcreep and brecovery correspond to the equilibrium strain values of the creep and 
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recovery portions respectively. τ is a time constant that corresponds roughly to the amount 

of time it takes for the strain to reach around 37% of its final value (1/e)

(1)

(2)

From the fitting, time-dependent mechanical behavior was quantified using four properties, 

namely extent of creep, average creep rate, extent of recovery and average recovery rate. The 

extent of creep is the total change in strain caused by creep while the extent of recovery is 

the percentage of this strain change that is recovered during unloading. Average creep and 

recovery rates correspond to the average rates of change in strain over the initial 99% of 

creep and recovery respectively.

2.8. Swelling kinetics

A swelling kinetics study was performed to assess the impact of microstructural differences 

on fluid flow. Molded and extruded cylinders (5 mm diameter, 1.4 mm height) were 

prepared and their exact dimensions (diameter and height) were measured with calipers 

before they were fully dried. For each cylinder, the polymer density was calculated by 

dividing the dry weight of the cylinder by the volume of the cylinder obtained from the 

dimensional measurements. After drying, cylinders were immersed in 10 mL PBS and 

weighed at multiple time points over 5 days of swelling. Swelling percentage was calculated 

using equation (3), where Mt corresponds to the hydrogel mass at time t and M0 corresponds 

to the initial weight of the dried polymer prior to immersion in PBS

(3)

2.9. Statistical analysis

Two way-ANOVA with post hoc Tukey analysis was performed to determine statistical 

significance between groups in the line width vs travel feed rate data and the Young's 

modulus vs biomaterial composition data. One way-ANOVA with post hoc Tukey analysis 

was performed to determine statistical significance between groups in the cell viability data. 

Two-tailed t-tests were performed to compare Young's moduli, creep parameters and 

polymer density data between extruded and molded cylinders. A two-tailed t-test with 

Holm-Sidak correction for multiple comparisons was performed on extruded and molded 

groups in the swelling percentage data. All data are shown as mean ± SEM, with n = 8 for 

all line width data, n = 5 for cell viability data and n = 6 for all mechanical testing and 
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swelling data. All graphs were plotted using GraphPad Prism 6 software. A p-value of less 

than 0.05 was considered statistically significant.

3. Results

3.1. Combinatorial effects of extrusion parameters and biomaterial composition on 
construct quality and resolution

Qualitative characterization of extruded lines (figure 2) revealed the existence of an optimal 

extruding pressure at each GelMA concentration investigated (table 1). For each GelMA 

concentration, extrusion skips were observed at pressures below the optimal range while 

unevenly excessive outpour was observed above that range.

The impact of printing speed on line resolution was assessed by extruding lines at travel feed 

rates of 4 mm s−1, 8 mm s−1 and 12 mm s−1. The impact of nozzle inner diameter was also 

evaluated by extruding lines with 27G, 22G and 18G nozzles. As expected, increasing the 

travel feed rate resulted in a significant decrease in line width, corresponding to an increase 

in resolution (p < 0.0001 for travel feed rate factor in two-way ANOVA), figures 3(a) and 

(c)) while increasing the inner diameter of the nozzle significantly increased line width (p < 

0.0001 for one way ANOVA, figures 3(b) and (d)). Interestingly, increasing the GelMA 

concentration from 10% to 20% w/v also resulted in a small but significant decrease in line 

width (p < 0.05 for GelMA concentration factor in two way ANOVA).

3.2. Cell viability study

To confirm the cytocompatibility of the employed extrusion and photocrosslinking methods, 

a LIVE/DEAD® assay was performed immediately after the preparation of molded and 

extruded constructs encapsulated with 3T3 cells. Cell viability was high (∼95%) for cells 

encapsulated in both extruded constructs and molded constructs, as well as for 

unencapsulated controls, with no significant differences between any of the experimental 

groups (figure 4). There were no significant differences in cell viability between these three 

groups and the baseline cell viability measured by Trypan blue exclusion prior to 

encapsulation and the LIVE/DEAD® assay, which was 97.27% ± 1.12%.

3.3. Impact of extrusion process on bulk mechanical properties

As expected, increasing the GelMA concentration from 10% to 15% and 20% resulted in an 

increase in the Young's modulus of molded cylinders (figure 5(b)). The concentrations of the 

photoinitiator (LAP) investigated here had no effect on hydrogel elastic behavior.

The impact of extrusion on Young's modulus was assessed by comparing molded and 

extruded hydrogel cylinders prepared with 15% GelMA and 0.25% LAP. Surprisingly, while 

no differences were observed in Young's modulus between molded and extruded cylinders 

(figure 5(c)), extruded constructs exhibited increased extents (figure 6(b)) and rates of creep 

(figure 6(c)) compared to molded constructs. Moreover, while the extent of recovery from 

creep was not different between extruded and molded constructs (figure 6(d)), the rate of 

recovery from creep was higher for extruded constructs (figure 6(e)). These results indicate 
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that the extrusion process did not affect bulk elastic behavior (Young's modulus), but time-

dependent mechanical behavior was affected.

3.4. Impact of extrusion process on microstructure and swelling properties

To investigate the mechanism behind the observed differences in time-dependent mechanical 

properties, molded and extruded cylinders were imaged under phase contrast microscopy. 

Molded constructs were characterized by uniform light transmission through the hydrogel 

(figure 7(a)) while extruded constructs were characterized by a microstructure with 

extensive refraction (figure 7(b)). Surprisingly, although extruded and molded hydrogels had 

similar polymer densities (figure 7(c)) upon fabrication, differences in swelling behavior 

between extruded and molded constructs were apparent after 1 day, with extruded constructs 

exhibiting both faster and more extensive swelling compared to molded counterparts (figure 

7(d)).

4. Discussion

Our findings show that the bioprinting process results in hydrogels with unique 

microstructures that differ from their molded counterparts prepared with the same polymer 

solution and with the same dimensions, causing major changes in time-dependent 

mechanical properties and swelling behavior. These results have major implications for the 

design of hydrogels for biomedical applications in which the hydrogels would be required to 

withstand mechanical loading in vivo.

The identification of optimal extrusion pressures and the observed increase in resolution 

with printing speed and nozzle gauge are consistent with previous characterizations of 

extrusion-based methods [37–39]. The impact of GelMA concentration on Young's modulus 

is also in agreement with previous studies performed with other photoinitiators [18]. 

However, the unexpected impact of GelMA concentration on resolution, very likely the 

result of increased flow resistance due to the concomitant rise of hydrogel viscosity with 

polymer concentration, reveals yet another mechanism at play in the determination of 

printing specifications. The fact that the extrusion process did not affect cell viability is in 

agreement with previous reports that allowing hydrogel solutions to undergo gelation prior 

to extrusion protects encapsulated cells from the detrimental effects of extrusion-induced 

shear forces [40].

More interesting is the finding that the extrusion process impacts the time-dependent 

mechanical behavior of hydrogel constructs. The fact that swelling kinetics between molded 

and extruded hydrogels were different, despite similar densities, suggest that microstructural 

differences contribute to the observed differences. Indeed, the interstices present in the 

microstructure of the extruded construct constitute an interconnected network of space 

available to the surrounding medium, thereby increasing the rate and extent of fluid flow 

both into and out of the construct during loading and unloading. The differences in 

mechanical behavior of the extruded and molded constructs would be expected to be even 

greater after the hydrogels reached swelling equilibrium, which should be studied in future 

work. It is also possible that spatial differences in crosslinking existed because the first 

printed layers were exposed to the light source for longer periods of time than the last 
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printed layers. However, because molded and extruded hydrogels did not show differences in 

elastic moduli, any spatial differences in crosslinking were likely too minor to affect 

mechanical properties. Finally, it is possible that lateral translation of the potentially 

unconstrained structural filaments with respect to each other may constitute another 

mechanism by which extrusion increases the rate and extent of creep. However, our finding 

that the extent of recovery is identical in extruded and molded constructs suggests similar 

extents of permanent deformation. Clearly, further studies are warranted to thoroughly 

investigate the effects of the extrusion process on the microstructure and mechanical 

properties of hydrogels.

The reported mechanical results have important implications both for in vitro tissue 

development and for in vivo settings following implantation. Firstly, native tissues also 

exhibit time-varying mechanical properties [41–44], so it is essential to understand how 

hydrogels behave in comparison in order to better design biomimetic constructs. Moreover, 

it has also been shown that cells respond differently to varying substrate stiffness in terms of 

morphology [45], movement [46] and differentiation [47], so it stands to reason that cell 

behavior will also be affected by viscoelastic substrate properties. On the other hand, cells 

may respond more to local changes in mechanical properties on the nano- or micro-scale 

compared to changes in bulk mechanical properties that were evaluated in this study. 

Nonetheless, the preponderance of studies establishing mechanical stimulation as a key 

regulator in native biological processes, such as gene transcription [48], tissue 

morphogenesis [49], neural transduction [50], cell–cell junction signaling [51], and tissue 

development [52, 53], highlight the importance of understanding the response of cell-laden 

hydrogels to mechanical loading [54–56]. Our findings that the bioprinting process also 

affects swelling behavior are likewise pertinent to biomedical applications as swelling 

behavior mediates changes in volume and concentration upon implantation into the osmotic 

environment of the body [57]. Accordingly, the effects of swelling properties may need to be 

curbed by preconditioning to prevent failure [57–59] or may be exploited for the 

development of smart biomaterials [60]. Taken together, our findings suggest that a more 

comprehensive characterization of bioprinted constructs must be conducted in order to 

systematically predict and monitor properties that are vital to their performance.

Time-dependent mechanical properties of extruded highly porous scaffolds have previously 

been evaluated, most notably with stress relaxation testing [61, 62]. These studies, however, 

solely assess the impact of intended scaffold porosity rather than the unintended impact of 

the extrusion process itself on the mechanical behavior of constructs. Similarly, previous 

swelling studies performed on extruded constructs [63] overlook the impact of extrusion as 

they lack comparisons against molded counterparts. Interestingly, it was previously shown 

that the swelling behavior of constructs fabricated with inkjet printing is not different from 

that of nonprinted hydrogels [64]. Given that inkjet printing dispenses liquid droplets that 

form a series of consolidated layers devoid of unintended discontinuities [65], these results 

serve to confirm our finding that interstices formed during extrusion are responsible for the 

observed differences in swelling behavior. However, further studies are required to 

thoroughly characterize the microstructure of extruded and molded hydrogels.
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This study did have several limitations. Firstly, the only biomaterial evaluated was gelatin 

methacrylate. Although this material is widely used in tissue engineering [18], the results 

may differ for other bioinks, including collagen [66], hyaluronic acid [67] and alginate [68], 

as well as other crosslinking methods such as physical or ionic crosslinking. In addition, this 

study only evaluated one composition of gelatin hydrogel in extruded and molded forms 

under just two mechanical testing scenarios. Future studies should include multiple time-

dependent mechanical testing protocols for varying bioprinting parameters, namely 

extrusion speed and nozzle diameter, as well as for constructs with different biomaterial 

formulations, all of which are likely to affect transient and equilibrium loading responses. 

Moreover, although our goal in this study was to compare the properties of extruded and 

molded hydrogels immediately after fabrication, mechanical characterization after the 

hydrogels reach swelling equilibrium also will be important for their intended applications. 

Nanoindentation studies may be more relevant tests to determine how encapsulated cells 

might respond to changes in mechanical behavior [69]. Swelling studies should be 

conducted using osmotic solutions that more accurately recapitulate the intended 

application, as PBS has been shown to be a poor indicator of the high osmotic pressures 

found in many tissues in vivo [57]. Finally, we were not able to thoroughly characterize the 

microstructure of the hydrogel constructs, considering most methods of porosimetry require 

gel dehydration, which would affect the microstructure of the gels [22]. Future studies 

should be directed at characterizing differences in microstructure due to the extrusion 

process. Nonetheless, the current study constitutes a concrete step towards the systematic 

and comprehensive evaluation of the impact of both biomaterial formulation and the 

extrusion process on construct properties, most notably mechanical properties.

5. Conclusions

The current study builds on the growing body of bioprinting characterization studies, a 

collective that sheds light on an intricate interplay between printing parameters and construct 

properties. Of particular significance is the study's finding that extrusion creates a 

microstructure that increases the extent and rate of both swelling and creep compared to 

molded counterparts. This important process may be exploited, mitigated, or otherwise 

addressed in the design of extruded hydrogels used for biomedical applications. Indeed, both 

swelling and time-dependent mechanical behavior greatly impact the success of hydrogels 

used in tissue engineering and in vivo implantation.
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Figure 1. 
Experimental design. (a) Various formulations of gelatin methacrylate (GelMA) hydrogel 

photocrosslinked with lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) were 

extruded into different structures (b) at varying travel feed rates, nozzle diameters and 

extrusion pressures (c). (d) Hydrogels with the same dimensions were prepared, and (e) 

hydrated unconfined compression testing, a swelling study, and optical microscopy were 

used to evaluate construct properties for comparison against molded counterparts prepared 

with the exact same dimensions. Scale bars: 5 mm.
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Figure 2. 
Optimal extruding pressure is dependent on biomaterial composition. (a) Sequential lines, as 

shown by CAD model, were extruded at various concentrations (10%, 15% and 20% w/v 

GelMA) and pressures (0–140 psi) with a 27G nozzle. LAP concentration was 0.5% w/v and 

travel feed rate was 8 mm s−1. Micrographs shown are representative of line extrusions at 60 

psi (b), 80 psi (c) and 100 psi (d) for 10% GelMA/0.25% LAP. Scale bars: 1000 μm.
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Figure 3. 
Both travel feed rate and biomaterial composition modulate extrusion resolution, measured 

by line thickness. (a) Representative images shown for line extrusions at 4 mm s−1 (left), 8 

mm s−1 (center) and 12 mm s−1 (right) for 10% GelMA/0.25% LAP. Scale bars: 1000 μm. 

(b) Representative images shown for line extrusions with a 22G nozzle at the optimal 

pressure of 40 psi (left) and with an 18G nozzle at the optimal pressure of 10 psi (right) for 

10% GelMA/0.25% LAP and a travel feed rate of 8 mm s−1. Scale bars: 1000 μm. (c) Line 

thickness data as a function of GelMA concentration (10% or 20%) and travel feed rate, 

quantified by micrograph analysis (****p ≤ 0.0001, two way ANOVA and Tukey post hoc 

analysis). (d) Line thickness data as a function of nozzle gauge quantified by micrograph 

analysis (**p ≤ 0.01,****p ≤ 0.0001, one way ANOVA and Tukey post hoc analysis).
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Figure 4. 
Cell viability was not affected by 3D printing process. (a)–(c) 3D printed hydrogel lines; 

(d)–(f) molded hydrogels; (g)–(i) cell-only controls. (j) Quantitative analysis of cell viability. 

Scale bars are 100 μm.
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Figure 5. 
Elastic deformation behavior is modulated by biomaterial composition but not by printing 

itself. (a) Representative portion of stress/strain data from unconfined compression. (b) 

Young's moduli of hydrogels prepared with 10%, 15%, 20% GelMA and 0.25%, 0.5% LAP 

(****p ≤ 0.0001). There was no significant difference between hydrogels prepared with 

0.25% and 0.5% LAP. (c) Young's moduli of printed and molded GelMA cylinders (15% 

GelMA, 0.25% LAP). Note that elastic moduli in (b) were measured in uniaxial 

compression with a strain rate of 10%/min, while elastic moduli in (c) were measured using 

a strain rate of 16.5%/min.
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Figure 6. 
Printing affects rate and extent of time-dependent mechanical behavior. Printed and molded 

GelMA cylinders (15% GelMA, 0.25% LAP) were subjected to creep testing in hydrated 

unconfined compression. (a) Representative strain vs time data shown for creep + recovery 

testing of printed cylinders. (b) Creep extent data, obtained from exponential regression of 

creep portion (**p < 0.01). (c) Creep rate data, obtained from exponential regression of 

creep portion (****p < 0.0001). (d) Recovery extent data, obtained from exponential 

regression of recovery portion. (e) Recovery rate data, obtained from exponential regression 

of recovery portion (**p < 0.01).
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Figure 7. 
Printed and molded hydrogels exhibit different microstructures as well as swelling behavior. 

Optical micrographs for molded (a) and printed (b) GelMA samples (15% GelMA, 0.25% 

LAP). Scale bars: 500 μm. (c) Polymer density of extruded and molded cylinders. No 

statistical difference between the two groups. (d) Swelling percentage data (*p < 0.05, **p < 

0.01) obtained from weighing printed and molded GelMA cylinders (15% GelMA, 0.25% 

LAP) over time in immersion in PBS.
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Table 1

Qualitative characterization of line extrusions (with a 27G nozzle and a travel feed rate of 8 mm s−1) reveals 

the existence of optimal GelMA concentration/extrusion pressure pairings.

Characteristics of printed lines

GelMA concentration
Noncontinuous flow, uneven 
thickness: beads instead of lines

Optimal pressure, continuous 
flow, constant thickness

Excessive outpour, uneven 
thickness, large chunks in lines

10% w/v GelMA 60 psi 80 psi 100 psi

15% w/v GelMA 80 psi 100–110 psi 120 psi

20% w/v GelMA 100 psi 130 psi —a

a
Required extrusion pressure exceeded the capabilities of the extruder.

Biofabrication. Author manuscript; available in PMC 2016 November 22.


	Abstract
	1. Introduction
	2. Methods
	2.1. Gelatin methacrylation
	2.2. Hydrogel fabrication by bioprinting andmolding
	2.3. Imaging and analysis for line extrusions and cylinders
	2.4. Cell culture
	2.5. Cell encapsulation and viability study
	2.6. Cell-laden hydrogel imaging acquisition and analysis
	2.7. Mechanical testing
	2.8. Swelling kinetics
	2.9. Statistical analysis

	3. Results
	3.1. Combinatorial effects of extrusion parameters and biomaterial composition on construct quality and resolution
	3.2. Cell viability study
	3.3. Impact of extrusion process on bulk mechanical properties
	3.4. Impact of extrusion process on microstructure and swelling properties

	4. Discussion
	5. Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1

