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 ABSTRACT 

Bioprinting, an advantageous regenerative medicine manufacturing technique, is limited 

primarily by the dearth bioinks suitable for use. There is a need for bioink development 

and improvements to the bioink development process. This process is difficult due to the 

quantity of both bioactivity and printability parameters researchers must consider. 

Additionally, there is a poor understanding of how these parameters, especially rheology, 

influence final printing outcomes. The study of these parameters is further limited due to 

insufficient analysis methods. Throughout this work, several novel printing outcome 

assessments have been developed, culminating in a comprehensive, bioink-specific 

artifact. First, the effect of tan(δ) on a gelatin-alginate bioink was established, with higher 

values leading to higher filament uniformity and lower values leading to higher shape 

fidelity, but these results showed a lack of applicability to other bioinks. Next, speed ratio 

was shown to have a dominating effect on printing outcomes relative to feedrate and 

flowrate using a GelMA-Gellan Gum bioink and cell concentration was shown to have no 

effect up to 40 x 106 cells/mL. Using a wide range of bioinks and rheological measures, 

the effect of rheology on printing outcomes was investigated, with G’, tan(δ), yield stress, 

shear thinning, and recovery behaviors each shown to play a role. Lastly, tissue-specific 

bioactivity was improved upon by conjugating a synthetic BMP-peptide to a GelMA-

based bioink, demonstrating improved DPSC osteogenic differentiation in both growth 

and osteogenic media. In totality, this work has made significant contributions in bioink 

development, specifically regarding printability assessment techniques, the underlying 

mechanisms impacting printability, and the bioactivity of tissue-specific bioinks. 
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Chapter I: Introduction & Background 
 

1. TISSUE ENGINEERING, REGENERATIVE MEDICINE, AND 

BIOPRINTING 

Regenerative medicine is the process of replacing, engineering or regenerating human 

cells, tissues or organs to restore or establish normal function. [1] The building blocks of 

tissues are cells, which vary in cell type and density based on the function and location of 

the tissue. Tissue engineers attempt to replicate tissue function by utilizing cells, 

biomaterials, and signaling molecules with applications to nearly every tissue type in the 

body. [1] Regenerative medicine has made extraordinary advancements over the last 

decade. There were 947 clinical trials underway by the end of 2017, with 21 in the area 

of tissue engineering. [2]  

 

As these treatment strategies advance from the benchtop to commercialization and 

clinical translation, there is a need to improve reproducibility and manufacturing 

techniques. [3] Faster and cheaper manufacturing can make the difference between 

commercial success and failure. Reproducibility is also key for clinical translation and 

regulatory approval as treatments should not vary from patient to patient unintentionally. 

One way these goals have been accomplished is through process automation via 

bioprinting. Recently, many advances in regenerative medicine and tissue engineering 

have been made through 3D bioprinting technologies. [1, 4-6] According to a recent 

terminology review by Moroni et al., [7] bioprinting can be defined as,  
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“The use of computer aided transfer processes for patterning and assembly of living and 

non-living materials with a prescribed 2D or 3D organization to produce bio-engineered 

structures serving in regenerative medicine, pharmacokinetics, and basic cell biology 

studies. In this context, additive manufacturing of 3D scaffolds able to instruct or induce 

the cells to develop into a tissue mimetic or tissue analog structure, for example, through 

distinctive cell interaction, hierarchical induction of differentiation, or functional 

evolution of the manufactured scaffolds falls within bioprinting.” 

 

There are many benefits to these technologies over traditional manufacturing techniques. 

Automation of the process improves reproducibility and manufacturing costs. Bioprinting 

also allows for the creation of complex shapes not achievable through molding or 

subtractive manufacturing. [1] This is important as human anatomy is typically 

comprised of irregular geometries. In addition to that, patient anatomy differs between 

each individual and bioprinting can be used to create patient specific implants. 

Additionally, disease states can vary in location, size, and shape, especially for trauma 

and tumors. [8] If a mold or machining is used, each case would require a new mold or 

new tooling, but one bioprinting modality can make an infinite number of construct 

designs. While the manufacturing time is longer for bioprinting, the total turnaround time 

is shorter since manufacturing can begin immediately upon creation of the CAD model as 

opposed to waiting for tooling or a mold to be created. Faster treatment can make a large 

difference in a patient’s outcome for certain diseases.  
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Bioprinting technologies have been used in a variety of applications including trauma, 

congenital defects, whole organ diseases, and tumor removal. These constructs have been 

especially successfully applied to in vitro drug testing and disease modeling. [6] The 

ultimate goal of bioprinting is clinical engraftment and replacement of diseased tissue. 

While a complete, functional organ has yet to be printed, the field remains optimistic 

towards its eventual feasibility.  

 

There are many broad categories of bioprinters. However, most of the technologies which 

fall under the Moroni [7] definition lack the ability to incorporate cells. Most require 

conditions which are lethal to cells such as high temperatures, toxic chemicals, or a dry 

environment. [7] Many of these processes also limit the signaling molecules which can be 

used as many cannot be maintained through these processes. For example, most growth 

factors will denature at high temperatures. Scaffolds manufactured with these 

technologies can be used without cells by recruiting them once implanted. However, for 

many applications the patient’s local cells are impaired due to the disease being treated. 

Additionally, even small animal studies consistently show the inclusion of cells to 

improve outcome measures compared to acellular controls. [9] While in the short-term 

this strategy is beneficial due to its accelerated regulatory approval pathway, it may not 

be the ideal, long-term solution, especially for large constructs and defects. Another 

option for some of these constructs printed without cells is to have cells incorporated 

afterwards as a post-processing step often referred to as ‘seeding’. Unfortunately, it is 

difficult to control cell distribution on the scaffold when seeding cells. [9] This makes 

incorporation of multiple cell types very difficult unless it is desired for each cell type to 
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be mixed homogenously throughout. Additionally, very large constructs and constructs 

with especially small pores cannot be seeded completely as the cells may not be able to 

reach the deepest portions of the construct. It is also difficult to control cell concentration 

as the percentage of cells which attach to the scaffold during the seeding process is not 

easy to control or quantify. [9]  

 

There are four bioprinting technologies which incorporate cells directly – inkjet, 

microextrusion, stereolithography, and laser-assisted bioprinters. [7] Inkjet bioprinting 

was the first additive manufacturing technique to incorporate cells. Similar to paper and 

ink printing, inkjet bioprinting deposits a single droplet of cell-containing bioink at a 

time, allowing for impressive control of cell placement and distribution. It is a relatively 

fast and cheap process as well. [10] However, usable bioinks must have a very low 

viscosity, making it difficult to apply to larger constructs or stiffer tissues. Inkjet also is 

limited by both the low cell densities which can be used and height of the structures 

which can be fabricated. [10] Laser-assisted bioprinting, or laser induced forward 

transfer, uses laser pulses to transfer a bioink from a metallic donor slide onto a substrate. 

It can achieve even better resolutions than inkjet bioprinters, but at the sacrifice of 

construct size and printing time. [7] Laser-assisted bioprinting also has the lowest cell 

viability and is the most expensive of the bioprinting methods which allow for the 

incorporation of cells. Stereolithography uses a UV light to crosslink material layer by 

layer as the printing substrate is raised from a bath of the bioink. [10] The two main 

advantages of printing via stereolithography are the accuracy with which complex 

structures can be printed and the high cell viability achieved. These bioprinters are 
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relatively cheap and fast, but a lot of cells are wasted as the full bath must be filled with 

bioink. Additionally, cells must be exposed to damaging UV light and photoinitiators 

which have some toxicity to cells. Furthermore, only photocrosslinkable bioinks may be 

used. [10]  

 

Extrusion bioprinting, also called bioplotting, is far and away the most commonly used 

type of bioprinting in tissue engineering. [11-16] Extrusion bioprinters are cheap and 

relatively simple to operate. They typically contain a stage with an XYZ axis controller, 

syringes connected to a pressure controller or plunger, and environmental and/or syringe 

specific temperature controllers all enclosed in a sterile chamber. [12] CAD/CAM 

software is used to design the printed object’s geometry, usually with the assistance of an 

intermediate program which converts the CAD model into individual layers and machine 

code which can be read by the bioprinter’s motion controller. [12] This code instructs the 

axis movements, allowing for specific geometries to be manufactured one layer at a time. 

Material deposition is most commonly driven pneumatically as it is easier to control, but 

piston and screw plungers may also be used. The plunger and piston driven systems 

provide more direct control of extrusion, but pneumatic systems are capable of applying 

higher extrusion forces and are more responsive with regard to starting and stopping 

flow. [12] Most extrusion bioprinters contain multiple print heads to allow for the use of 

multiple materials within a single construct. This allows for researchers to manufacture 

constructs with regional differences in biomaterials, cell types, cell densities, and 

signaling molecules. [12] Relative to other bioprinting processes, extrusion bioprinting is 

easy to operate, has more usable biomaterials to choose from, and can operate at much 
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higher cell densities. [10] Its biggest drawbacks are its long print times and that cells are 

exposed to shear stress when passing through the nozzle and pressure while in the syringe 

waiting to be extruded. Mammalian cells can easily be ruptured by these mechanical 

forces. [10]  

 

2. BIOINK DEVELOPMENT AND PRINTABILITY 

While extrusion bioprinting may have more biomaterials available than 

stereolithography, inkjet, or laser assisted bioprinting, one of its biggest limitations is still 

the lack of available biomaterials or “bioinks” which can be used to encapsulate cells and 

extruded. [5, 17, 18] A bioink is a, “formulation of material(s) and biological molecules 

or cells processed using bioprinting technologies.” [7] For extrusion bioprinting, bioinks 

are the mixture of cells, signaling molecules, and biomaterials which are extruded by the 

bioprinter. Because of their ability to encapsulate cells, hydrogels are the primary 

biomaterial utilized for this purpose. Hydrogels are polymers whose primary component 

is water. They may be either natural (gelatin, alginate, agarose, chitosan, dextran, 

fibrinogen, gellan gum, hyaluronic acid, etc.) or synthetic (PEG, Pluronic, 

polyacrylamide, PHEMA, etc.). Natural hydrogels have improved bioactivity while 

synthetic hydrogels are more easily modified (i.e. tunable degradation and mechanical 

properties, functional modification) and have greater batch to batch consistency. [3, 17-

19]  
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Presumably, if a construct is being bioprinted it is because a specific shape is desired. 

However, because these materials are made of mostly water, achieving adequate shape 

fidelity upon deposition is challenging. [20] Overhangs, microchannels, and tall 

structures (greater than 1 centimeter) are especially difficult to create with these 

materials. Adding to this difficulty, bioinks with too high of a viscosity cannot be used as 

the pressure required for extrusion (and subsequent shear stress placed on the cells) can 

cause permanent cell damage and death. [21] As a result, most bioinks are not self-

supporting. Most commonly one or more forms of crosslinking are applied as a secondary 

support mechanism. Physical crosslinking, such as with thermoresponsive gelatin, is 

employed for systems which use different temperatures between the material and printing 

space. This can be achieved either through a heating/cooling sleeve around the syringe, a 

temperature controller for the air in the printing environment, printing onto a hot/cold 

plate, or some combination thereof. [18] Ionic crosslinking, such as with alginate 

hydrogels, can be used by either through partial crosslinking prior to printing, applying 

an ionic mist, printing directly into an ionic solution, or simply submerging into an ionic 

solution after the print has finished. [18] Finally, UV crosslinking, such as with 

methacrylated hydrogels, can help maintain the material’s shape by applying a UV light 

and photoinitiator. This is done either at the conclusion of the print, in between each 

layer, or directly at the filament as it is being extruded. [18] Support materials such as 

melt extrusion polymers (i.e. polycaprolactone) and sacrificial materials such as Pluronic 

F127 have also been used. [12] Finally, submerged bioprinting into a solution of similar 

density (i.e. a perfluorocarbon bath) also has shown to improve the shape fidelity of a 

final construct. [22] In addition to increasing the complexity, print time, and cost of the 
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system, each of these strategies also have their own limitations and drawbacks. 

Additionally, while different types of crosslinking and support elements have improved 

the shape fidelity of final constructs, there is still room for a significant amount of 

improvement beyond these methods and ultimately a self-supporting material would be 

highly desirable.  

 

When selecting a hydrogel for a particular application, many parameters are considered 

including gelling time, crosslinking mechanism, biocompatibility, bioactivity, mechanical 

strength, swelling characteristics, and degradation profile. With the long-term 

applications in mind, hydrogels are also evaluated on their commercialization potential 

and ability to gain regulatory approval. [3] When new bioinks are presented in the 

literature, their performance on these categories are typically reported and discussed. 

With regard to biological activity, standard evaluation techniques such as proliferation 

assays, qPCR, histology, and immunohistochemistry are well established. Very rarely is 

an article published without degradation and swelling ratio experiments. Strain sweeps, 

frequency sweeps, compression tests, and tensile tests are also typically carried out when 

appropriate and with similar methodology from paper to paper.  

 

These methodologies have been well-established through their wide usage in the field of 

tissue engineering and regenerative medicine. When looking specifically at extrusion 

bioprinting applications, the “printability” of bioinks has only recently garnered attention. 

Researchers have used a wide range of definitions for printability, but in general it has 

been used to describe the ability of a bioink or a set of printing parameters to be used for 
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extrusion bioprinting. The word “printability” initially came into existence to describe the 

relative ability of paper to take printed ink. It has since been adapted by 3D printing to 

describe the ability of materials to be used in various 3D printing modalities (Figure 1). 

As each modality has a specific set of requirements for its materials, the word has come 

to have many different meanings depending on the type of 3D printing being used.  

 

 

Figure 1. Printability can have many different definitions depending on the modality and material 

being used. Even for a set definition within a material/modality, some aspects of printability may 

be more important than others depending on the application.  



10 

 

 

There is an immense need for further bioink development, with an acute requirement for 

improved bioink printability. Recently, many researchers have proposed sets of criteria 

for bioink properties in order to guide the development of new bioinks specifically for 

extrusion-based bioprinting. [17, 23-27] Unfortunately, most of these have been broad 

objectives a material should aim to achieve instead of applicable engineering 

specifications and guidelines. For example, cells must be able to be encapsulated and to 

survive the printing process, [16] constructs must be able to be printed in a reasonable 

timeframe, and bioinks should be able to flow easily within small diameter nozzles.  

 

Final shape fidelity in particular has been identified as a very important component of 

printability. Patent microchannels within a scaffold play a crucial role in cell survival and 

function by facilitating oxygen transfer, the delivery of nutrients, and the removal of 

metabolic waste. [11, 12] Specific geometries are desirable for many applications 

especially load bearing tissues (articular cartilage, muscle), “patch” implants (scaffolds 

replacing infarcts, removed tumors, trauma), and those with an aesthetic function (ear, 

skin). Printability has also been linked to rheological properties, viscosity, extrusion line 

dimensions, the ability to print sharp angles, filament shape, filament fusion, filament 

collapse, structural stability, and degradation rate. [1, 9, 19] Often, researchers will 

simply include a photograph of their final construct to demonstrate their bioink’s 

printability. Despite all this, many papers presenting a new bioink will still do so without 

including any analysis of printability. [28-33] 
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As can be expected in the early stages of development, many of these evaluation methods 

are flawed in key ways (ignoring surface energy of printing substrate, not controlling for 

material deposition, testing limited ranges, using improper printing conditions, etc.). 

Additionally, each of the methods proposed thus far focuses on one or two components of 

printability and does not adequately represent the whole picture. Any evaluation 

technique should attempt to maximize its validity (both sensitivity and specificity), 

reliability, and reproducibility. It should also contain clear success and failure criteria in 

the interest of avoiding ambiguous results. Lastly, evaluation techniques should ideally 

be standardized to facilitate cross-study comparisons, improve communication, and 

cultivate scientific understanding of the technique and its results. In the case of 

printability, it is clear a single test for printability is not possible. As evidenced by the 

myriad of uses for the word printability in the literature, a bioink must have many 

different attributes to be successfully used during the bioprinting process. As a result, any 

definition of printability should also strive to be comprehensive.  

 

For the purposes of this work, a broad, generic definition of printability will be defined 

as, “the ability of a material, when subjected to a certain set of printing conditions, to be 

3D printed in a way which results in printing outcomes which are acceptable for a given 

outcome,” where “printing conditions” refer to the user-controlled settings for the 3D 

printer and its environment and “printing outcomes” refers to the measures of success for 

the print. In the case of extrusion bioprinting, the printing conditions includes feedrate, 

pressure, path design, nozzle height, temperature, and many others. Given this definition, 

it is the printing outcomes portion which has yet to be defined by the literature and will 
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be focused on by the subsequent sections. Ultimately, establishing a quantitative 

definition of printability and improving its outcome measurements will aid dramatically 

in bioink development which in turn will advance extrusion bioprinting closer towards its 

long-term applications and goals.  

 

3. CURRENT MEASURES OF PRINTABILITY AND PRINTING 

OUTCOMES 

Murphy and Atala defined printability as “the properties that facilitate handling and 

deposition by the bioprinter.” They discuss viscosity, gelation methods, rheological 

properties, print time, cell viability, and nozzle gauge as factors which can impact 

printability. [1] Kyle et al. [34] and Mandrycky et al. [9] define printability as, “the 

relationship between bioinks and substrates that results in printing an accurate, high-

quality pattern.” Meanwhile, Gopinathan and Noh [19] describe printability as dependent 

on, “different parameters such as viscosity of the solution, surface tension of the bioink, 

the ability to crosslink on its own, and surface properties of the printer nozzle.” While 

these reviews have briefly discussed the meaning of the word printability amongst their 

broader topics, their considerations to printability have been minimal and the ambiguity 

of these definitions is reflected by the usage of the term in the rest of the literature.  

 

A wide variety of tests have been used in the literature in an attempt to describe 

printability and printing outcomes. Oftentimes these are qualitative; a researcher will take 

a photograph of their final construct to include in their publication. The most common 
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design for this type of evaluation is the cross hatch where extrusion lines are rotated 90 

degrees every other layer for at least two layers. [27, 35-45] This could also be an 

anatomical shape based on the application such as the knee meniscus, [41, 46] an arterial 

bifurcation [22, 47, 48] or quadfurcation, [48, 49] the liver, [50] the pancreas, [51] the 

ear, [41, 52] and other interesting shapes including tubular [22, 40, 42, 44, 47, 48, 51, 53] 

and cuboidal structures, [40, 50] trees, [22] stars, [40] and honeycomb geometries. [54] 

Unfortunately, it is also not uncommon for papers presenting newly developed bioinks to 

not include any quantitative or qualitative descriptions of its printability, even among 

recent publications. [28-33] Researchers have also used classification systems based on 

several possible printing outcomes. [55-59] While each of these evaluation techniques do 

provide some value and information regarding the printability of their printing conditions 

and bioinks, quantitative measurements are certainly preferred whenever possible. The 

next several sections will cover the various requirements of bioinks as related to 

printability and a discussion of their outcome measurements which have been used in the 

literature thus far.  

 

3.1. Extrudability 

A basic requirement of printability is the capability to achieve extrusion. The amount of 

pressure required to extrude a given bioink using a given printing system can be referred 

to as that system’s extrudability (Figure 2) Extrudability primarily affects cell viability 

and total print time. The more pressure required to extrude a material, the more damage 

the cells will experience during extrusion. [26, 51, 60] Additionally, materials which 

extrude easily may be printed at a faster rate, which in turn results in shorter print times.  
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Extrudability has been linked to several factors in the literature: printing parameters, 

bioink viscosity, and bioink shear-thinning abilities. Bioinks are easier to extrude when 

the diameter of the nozzle is increased when the length of the nozzle is decreased, and for 

conical relative to cylindrical nozzles. [21] In terms of material properties, viscosity is the 

primary measure of a bioink’s resistance to extrusion forces. However, most hydrogels 

are shear thinning, meaning their viscosities decrease with increasing shear strain. [9, 18, 

61] Some hydrogels also exhibit thixotropic behavior, meaning that under shear their 

viscosity also decreases over time. [20] A bioink’s viscosity, shear-thinning, and 

thixotropic behaviors can be measured through rheology, and several mathematical 

models relating these measurements to extrudability have been established. [25, 62, 63]  

 

Extrudability has been characterized in several manners by researchers. Utilizing a 

piston-driven bioprinting system, Chung et al. held strain rate constant and measured the 

extrusion force. [64] Gao et al. used the pressure required to achieve a given flow rate as 

the defining measurement. [65] Examining several bioinks, Paxton et al. used pressure 

and flowrate to describe a printability window by setting a minimum flowrate which was 

needed to achieve a reasonable print time and a maximum pressure to prevent extensive 

cellular damage. [25] Roehm et al. used extrudability to determine how certain 

processing steps affected their chitosan-gelatin hydrogel’s printability. In their system, 

prolonged, high pressure would eventually detach the extrusion needle. Bioinks were 

deemed unprintable if they could not be extruded through the needle or if the needle 

detached prior to the completion of the print. [60] Zhu et al. categorized their bioinks as 
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unextrudable if they were not able to achieve flow at a maximum of 380 kPa. [66] 

Wilson et al. labeled certain concentrations of their bioink unprintable if they underwent 

“premature gelation” and were unable to be extruded. [67]  

 

Many studies have used rheology to compare the extrudability of hydrogels by utilizing 

the complex viscosity and degree of shear-thinning (n & K constants) as proxies for 

extrudability. This relationship is known as the power law equation: 

𝜂 = 𝐾�̇�𝑛−1 

where �̇� is the shear rate, 𝜂 is the viscosity as measured by the rheometer, and K and n are 

estimated constants known as the consistency index and flow index, respectively. Webb 

et al. looked at theoretical shear stress as a way to account for extrudability. While not 

calculating shear stress directly, the authors used the ratio of nozzle diameter to pressure 

as a proxy for theoretical shear stress. This ratio was then used to optimize printing 

conditions as a part of their Parameter Optimization Index (POI). [68] Giuseppe et al. 

used a modified version of POI, including extrusion pressure directly in their 

optimization calculations. [69] Extrudability may also be inferred by live/dead assays 

with poorer cell viability correlating with poorer extrudability. [26, 51, 52, 58, 60] 

However, it is important to note that extrudability, as it relates to printability, should be 

limited to cell viability immediately following extrusion. Extrudability represents one of 

the most important and thoroughly studied components of printability and as a result is 

one of the more understood components.  
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Figure 2. (A) Extrudability during the printing process is an essential characteristic of any bioink. 

Bioinks must both be extruded above a minimum flow rate to achieve a reasonable print time and 

under a maximum pressure/shear stress to achieve reasonable cell viability. (B) Extrudability in 

Gao et al. [65] was measured as the pressure required to extrude a given amount of bioink per 

construct and related to the storage and loss moduli of that bioink.  

 

3.2. Filament classification 

To prescreen bioinks for their use in bioprinting, several researchers have identified the 

shape of extruded filaments. Different methods to measure extrusion shape include 

categorizing the filament just after extrusion, but before deposition (filament drop test), 

categorizing filament shape upon deposition, and quantifying filament shape upon 

deposition.  

 

The filament drop test involves extruding a filament into the air rather than on a substrate 

(Figure 3A). [25, 26, 51, 56] If a bioink is too weak, a droplet will form at the nozzle tip, 

and the bioink will not be capable of printing 3D structures. Rather, a bioink should form 

a smooth, uniform filament. [25, 56] Ouyang et al. [26] appended the filament drop test 
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classification system to include a category for filaments which result in a bumpy, non-

uniform geometry referred to as “over-gelled” filaments.  

 

These types of filaments have also been described after deposition. Habib et al. 

categorized their filaments as either straight or curvy. [51] Zhu et al. described similar 

filaments as ‘irregular’ fibers and deemed the materials unprintable if they exhibited this 

behavior. [66] Wilson et al. also described filaments with inconsistent diameter for their 

bioink with feedrates above 8 mm/s, although no quantifiable measurements were made. 

[67] Using their submerged bioprinting system, Jin et al. categorized their filaments by 

the filament diameters relative to the nozzle size (swelling, equivalent diameter, and 

stretched filaments) and also had subcategories for types of failure (rough surface, over-

deposited, compressed, and discontinuous filaments). [49]  

 

Some researchers have attempted to quantify the extent to which these filaments are non-

uniform (Figure 3B). Gao et al. measured the perimeter of extrusion lines normalized by 

the length of a perfectly straight line to quantify the uniformity of a given filament. A 

value of 1. 0 represents maximum uniformity and higher values indicate less uniformity. 

[65] Meanwhile, Ouyang et al. developed a parameter, Pr, where the perimeter of a 

square pore is measured and compared to that of a perfectly square pore. By the author’s 

criteria, a Pr value equal to 1 indicates perfect extrusion line uniformity and Pr values 

greater than 1.1 had unacceptable uniformity. [26] Lastly, Gohl et al. looked at the 

standard deviation of the heights and widths of their extruded filaments. While this was 
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done in order to compare between their experimental data and computational model, it 

could also serve as a measurement of filament uniformity. [70] 

 

When these non-uniform bioinks are used for scaffold manufacturing, the extrusion lines 

may deviate from the intended path significantly or even curl up and stick to the 

dispensing nozzle. However, bioinks of this nature are commonly used in tissue 

engineering applications. At this point in time, only simple shapes and small constructs 

are being fabricated. This material characteristic may prove unusable for more complex 

geometries (where small inaccuracies can have a large impact) and larger constructs 

(where inaccuracies can accumulate and increase the error with each layer). While it has 

been shown that hydrogels can transition from droplet to uniform filaments and from 

uniform to non-uniform filaments with increasing concentration or degrees of 

crosslinking, [26, 65] little research has been aimed at this phenomenon otherwise.  

 

 

Figure 3. Filament classification from Ouyang et al. [26] demonstrating the (A) filament drop test 

used to prescreen bioinks and (B) quantitative evaluation of different types of filaments.  
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3.3. Shape fidelity  

Shape fidelity has been a vague, but an important term used to describe the printability of 

bioinks (Figure 4). In general, shape fidelity is the ability of a bioink to maintain its shape 

upon deposition. Bioinks with poor shape fidelity may have extrusion lines which spread 

too wide with very limited height. Geometries may sag under their own weight as more 

layers are added. Vertical pores may close as spreading occurs and lateral pores may 

collapse due to the inability of the bioink to maintain an unsupported fiber.  

 

The most common design for this type of evaluation is the crosshatch where extrusion 

lines are rotated 90 degrees every other layer for at least two layers. [27, 35-45, 58] This 

could also be an anatomical shape based on the application such as the knee meniscus, 

[41, 46] an arterial bifurcation [22, 47, 48] or quadfurcation, [48, 49] the liver, [50] the 

pancreas, [51] the ear, [41, 52] and other interesting shapes including tubular [22, 40, 42, 

44, 47, 48, 51, 53] and cuboidal structures, [40, 50] trees, [22] stars, [40] and honeycomb 

geometries. [54] In these examples, shape fidelity is either categorized (e. g. , ‘low 

fidelity, ’ ‘defined, ’ ‘high fidelity’ [57]) or simply shown qualitatively through a 

photograph. Bioink shape fidelity has been quantified by measuring several commonly 

printed features. These measurements can be categorized by the phenomenon they are 

addressing, including filament spreading, height maintenance, and filament collapse.  

 

Filament Spreading 
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Shape fidelity is most commonly analyzed using a single layer, such as by measuring the 

dimensions of printed filaments. Line width has been utilized to compare different bioink 

compositions, [69-75] concentrations, [50, 57, 59, 67] temperatures, [52, 60] and degrees 

of crosslinking. [64] Daly et al. normalized the line width by the nozzle diameter and 

named this term ‘spreading ratio,’ [72] while Chung et al. used an indirect measurement 

of the filament width by measuring the distance between fibers. [64] In general, 

successful criteria in these studies stated that a smaller filament width (and therefore less 

spreading) was more desirable. Therefore, bioinks which resulted in the thinnest fibers 

were deemed to have the best printability, [59, 67-69, 72, 73] and one study even equated 

line width as the inverse of ‘accuracy.’ [68]  

 

The height of printed filaments has also been used to compare among bioink 

compositions, [70, 74] among bioink concentrations, [50, 67] and printing with or 

without a fluorocarbon support fluid. [22] These studies either identified the most 

desirable shape fidelity as a larger height-to-width ratio (also known as the aspect ratio) 

or did not establish a preferred outcome. [22] In addition to the height and width of 

individual filaments, the Pr value developed by Ouyang et al. can also be used to 

quantify filament spreading. Just as a value greater than 1 is the result of filament non-

uniformity (as discussed in the ‘Filament Classification’ section), a value of less than 1 is 

the result of material spreading and poor shape fidelity. Values lower than 0. 9 were 

concluded to have poor shape fidelity by their criteria. [26, 51, 76] Habib et al. modified 

the Pr measurement by varying the pore sizes instead of using a consistent cross-hatch. 

[51] While this modified Pr value was easy to measure, bioprinted constructs are rarely 



21 

 

only a single layer, and as a result, these measurements may not capture the entire 

behavior of the bioink.  

 

Height Maintenance 

The ability of a bioink to maintain its height upon deposition of multiple layers is also a 

key factor in its printability. The larger a construct becomes, the more critical this aspect 

of shape fidelity is. As more layers are added to a single construct, the weight 

experienced by the lower layers increases. By printing alginate/agarose in a 

perfluorocarbon bath, Blaeser et al. described a ‘critical height’ as the highest vertical 

height a filament could be printed successfully. [22] Duarte Campos et al. measured the 

heights of hand-extruded cylindrical structures and compared them to the designed 

dimensions. [55] Gao et al. printed cylindrical structures and measured their heights, 

referred to as ‘structural integrity’, to compare different concentrations of gelatin-

alginate bioinks. [65] While filament spreading looks at a single layer, multi-layer tests 

challenge the bioink significantly more. Additionally, a multi-layer analysis may 

minimize the effects seen from the printing substrate, which otherwise have a greater 

impact on the filament spreading analyses.  

 

Filament Collapse 

A common feature among bioprinted constructs is the unsupported filament which spans 

between filaments from the previous layer. This type of design can create lateral pores 

which allow for diffusion into the deepest parts of the construct. By printing a filament 

across gaps of increasing distances, researchers have measured the deflection of the 
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filament to quantify shape fidelity. Ribeiro et al. quantified this phenomenon with a 

mechanical model, using the angle of the partially collapsed or sagging filament. 

Materials which resulted in a higher angle of collapse were considered to have poorer 

shape fidelity. [77] Habib et al. used a similar test using a measurement they called the 

‘collapse area factor’ by measuring the area underneath the filament and standardizing it 

by the theoretical area had there been no sagging. The researchers repeated this test both 

on a plastic model with varying gap sizes as well as from the lateral pores of a 3-layer 

hydrogel cross-hatch print. [51]  

 

Quantifying shape fidelity is still a relatively novel concept in bioink development and 

improvements to the methodologies are needed, especially in isolating measurements 

which are not affected by the printing parameters. Improved measurements would assist 

in testing for and identifying the underlying mechanisms affecting shape fidelity. 

Additionally, many different architectures may be desired from bioprinting outcomes 

depending on the application. Researchers may want to tailor their shape fidelity 

measurement for their particular application, but this should also be weighed against the 

benefits of standardization. Having similar testing methods among research labs would 

significantly improve bioink comparisons, scientific communication, and bioink 

development overall.  
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Figure 4. Shape fidelity has been measured in various ways including the bioink’s ability to (A) 

span gaps unsupported to create vertical pores, [77] (B) maintain its height by stacking multiple 

layers, [65] and (C) avoid filament spreading to create horizontal pores. [51]  

 

 

3.4. Printing accuracy 

While the shape fidelity of a bioink may limit the type of structures which can be 

bioprinted, the printing parameters play a major role in the outcome of a print. Even an 

ideal bioink will result in an unacceptable printing outcome with improper printing 

conditions. Outcome measurements which attempt to capture the various ways a print can 

fail due to the printing conditions have been referred to with the catch-all term printing 

accuracy (Figure 5). Printing accuracy can be thought of as the degree to which printed 

filaments, features, and constructs match their intended size, shape, and location with 

respect to the printing parameters used.  

 

For every bioprinted construct, a specific geometry is desired. If the final construct strays 

too far from this shape, it may be unusable for the given application. For example, the 

anatomical shape is often important for function, or a specific defect may need to be 
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filled. If the construct is delivering a drug or implanting cells to the injury site, the size, 

and therefore dose, is of paramount importance. Unfortunately, due to the layer-by-layer 

nature of 3D printing, even small errors early in the print may propagate over time 

causing the overall print to fail.  

 

Printing inaccuracies can manifest in several different ways. For any given printing 

condition, there are ranges of inappropriate settings which correspond to specific failure 

mechanisms. Over-deposition of material can result in closed pores (when patent ones are 

desired), merged filaments, and significant deviations from the designed shape. Instead of 

filaments being deposited on top of the previous layer, it is possible for the nozzle to be 

submerged and extrude directly into the previous layer. The nozzle tip may also run into 

the construct and displace material which was previously in the proper location. Under-

deposition can result in discontinuous filaments and in constructs which are smaller than 

desired. Filaments may also stick to the nozzle tip instead of the desired location. Many 

researchers have devised outcome measurements to describe these failures.  

  

The most basic of these measurements qualitatively categorize the final printing 

outcomes. Duarte Campos et al. used a rating scale from 0-2 for both the uniformity and 

stability of their printed structures. [55] Ng et al. printed a grid pattern and categorized 

the outcome as either excessive material deposition (merged filaments, closed pores), 

optimal printing parameters (desirable outcome), or incomplete printing (discontinuous 

filaments). [59] Several studies have described printing conditions which resulted in 
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discontinuous/broken filaments. [44, 58, 60, 71] If filament breaking occurred, those 

conditions were considered to have poor printability.  

 

The most common quantitative measure of printing accuracy is the width of extruded 

filaments. While filament width does not account for the height, cross-sectional area, or 

mass of the deposited material, width is positively correlated with these measures. Many 

relationships have been examined between line width and printing conditions such as 

pressure, [50, 51, 57, 59, 66, 68, 74] flowrate, [60, 78] feedrate, [50-53, 57, 59, 66-68, 70, 

74, 79] nozzle height, [53, 60, 70, 74] and nozzle diameter. [68, 69, 74, 78] A smaller 

filament width was considered more desirable in most of these studies. [59, 67-69, 72, 

73] However, a few studies considered a line width equal to the designed width as the 

most desirable outcome. [64, 75] Filament height is another common measurement and 

has been examined in relation to pressure, [50, 74] feedrate, [50, 67, 70, 74] nozzle 

height, [70, 74] and nozzle diameter. [74] These studies either identified the 

most desirable printability as a height which was equal to the predetermined nozzle 

height, or they did not specify an ideal outcome. [50, 51, 67] There is a key difference 

between these experiments and those which used similar measurements to study shape 

fidelity. Experiments which evaluated printing accuracy utilized a single bioink and 

varied the printing parameters. Studies which evaluated shape fidelity, meanwhile, 

compared their results among various bioinks.  

 

Several researchers have also used the area of horizontal pores as an outcome 

measurement and normalized this relative to their design, termed either “diffusion rate” 
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[51, 53] or simply “accuracy.” [11, 69, 80, 81] Instead, some measured the total area 

occupied by the construct viewed from above rather than the size of its pores. This 

measurement has been referred to as both “printing accuracy” [82-84] and “square area 

error.” [75] Several studies have also used micro-computed tomography (µCT) to 

quantify the overall similarity of their final constructs to the designed computer-aided 

design (CAD). [32, 85]  

 

The merging of filaments is another printing outcome which has been used previously to 

describe undesirable levels of deposition. Wüst et al. printed a rectangular spiral and 

measured the minimum distance at which the filaments did not fuse together. [86] Ng et 

al. described lines which merged together due to over-deposition but did not make any 

quantitative measurements. [59] He et al. provided a measurement where extrusion lines 

are printed at acute angles, and the overlap region between the two segments was 

quantified. [53] Ribeiro et al. conducted a robust filament fusion test where filaments 

were printed in a zig-zag pattern, increasing the distance between filaments by 0. 05 mm 

at each turn-around. Filament merging was measured by the length of the merged portion 

of parallel lines (denoted as ‘fused segment length’). Fused segment length was also 

normalized by filament thickness. Notably, the authors also dismissed the first two layers 

and made measurements on the third layer to decrease the effect the printing substrate 

had on the results. [77]  

 

Finally, extrudate weight can also be used to quantify the total amount of bioink 

deposited. [65] This is a simple measurement and isolates material deposition regardless 
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of other conditions and outcomes. Measuring the weight of the extrudate, however, also 

ignores the location of the deposited material, which is an important aspect of 

bioprinting. As such, weight may be better suited as a control variable for other 

printability measurements than as a measure of printability itself. [65]  

 

 

Figure 5. Printing accuracy typically refers to how similarly a printed construct resembles the 

intended design. This has been measured in many ways such as by quantifying (A) various 

feature dimensions [69] and (B) material deposition. [50] 

 

3.5. Other measures 

Cell encapsulation 

The ability to mix and suspend cells is fundamental to hydrogels for bioprinting, but 

these are not simple tasks. [8] Bioinks must be thin enough to homogenously mix a cell 

pellet throughout the gel. If a bioink is too viscous, it cannot be mixed thoroughly via 

pipetting which can result in a poor yield, air bubbles trapped within the bioink, and a 

non-homogenous cell distribution. [35] This cell clumping can also cause clogging at the 

nozzle tip. However, if printed at a viscosity which is too low, cells can slowly sink to the 
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bottom during printing and lose their homogenous distribution. Therefore, bioinks must 

also be viscous enough in their subsequent state to maintain the desired cell distribution. 

If cells are not homogeneously distributed, then cell concentrations will vary in different 

regions of the construct and even from construct to construct if multiple are being 

printed. This problem is commonly addressed by using thermoresponsive bioinks. Cells 

are mixed at one temperature while the bioink has a very low viscosity and printed and 

then transferred to another temperature which increases the bioink’s viscosity and locks 

the cells in place. While this concept is commonly accepted within the field, neither the 

maximum viscosity at which mixing cells homogenously is possible nor the minimum 

viscosity at which cells can remain suspended has been established in the literature. 

Bioink development would benefit significantly from identifying a measurable 

requirement for cell encapsulation which all bioinks must satisfy.  

 

Homogeneity 

Another feature of printable materials is homogeneity. Most bioprinters apply constant 

extrusion pressure during printing. If the printed material lacks sufficient homogeneity, a 

constant extrusion pressure will result in broken filaments, non-uniformity, and/or over-

extrusion. Cohen et al. quantified the variability of extrusion force overtime of alginates 

which had been mixed to varying degrees, [46] while Chung et al. used similar methods 

to quantify consistency using alginate bioinks with varying degrees of crosslinking. [64] 

This is not problematic for most bioinks, but inconsistency is another way in which a 

bioink could fail and, therefore, should be considered during bioink development.  
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Resolution 

Resolution is another term which has been used to quantify the printability of bioinks. In 

general, resolution refers to the smallest dimension produced by a process, but the bioink 

literature has used several definitions. Resolution in extrusion bioprinting is a 

complicated parameter because resolution is affected by many things. Printing conditions 

(such as pressure, feedrate, nozzle shape, and nozzle diameter) have the greatest impact 

on resolution and have been studied in detail as discussed in the material deposition 

section. The material properties may also impact resolution. Non-uniform filaments may 

decrease resolution as the extrusion path becomes wider when the filament deviates from 

the designed path. Shape fidelity may also play a role. A gel which holds its shape well 

upon deposition will maintain a relatively cylindrical shape, while bioinks with poor 

shape fidelity tend to sag and spread out, creating flatter and wider filaments. 

Additionally, it is possible that stronger gels may be able to tolerate higher feedrates 

before breaking and forming discontinuous filaments. A bioink’s extrudability may also 

play a role in resolution by limiting nozzle diameter. Decreasing nozzle diameter and 

decreasing extrudability both result in decreased cell viability. Therefore, the minimum 

nozzle diameter which can be used for a given material is limited by its extrudability.  

 

Die swell is a phenomenon in which polymer chains disentangle during extrusion and 

return to their natural, entropy-maximizing state after exiting the nozzle tip. [20] This 

causes extrusion filaments to have a larger diameter than the nozzle from which they are 

extruded and has been studied in melt polymers. While the phenomenon has been 

observed in hydrogels, little research has been done to quantify this behavior for 
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bioprinting. Lastly, resolution may also be limited by total print time. The smaller the 

filament being used, the longer it will take to print a given construct. All these factors 

make the resolution a difficult and uncommon parameter to use for comparisons of 

printability. Nevertheless, these factors are more useful when comparing different 

manufacturing techniques than the printability of given bioinks or printing conditions. [7] 

 

 

4. RELATIONSHIPS BETWEEN PRINTING OUTCOMES AND 

RHEOLOGICAL PROPERTIES 

Rheology is the branch of physics that studies the flow of matter. It has proven to be 

extremely useful for bioink development and there are several rheological tests that are 

applicable to bioprinting. Most hydrogels demonstrate non-Newtonian behavior. [87] In a 

Newtonian fluid, the shear rate-shear strain relationship is linear with viscosity remaining 

constant across strain rates. Hydrogels, on the other hand, are typically shear-thinning, 

meaning their viscosity decreases as shear rate increases. [88, 89] The result is beneficial 

for the purposes of flow. As shear rate increases, the apparent viscosity of the material 

decreases, allowing flow to occur with lower pressure differentials and lower shear 

stresses on the material, and importantly cells, than would have occurred otherwise. This 

property is often measured via frequency sweeps, where the material is tested at a 

constant strain across a range of frequencies or shear rates (Figure 6A). [88, 89] Also 

important is the thixotropy of a material. Once a strain rate is applied, thixotropic 

materials will show a decrease in apparent viscosity over time. Thixotropy is sometimes 

confused with shear-thinning as both properties result in decreased viscosity, but shear-
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thinning occurs with an increase in strain rate while thixotropy occurs over time at a 

given strain rate. [87] Materials may also be shear-thickening (opposite of shear-thinning) 

and rheopectic (opposite of thixotropic), but these are highly undesirable for bioprinting.  

 

Hydrogel materials also demonstrate viscoelastic properties, meaning their behavior is 

determined both by viscous and elastic components. The elastic component is measured 

by the storage modulus, denoted by G’, and refers to energy which is stored in a material 

when deformation is applied. The viscous component is measured as the loss modulus, 

denoted G”, and refers to energy which is lost when deformation is applied to the 

material. [88, 89] The loss tangent, or tan(δ), is the ratio of loss modulus (G”) to storage 

modulus (G’). The tan(δ) represents the relative contribution of viscous and elastic 

components to the material, with materials with values lower than 1 having a higher 

elastic contribution and materials with values higher than 1 having a higher viscous 

contribution. Typically, these properties are measured within the linear viscoelastic 

region (LVR) via strain or stress sweeps. [88, 89] Frequency is held constant, and either 

stress or strain is increased, with storage modulus, loss modulus, and tan(δ) averaged 

throughout the LVR where they remain relatively constant (Figure 6B).  

 

Yield stress has been used to describe the initiation of flow and can be defined in multiple 

ways. Most commonly, a strain or stress sweep is used to gradually increase the stress on 

the material. As the material begins to flow, the storage modulus will drop dramatically. 

If dramatic and immediate enough, the stress at this drop off can be defined as the yield 

stress. [90] For bioinks where this decrease is more gradual, the stress at which the 
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storage modus intersects with the loss modulus (i.e. where the tan(δ) is greater than 1 and 

the viscous properties begin to dominate the material’s behavior) is considered the yield 

stress (Figure 6B). [67, 77, 91-93] Others have looked at both static and dynamic yield 

stress, defining static yield stress as the minimum required to initiate flow and dynamic 

yield stress as the minimum required to maintain flow. [94] While most researchers stick 

to this concept during bioink development, the measurement and application of yield 

stress as a rheological measure is less straightforward than these measures may imply. 

[95, 96] 

 

Finally, rheology has been used to measure the ability of hydrogels to recover from 

extrusion. Recovery tests are conducted in three steps. Initially, a very low shear rate is 

applied to the material, modeling pre-extrusion conditions. This is followed by a high 

shear rate intended to model extrusion. Finally, the material is returned to the initial shear 

rate, modeling post-extrusion conditions (Figure 6C). Recovery is typically defined as the 

end viscosity represented as a percentage of the initial viscosity. Recovery increases over 

time after the high shear rate is removed, so recovery must be expressed at a certain time 

(i.e. 10 seconds, 60 seconds) after the high shear rate has been removed. Compared to 

other measures, recovery tests model the bioprinting process most closely. However, 

there is also the least amount of standardization between methods. Recovery can be 

measured by time to recovery [92] or percentage recovered. [67, 91, 97] The recovered 

parameter can be viscosity [92, 97] or G’. [67, 91] This can be measured across single 

[91, 92, 97] or multiple [67] cycles and the extrusion phase can be modeled via shear 

rate, [92, 97] strain, [67] or stress. [91] 
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Figure 6. Common rheological measures associated with bioink printability (A) Shear-thinning 

behavior of bioinks (log scale) with viscosity decreasing as shear rate increases. [93] (B) 

Viscoelastic and yielding behavior of bioinks. G’ and G” can be averaged from the linear 

viscoelastic region while yield stress can be defined at the crossover point between G’ and G”. 

[93] (C) Recovery behavior of a bioink using different shear rates to model the extrusion phase. 

[97] 

 

4.1. Extrudability 

Among different aspects of printability, the relationships between rheological properties 

and extrudability are the most well understood. Direct measures of extrudability, such as 

experimentally derived pressure-flowrate curves, are rarely conducted except to validate 

a rheological model. As such, most researchers typically present rheological 

characterizations as a proxy for extrudability. The main rheological measure of 

extrudability is the viscosity, with higher viscosity resulting in lower extrudability. Due 

to the non-Newtonian behavior of bioinks, viscosity must be measured across a wide 

range of shear rates with the upper end preferably being in the range of that experienced 

by the bioink during extrusion. Many factors can influence a bioink’s viscosity such as 

temperature, time, solvent, preparation methods, and many more. Most commonly 

examined is the hydrogel composition and concentration with the addition of material 
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resulting in higher viscosity and therefore lower extrudability. [25, 42, 67, 76, 90, 98-

100]  

 

Plotting several bioinks on the same viscosity vs shear rate graph can be sufficient for 

comparison within a single experiment. However, for cross-study comparisons and 

further modeling, it is helpful to model this behavior using the power-law relationship. 

By rheologically testing a bioink over a range of shear rates (�̇�) the resulting data can be 

fitted to a power-law equation,  

𝜏 = 𝐾�̇�𝑛 

𝜏 = 𝜂�̇� 

𝜂 = 𝐾�̇�𝑛−1 

where τ is the shear stress and 𝜂 is the viscosity as measured by the rheometer, K is the 

consistency index, and n is the flow index or power-law index. These two shear-thinning 

constants are very useful in modeling flow behaviors. K is related to the bioink’s 

viscosity and is sometimes referred to as the “apparent” or “zero shear” viscosity. [101, 

102] The degree to which a bioink is shear thinning can be inferred by the value of n, 

with values closer to 0 demonstrating more shear-thinning, values closer to 1 

demonstrating more Newtonian behavior, and values greater than 1 demonstrating 

undesirable shear-thickening behavior. Both of these values can be useful in comparing 

the extrudability of bioinks. [25, 98, 99, 101-104] 

 

Using these constants and the nozzle dimensions, the bioprinting system can be modeled 

in even further detail via the Hagen-Poiseuille equation:  
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∆𝑝 =  
8𝜇𝐿𝑄

𝜋𝑅2
 

 

where ∆𝑝 is the pressure differential between two ends of the nozzle, L is the length of 

the nozzle, Q is the volumetric flow rate, and R is the internal radius of the nozzle. The 

pressure-flowrate relationship can be derived to predict the flowrate at a given pressure or 

pressure required to achieve a given flowrate. [97, 99, 101, 104-106] Additionally, the 

shear rate and shear stress profiles can be derived to determine the forces cells are 

experiencing along the radius of the nozzle. [25, 74, 97, 99, 103] While accurate for most 

purposes, these models incorrectly will predict flow to occur at very low pressures. In 

reality, minimum stress must first be overcome to initiate flow. By incorporating the 

yield stress as the determining factor for the initiation of flow, Herschel-Bulkley models 

can be used to model flow behavior. [94, 102] Furthermore, a no wall slip condition is 

commonly assumed when modeling bioink extrusion with these models. However, there 

is some evidence that neglecting wall slip will slightly underestimate the flowrate and 

more complex models which account for this boundary condition are more accurate. 

[101, 102] 

 

This is all to say that the influence of rheological properties on extrudability is relatively 

well understood, at least in terms of the bioink’s flowrate. Several researchers have 

directly used the rheological properties of their bioink to predict its deposition based on 

the flowrate and print speed (i.e. speed ratio). [101, 102, 105] However, its influence on 
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cell damage is slightly less understood, although several models have been proposed. 

These models include shear stress and strain, [98, 107, 108] wait time in the syringe, 

[107] extrusion time in the syringe needle, [98] and extensional flow at the syringe to 

nozzle transition. [109] Others have found no difference in cell viability at different 

extrusion pressures or shear stresses. [74] Further research is needed into the different 

causes of cell damage during the bioprinting process, especially in relation to the 

rheological properties of the bioink cell carrier. Such studies would aid significantly in 

future bioink development. 

 

4.2. Filament classification 

Unfortunately, very few rheological studies have been directly related to filament 

formation outcomes. Still, some trends can be observed when viewing the body of 

literature as a whole. Schuurman et al. showed that at 37C their gelatin methacrylate 

(GelMA)-only bioink formed droplets even at concentrations up to 20% w/v. The 

addition of 2.4% w/v hyaluronic acid (HA) resulted in smooth filaments and improved 

printing outcomes. [56] Paxton et al. classified the filaments of different bioinks. They 

looked at different concentrations of Pluronic F127, different concentrations of alginate, 

and different degrees of alginate crosslinking. No rheological characterizations were done 

on bioinks which formed droplets because they were deemed unprintable. However, both 

Pluronic and alginate transitioned from droplet to smooth filament formation with 

increasing concentration. Alginate was also able to undergo this transition by increasing 

its degree of crosslinking via CaCl2 concentration. [25] Davila et al. added Laponite to 

their 1% alginate bioink and saw a transition from droplet to smooth filament between 
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4% and 5% Laponite, corresponding with increases in viscosity, G', and G". [97] Habib et 

al. mixed 4% alginate with varying carboxymethylcellulose (CMC) concentrations and 

found a transition from droplet to smooth filament formation between 1% and 2% CMC. 

[51] Ouyang et al. showed the effect of concentration, temperature, and holding time on 

gelatin-alginate bioinks. [26] In their work, droplet formation at a given temperature was 

seen in bioinks which did not gel (defined as a crossover between G’ and G”) at that 

temperature.  

 

Ouyang et al. also found the formation of non-uniform filaments to occur with higher 

gelatin concentrations, lower temperatures, and longer holding times. As each of those 

factors increased gelation, the authors attributed the non-uniform filaments to “over-

gelation.” [26] Gao et al. related rheological measures to filament-type directly. [65] 

Using varying concentrations of gelatin and alginate, the researchers showed a transition 

from smooth to non-uniform filaments as the loss tangent decreased. The transition 

occurred approximately between a loss tangent of 0.25 and 0.45. However, this window 

was not found to be predictive when applied to other bioinks. Kiyotake et al. showed 

their pentanoate-functionalized hyaluronic acid hydrogel (PHA)-based bioinks to increase 

in viscosity and G’, decrease in recovery percentage, and have higher yield stress with 

increasing concentration. [91] At the highest concentrations, the bioinks exhibited non-

uniform filaments. They attributed this loss of uniformity to a dramatic increase in yield 

stress (over 1000 Pa) and poor recovery from a high shear rate (less than 85%). 

Conversely, Zhu et al. looked at polyion complex (PIC) hydrogels and found lower 
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hydrogel concentrations to result in both decreased viscosity and non-uniform filaments. 

[110] 

 

While it is inconclusive from the current studies how rheological properties govern the 

droplet to uniform filament transition, some notable deductions can be made. Transitions 

from droplet to smooth filament have been found by increasing hydrogel concentration, 

ionic crosslinking, and thermal gelation. In general, this transition represents a change in 

the factor which dominates the bioink behavior. At droplet formation, bioink behavior is 

dominated by surface tension and water molecule interactions. For filament formation, 

the polymer network begins to dominate behavior as hydrogel concentration and gelation 

increases. However, further increases in hydrogel concentration and/or gelation beyond 

smooth filament formation are typically required to accomplish good shape fidelity. [26, 

51, 65] All bioinks which form droplets will have poor printability, but not all bioinks 

which form smooth filaments will have good printability. Therefore, droplet formation is 

better viewed as a pre-screening tool and bare minimum barrier used to quickly eliminate 

bioink candidates.  

 

The underlying cause of the transition from smooth to non-uniform filaments is even less 

clear. The contradictory results between gelatin-based and PIC-based bioinks likely mean 

different mechanisms are at play in the cause of these phenomena between the two 

hydrogels. Furthermore, some hydrogels (such as Pluronic) do not seem to exhibit this 

behavior regardless of hydrogel concentration or degree of crosslinking. As a result, 
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further research into this phenomenon is needed before any major conclusions can be 

drawn.  

 

4.3. Shape fidelity 

It is also difficult to determine which rheological measurements influence shape fidelity. 

Very few studies have attempted to directly define this relationship. However, many 

studies have looked at both the rheology and shape fidelity. Most commonly, this is done 

while optimizing for hydrogel concentration within a bioink. [23, 42, 51, 64, 67, 90-93, 

97, 99, 111, 112] Hydrogel concentration influences many rheological parameters 

simultaneously, which is a major obstacle in studying the rheology-shape fidelity 

relationship. The most frequently rheological measure examined is viscosity. As hydrogel 

concentration increases, so does the viscosity for most materials. In these studies, a 

subsequent increase in shape fidelity is also typically seen. [42, 51, 64, 90-93, 99, 111, 

112] 

 

However, viscosity encompasses only a single portion of bioink behavior, namely, it’s 

resistance to flow. The viscoelastic properties of a bioink have also been shown to play 

an important role. A bioink’s complex modulus (G*) also typically increases with 

concentration. This increase may be due to an increase in G’, G”, or, most commonly, 

both. [23, 90, 92, 93, 97, 111] Even as both G’ and G” increase, one may come to 

dominate the behavior as the relative contributions (quantified as the loss tangent) 

change. [65] G*, G’, and G” have all been linked to shape fidelity indirectly through 
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bioink concentration. As the measure of elasticity, G’ has received the most attention 

among them. [23, 90, 92, 93, 97, 111]  

 

The yielding behavior of a bioink is also frequently studied alongside changes in shape 

fidelity. The concept here is that as bioink’s yield strength increases, it can resist greater 

forces before plastically deforming. As hydrogel concentration increases, so does the 

amount of stress required to initiate flow. This increase has been linked to shape fidelity 

in several studies. [23, 90-93] Rutz et al. additionally reported on the strain at the yield 

point, which decreased with increasing concentration and shape fidelity, and G’ at the 

yield point, which increased with hydrogel concentration and shape fidelity. [23] 

Additionally, this relationship does not necessarily hold when adding a new hydrogel to 

the bioink, as Wilson et al. found the addition of Laponite to their kappa-carrageenan 

(kCA) bioink to dramatically decrease the yield stress while simultaneously improving its 

shape fidelity. [67]  

 

Lastly, the recovery behavior of a bioink has also been linked indirectly to shape fidelity 

via hydrogel concentration. Wilson et al. attributed the improved fidelity of their 

Laponite supplemented bioink (despite its decrease in yield stress and G’) to its enhanced 

recovery behavior (93 to 99% recovery of initial G’ vs 69% for the kCA only bioinks). 

[67] Also looking at Laponite, Peak et al. found a decrease in recovery time corresponded 

to an improved shape fidelity for their PEG-based bioinks. [92] Conversely, Kiyotake et 

al. saw a decrease in recovery percentage with increasing shape fidelity for a pentanoate-

functionalized HA-based bioink. [91]  
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Several studies have attempted directly relate rheological measures to shape fidelity. 

Diamantides et al. compared several rheological measures to the shape fidelity of their 

collagen-based bioinks, including G' pre and post UV crosslinking, crosslinking rate, and 

time required to crosslink. They found that, under their range of testing conditions, G' 

prior to crosslinking was the best predictor of shape fidelity (Figure 7A). [75] Jia et al. 

related the shape fidelity of alginate hydrogels to their viscosity. By varying the alginate 

concentration and oxidation percentage, they found that higher viscosities resulted in 

better shape fidelity (Figure 7B). [113] Smith et al. investigated four different additives at 

two concentrations each by incorporating them into their methacrylated Pluronic bioink. 

Shape fidelity was assessed by the filament diameter upon deposition relative to that of 

the nozzle diameter. The authors related this measure to their bioink's dynamic yield 

stress, with high yield stress correlating to high shape fidelity. However, the researchers 

did not control for flowrate and it is unclear whether the changes in filament diameter 

were a result of decreased shape fidelity or simply different volumes of bioink being 

deposited. [94] 

 

Results from Gao et al. directly relate loss tangent to shape fidelity by measuring the 

height of a 5-layer tubular structure. The height of the structure was inversely related to 

the loss tangent (G’/G”) and loss modulus (G”) of their gelatin-alginate bioinks (Figure 

7C). [65] Ribeiro et al. developed a theoretical model for their measure of shape fidelity. 

They printed Pluronic-PEG bioinks across pillars of varying distances apart, leaving the 
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bioink unsupported between pillars. The following equation was derived to predict the 

angle of deflection (𝜃) of the unsupported filament:  

𝜃 = 𝑠𝑖𝑛−1(
𝜌𝑔𝐿

𝜎𝑦𝑖𝑒𝑙𝑑
) 

where p is the bioink density, g is the gravitational acceleration, L is half the length 

between pillars, and σyield is the yield stress of the bioink as measured on a rheometer. 

Their results showed a strong negative correlation between yield stress and deflection 

angle. The model slightly overestimated the angle of deflection but showed similar trends 

as the experimental data across different bioinks and gap distances (Figure 7D). [77] 

Ouyang et al. showed, using thermosensitive alginate-gelatin bioinks, that gelation time 

impacted printability. Bioinks which did not gel as quickly did not maintain their shape 

as well, especially if the gelation time was longer than the time it took to print each layer 

(Figure 7E). [26] 

 

To summarize, bioink shape fidelity has been positively correlated to hydrogel 

concentration, thermal crosslinking, viscosity, G’, yield stress, and recovery abilities and 

negatively correlated with G” and loss tangent. A major limitation in studying this 

relationship is the difficulty of isolating individual parameters. It seems likely at this 

point in time that each of these factors may play a role in bioink shape fidelity. More 

complex models of bioink behavior, such as via finite element analysis, [70] may be 

needed to predict printing outcomes. 
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Figure 7. Identified relationships between rheology and shape fidelity. (A) Diamantides et al. 

related the storage modulus of their bioinks to filament width relative to nozzle size. [75] (B) Jia 

et al. related the viscosity of their bioinks to the area covered by printed dots. [113] (C) Gao et al. 

related the tan(δ) (loss tangent) of their bioinks to the height of a 5-layer tubular structure. [65] 

(D) Ribeiro et al. related the yield stress of their bioinks to its angle of deflection across 

unsupported gaps of varying distances. [77] (E) Ouyang et al. related the gelation kinetics of their 

bioinks to the shape of horizontal pores, quantified using their Pr value. [26] 

 

5. RELATIONSHIPS BETWEEN PRINTING OUTCOMES AND 

PROCESS PARAMETERS 

Many measures of printability are influenced by the printing process. These measures of 

printability include: line width, corner resolution, corner regularity, pore size, and 

filament horizontal holding. [25, 75, 114] Measures of printability are controlled by 

varying sets of process parameters. These measures of printability have been assessed 

visually, either qualitatively or quantitatively. Qualitative assessments have been 

performed by eye and judgment. [51, 115] Quantitative assessments involve a photograph 
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from either a camera [51, 69, 116, 117] or microscope [50, 51, 117] followed by image 

analysis with software such as ImageJ. [50, 51, 68-70, 117] 

 

5.1. Consideration of printing parameters 

The most examined measure of printability is line width. Line width increases with 

increasing nozzle diameter, extrusion pressure, and nozzle height. Line width also 

increases with decreasing feedrate and line pitch. These relationships have been 

demonstrated over limited independent variable ranges and result in limited dependent 

variable ranges (Table 1). Some independent variable ranges overlap. Differences can be 

attributed to differences in materials (as different hydrogels were tested in each study), 

which vary in rheological and material properties, and by differences in other process 

parameters when isolating correlation among parameters of interest.  

 

Line height can be controlled by extrusion pressure, feedrate, nozzle height, or recovery 

time. The only report of an extrusion pressure influence on line height employed an over-

deposition methodology, whereby the flowrate resulted in an equal or excessive filament 

height as compared to the layer height. These researchers reported line heights of 1 to 9 

times the layer height. [50] Conversely, most printing methodologies constrain the flow 

rate such that the resulting filament deposition is equal to the layer height. Extrusion 

pressure, flowrate, and feedrate are freely adjusted within a range that results in filaments 

equal to the layer height. Instead if extrusion pressure, flowrate, and feedrate yield ideal 

within-layer printability, but the between-layer printability is unacceptable, nozzle height 

is then adjusted to match. At no time can the resulting filament height be continuously 
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less than the layer height, as this will result in a cumulative increase in nozzle height and 

print failure. It may be advantageous for the resulting deposition height to be slightly 

greater than the nozzle position so as to create better adhesion between layers.  

 

When hydrogel filaments of different orientations overlap (often reported at 90° angles), 

filaments merge at the point of contact, and surface tension can draw out sharp contact 

angles. [51, 115] The degree of filament diffusion has been correlated with line pitch, in 

which filament diffusion increases with decreasing pitch. Large line pitch minimizes 

filament diffusion, but there will always be some small amount which occurs. If pores are 

too small, filament diffusion can be so severe that the initial pore disappears. Similarly, 

Ribeiro et al. have developed a filament fusion test which shows how changes in the 

distance between filaments affect the fusion between filaments. As the line pitch of their 

cross-hatch design increased, the length of the fused section between filaments decreased. 

[77] 

 

As a process parameter, line pitch is user-controlled and determined prior to printing. 

Therefore, the influence of line pitch on printability is necessary to understand. Line pitch 

has been shown to influence the filaments deposited on subsequent layers, with greater 

distances between printed filaments on the supporting layer resulting in higher filament 

collapse on the supported layer. [51, 77, 117, 118] For a given material, some increased 

line pitch results in 100% filament collapse, and all greater line pitches have complete 

collapse. For example, a line pitch of 2 mm was achieved with an alginate before 

complete collapse, and the addition of carboxymethylcellulose achieved 3 mm at a low 
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concentration and at least 6 mm at higher concentrations. [51] The addition of 

montmorillonite to alginate decreased the line pitch at which complete collapse occurred, 

from 3 mm down to 2 mm, which was likely due to the increased weight of the 

montmorillonite filament without an appreciable increase in yield strength. [117] The 

usage of the filament collapse test has suggested that varying degrees of filament sag are 

permissible, but so far, acceptable and unacceptable ranges have not been identified or 

discussed. 

 

Corner resolution describes the sharpness of a corner. Current measures of corner 

resolution are qualitative, being described as being either sharp or curved/rounded. 

Nozzle height effects corner resolution: increasing nozzle height reduces corner 

resolution, shifting the deposition shape from sharp to curved. [51, 115] Corner regularity 

has been used to describe the degree of over-deposition at a corner. As corner angle 

decreases below a right angle, extrudate increasing overlaps. For sharp corners of small 

angles measures, extrudate overlaps considerably and causes the corner to bulge. To 

prevent the buildup of material in sharp angle corners, the rate of material deposition and 

be decreased or feedrate can be increased. [115]  
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5.2. Improving printability via printing process parameters 

The main researched printability measures affected by process parameters include line 

width and line height (Figure 8). This distinction is from quantitative-only assessments in 

the reporting literature; qualitative assessments were not included in Figure 8. However, 

we have summarized their findings qualitatively, since factors such as differing materials 

account for significant differences in results. Regardless of difference in material 

properties as they play out in different extrusion systems, the trends are universal. 

 

Process parameters have a role in printability. In general, accuracy is improved by 

reducing line width and increasing line height. Most materials and printing conditions 

result in filaments that are too wide and that sag over their cross-sectional area (reducing 

line height). The combined effect is a reduction in pore area (between printed lines). 

Changes which reduce line width and increase line height will increase pore area, 

improving printability. Some of the influential process parameters effect more than one 

printability measure. Recovery time effects both line width and line height. Increasing 

recovery time decreases line width and increases line height. Fortunately, in the case of 

recovery time, a single change in this one parameter will improve printability in two 

different measures (line width and line height). Extrusion pressure and feedrate; however, 

cause divergences in line width and line height. Increasing feedrate (or decreasing 

extrusion pressure) decreases line width (an improvement) but decreases line height (a 

detriment). There is only one report of recovery time effecting filament height as a 

measure of printability, and this report only investigated alginate and graphene oxide 

doped alginate. [99] 
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While some research has identified the connection between flowrate and line width, none 

has identified a connection between flowrate and line height. Since flowrate is directly 

proportional to extrusion pressure, the relationship between flowrate and line height can 

be similar to the one between extrusion pressure and line height. A future study should 

examine this relationship and use several different materials to show scope of 

applicability. 

 

Figure 8. Relationships among printability measures and process parameters to control line width 

and line height (cross-sectional geometry). 

 

6. APPLICATION TO BONE AND TOOTH TISSUE REGENERATION 

The ultimate goal of tissue engineering and regenerative medicine remains with its 

application to tissues. This next section will give an overview of tissue engineering for 
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bone and tooth tissues, touch on the need for regenerative medicine strategies for these 

tissues, and finally discuss the unique position bioprinting is in to target these tissue 

types.  

 

6.1. Trauma and disease of bone and tooth tissues 

Bones are the primary structural component of the body, providing protection for internal 

organs such as the brain and lungs and supporting the movement by serving as 

attachment sites for muscles. Long bones also contain bone marrow where blood cells are 

produced. Physiologically, bone plays a key role in the balance of whole body calcium, 

phosphorus, and acid-base homeostasis. Teeth have the additional function of 

mastication, the first step in the body’s multifaceted approach to food digestion. Damage 

to the bone is most often caused by trauma, including vehicle accidents, sports injuries 

and falls, while teeth are also at high risk to bacterial infection and caries. Fractures are 

more common in those with low bone density. Bone density starts declining at about age 

35 and if severe enough is classified as osteopenia or osteoporosis. Osteoporosis is more 

severe and affects approximately 53 million people in the United States. While fracture is 

most commonly seen in the clinic, there are other bone diseases such as avascular 

necrosis and osteochondritis dissecans. Both of these diseases are caused by a reduced or 

interrupted blood flow and require immediate medical attention. Bone tumors, when 

formed, need to be removed and can result in a large bone defect. Bone infections 

(osteomyelitis) are notoriously difficult to treat and often require surgical intervention. In 

addition, there are a wide variety of untreatable genetic bone diseases (Paget’s disease, 

osteogenesis imperfecta, etc.) which result in weakened or deformed bones. [119-121]  
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The most common treatments for bone and tooth defects are currently synthetic implants, 

allografts, and autografts. Many bone defects, such as simple fractures, can be healed 

without a bone graft. For these cases, the standard treatments are usually effective, well 

established, and rarely accompanied by complications. However, larger and more 

complex defects often require bone grafting. Autografts have the best clinical results, but 

suffer from limited availability and are associated with donor site morbidity and pain. 

Allografts do not require a second surgical site, but are not as effective and can cause an 

immune response. Both treatments are also limited by the size of the defect which can be 

treated and neither are suitable tooth replacements. [122, 123] Other treatments, such as 

total joint arthroplasty and artificial dental implants, replace the tissues entirely with 

metal and ceramic components. These treatments often fail if there is insufficient bone to 

interface with at the implant site and can be associated with other complications, such as 

wear debris and stress shielding, leading to implant failure. [124, 125]  

 

Bone reacts to injury with a complete inflammatory response. During the inflammation 

stage, cells are recruited to the area, angiogenesis occurs, and debris and dead cells are 

removed. [119] Subsequently, a temporary matrix is laid down during the proliferative 

phase. This can be either cartilaginous (endochondral ossification), woven bone 

(intramembranous ossification), or a combination of both. The purpose of this stage is to 

mechanically stabilize the area as quickly as possible. Finally, the remodeling stage 

occurs where the randomly patterned fibers of woven bone are slowly resorbed and 

replaced with mature and more mechanically stable lamellar bone. [119] Even in healthy 
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bone, osteoblasts and osteoclasts work in tandem to replace bone ECM constantly. In 

fact, complete bone turnover in adults is estimated to occur once every 10 years. [126]  

 

6.2. Bone and tooth tissue engineering  

Bone and tooth tissue engineering aims to heal injuries more rapidly, increase the size of 

treatable defects, eliminate the need for autografts, and reduce complications caused by 

metal implants. [125] There are many similarities between bone and tooth tissue 

engineering, including the basic strategy of incorporating cells, signaling molecules, and 

biomaterials. [127-130] Acellular techniques are somewhat feasible for bone 

regeneration. However, the inclusion of cells has shown to improve outcomes for most 

studies. [122] Stem cells such as mesenchymal stem cells (MSCs) have been used as a 

cell source for applications bone and tooth. [131, 132] MSCs are the most common cell 

source used, and can be obtained from a variety of sources, including bone marrow, 

adipose, synovial membrane, dental pulp, and placenta. They maintain an osteogenic 

differentiation ability, are relatively easy to isolate from patients, expand rapidly in 

culture, and do not carry an increased cancer risk. [133, 134] Embryonic stem cells 

(ESCs) have also been used, but are not preferred due to their limited availability, 

controversial usage, and risk of teratoma formation. Induced pluripotent stem cells 

(iPSCs) are a more recent discovery which have been used to target osteogenic 

differentiation. [135] iPSCs are derived from differentiated adult cells such as fibroblasts 

and reprogrammed to become pluripotent. These cells have shown the ability to 

differentiate into many cell types in the body, including osteoblasts and odontoblasts. 

Unfortunately, they often carry a higher risk of developing tumors. [135] Osteoblast and 
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odontoblast primary cells have also been used, but are not ideal due to poor proliferative 

abilities and loss of phenotype in 2D culture. [136] 

 

Growth factors and signaling molecules are imperative for modulating cell behavior and 

have been used to target osteogenesis. [137, 138] BMP is the primary growth factor 

which has been applied and is very potent at inducing osteogenesis. Other growth factors 

which have shown osteogenic benefits include fibroblast growth factor (FGF), platelet-

derived growth factor (PDGF), and platelet-rich plasma (PRP). Vascular endothelial 

growth factor (VEGF) is a potent angiogenic growth factor which has been used with 

positive results in bone tissue engineering. [139-142] Despite not effecting osteogenesis 

directly, vascularization is key for bone regeneration, especially in larger defects. The 

ideal loading/delivery conditions and release profiles have yet to be identified for these 

signaling molecules. [142]  

 

Cells and/or growth factors may be used alone in regenerative medicine treatments, but 

are not effective for large or load bearing defects. [137, 138] Biomaterials can provide 

mechanical strength to the treatment site, provide a location for cell attachment and 

proliferation until they lay down ECM of their own, and be used to deliver growth 

factors. Natural polymers (collagen, fibrin, gelatin, alginate, agarose, hyaluronic acid, 

chitosan, silk, etc.) and synthetic polymers (PCL, PLGA, PLLA, PLCL, etc.) have been 

used with varying degrees of success. Decellularized bone matrix, as well as PMMA and 

other bone cements, are unique to bone applications. [143] Additionally, inorganic 

ceramics (hydroxyapatite, β-tricalcium phosphate, and bioglasses) have all been used to 
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regenerate bone tissue with varying results. [144] Natural polymers typically have higher 

levels of bioactivity and hydrophilicity. Synthetic polymers, meanwhile, tend to have 

much more desirable mechanical properties, degradation rates, and manufacturing 

processes. [20] Beyond these generalizations, each biomaterial has its own advantages 

and disadvantages. No ideal biomaterial for bone or tooth regeneration has yet to be 

identified and many new biomaterials are under development and investigation, including 

various composites and modifications of those already in use. 

  

Bioprinting is uniquely positioned to manufacture constructs for bone and tooth 

regeneration. The typical advantages of bioprinting are especially apparent for these 

applications. For example, bone defects vary widely between patients and applications 

and bioprinting has the capability to create patient-specific geometries. Aesthetics also 

can play a major role in patient satisfaction, especially in cases such as facial trauma 

where symmetry is highly desired and one-size-fits-all strategies are not practical. [145] 

Additionally, the ability to incorporate multiple materials in a single structure allows for 

the combination of bioinks containing biological factors, such as cells and growth factors, 

and mechanical supports, such as thermoplastics and ceramics. Different cells, growth 

factors, and biomaterials can also be delivered to different regions of the construct, 

allowing researchers to target multiple tissues, in particular interfaces with tendons and 

cartilage. [146] Lastly, bioprinting allows for the precise spatial deposition of materials 

which particularly benefits bone and tooth engineering. Varying geometrical patterns 

have been shown to be beneficial for regeneration of these tissues. For example, high 

internal porosity allows for desirable vascular and bone ingrowth at interfaces with the 
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native tissue while low porosity at interfaces with the rest of the body can prevent fibrotic 

ingrowth which competes with desirable tissue regeneration. Different architectures also 

allow for better control of mechanical properties, a key feature for tissues whose duty is 

fundamentally load bearing. [12] 

 

Tissue engineering strategies have had some initial successes in regenerating bone 

tissues, but have yet to surpass the current gold standard treatments. Bone regeneration 

utilizing a single biomaterial, cell, or signaling molecule has been quite successful for 

small defects, but larger defects are difficult to treat due to the challenges associated with 

vascularization, fibrotic ingrowth, and load bearing. As a result, successful treatments 

will likely require a combination of these factors. In particular, biomaterials with tissue-

specific bioactivity are needed to improve upon current biomaterials which commonly 

have good general bioactivity, but do not directly mimic the microenvironment of bone 

and tooth tissues. Additionally, the interfaces between bone and tooth and other tissues 

are imperative to their function and will need to be researched in more detail in order to 

address more complicated defects such as osteoarthritis, ACL tears, and facial trauma. 

Despite the current limitations of bone and tooth tissue engineering, the field remains 

optimistic towards its capability to eventually overcome these barriers.  
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8. CHAPTER SUMMARIES 

Chapter II: Optimization of Gelatin-Alginate Composite Bioink Printability using 

Rheological Parameters: A Systematic Approach  

It is well known that highly viscous materials maintain their structure better, but at the 

expense of decreased cell viability due to the higher forces which are required for 

extrusion. However, little is known about the effect of the two distinct components of 

dynamic modulus of viscoelastic materials, storage modulus (G′) and loss modulus (G″), 

on the printability of hydrogel-based bioinks. This study investigated the effect of storage 

modulus (G′), loss modulus (G″), and loss tangent (G″/G′) on extrudability, extrusion 

uniformity, and structural integrity using gelatin-alginate as a model hydrogel.  

 

Chapter III: The Influence of Printing Parameters and Cell Concentration on Bioink 

Printing Outcomes  

There are many parameters which must be determined in bioprinting applications with 

the potential to affect the final printing outcome. However, many of these are currently 

selected by trial and error or personal experience. Feedrate and flowrate in particular have 

only been analyzed at the level of a single filament and the effect of speed ratio has not 

been reported at all. Cell concentration is another parameter which has not received much 

attention with respect to printability, although it has major implications for bioink’s tissue 

applications. This study printed crosshatch and 5-layer tube structures with a GelMA-

Gellan Gum bioink and utilized an automated image analysis process to examine the 

effects of these parameters on various printing outcomes.  
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Chapter IV: An Exploratory Study on the Relationships between Rheological Properties 

and Printability Using a Novel, Bioink-Specific Artifact  

Presently it is difficult to develop new bioinks, in large part due to a poor understanding 

of the factors which influence their printability. Several rheological properties have been 

implicated, but their influence is unclear due to the limited scope of current studies, 

which often only look at a single model bioink, single rheological parameter, and single 

printability outcome at a time. The purpose of this study is to establish a comprehensive, 

novel artifact for evaluating bioink printing outcomes and relate the outcomes to various 

rheological measures, utilizing a wide range of bioinks.  

 

Chapter V: The Effect of BMP-mimetic Peptide Tethering Bioinks on the Differentiation 

of Dental Pulp Stem Cells (DPSCs) in 3D Bioprinted Dental Constructs 

There is a great need for tissue engineered bone and tooth tissues for the treatment of 

various diseases such as craniofacial injuries. In this study, the effect of a novel, BMP-

mimetic peptide on human dental pulp stem cells (hDPSCs) in a GelMA bioink was 

investigated. The BMP peptide-tethering bioink formulation was developed and 

characterized. Additionally, its potential to induce osteogenic differentiation in growth 

cell culture media and to synergistically increase osteogenic differentiation in osteogenic 

cell culture media were investigated.  

 

Chapter V: Summary of Research 

A brief overview of work presented in this dissertation.   



68 

 

Chapter II: Optimization of gelatin-alginate composite bioink 

printability using rheological parameters: a systematic 

approach 
 

Gregory J. Gillispie1, Teng Gao1, Joshua S. Copus1, Anil Kumar Pallickaveedu Rajan 

Asari1, Young-Joon Seol1, Anthony Atala1, James J. Yoo1, Sang Jin Lee1 

 

1Wake Forest Institute for Regenerative Medicine, Wake Forest School of 

Medicine, Winston-Salem, North Carolina, USA 

 

  



69 

 

1. ABSTRACT 

Purpose: The limited availability of hydrogel bioinks is frequently cited as a major issue 

for the advancement of cell-based extrusion bioprinting technologies. It is well known 

that highly viscous materials maintain their structure better, but also have decreased cell 

viability due to the higher forces which are required for extrusion. However, little is 

known about the effect of the distinct components of dynamic modulus of viscoelastic 

materials: storage modulus (G′), loss modulus (G″), and loss tangent (G″/G′). This study 

aimed to investigate their effect on the printability of hydrogel-based bioinks.  

Methods: Gelatin and alginate as model hydrogels were mixed at various concentrations 

to obtain hydrogel formulations with a wide range of storage and loss moduli. These 

formulations were then evaluated for the quantitatively defined values of extrudability, 

extrusion uniformity, and structural integrity.  

Results: For extrudability, increasing either the loss or storage modulus increased the 

pressure required to extrude the bioink. A mathematical model relating the G′ and G″ to 

the required extrusion pressure was derived based on the data. A lower loss tangent was 

correlated with increased structural integrity while a higher loss tangent correlated with 

increased extrusion uniformity.  

Conclusions: Gelatin-alginate composite hydrogels with a loss tangent in the range of 

0.25 to 0.45 exhibited an excellent compromise between structural integrity and extrusion 

uniformity. In addition to the characterization of a common bioink, the methodology 

introduced in this paper could also be used to evaluate the printability of other bioinks in 

the future.  
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2. INTRODUCTION 

Over the last decade, many advances in tissue engineering and regenerative medicine 

have been made through three-dimensional (3D) bioprinting technologies. [1-4] Precise 

deposition through microextrusion of cell-laden hydrogels in a layer-by-layer fashion has 

allowed fabrication of complex, composite tissue and organ structures. [5-8] However, a 

crucial yet limiting aspect of current bioprinting modalities is the availability of bioink 

materials. [2, 9, 10] The ideal bioinks for cell-based microextrusion printing should fulfill 

three major requirements: (i) relatively higher viscosity, (ii) strong shear-thinning 

behavior, and (iii) rapid crosslinking process after printing. [2] Due to the inability of 

most hydrogels to be self-supporting upon layer-by-layer deposition, nearly all bioink 

systems require second-stage crosslinking directly after printing. [11-14] Open 

microchannels inside a printed tissue construct play a crucial role in cell survival and 

function for a variety of tissue types by facilitating oxygen transfer, deliver nutrients, and 

the removal of metabolic waste. [5, 15] The fabrication of multi-layered porous structures 

requires both a high printing shape fidelity during the printing process and the prevention 

of collapsing or sagging after printing. [1] Simultaneous printing of hydrogel-based 

bioinks with supporting and sacrificial materials like polycaprolactone) (PCL) and 

Pluronic F127, respectively, is one of the approaches to circumvent these limitations. [5] 

However, the slow degradation and high stiffness of polymeric materials will pose 

restrictions on this approach, especially for soft tissue fabrication. [13] Therefore, a 

single optimized printable bioink material or formulation with appropriate rheological, 

biomechanical, and biological properties is highly desirable. 
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Several sets of criteria for bioink properties have been proposed in the past. [9, 11, 16-19] 

Although informative, most of these criteria were broad requirements for the material to 

fulfill rather than practical engineering specifications and guidelines. When designing a 

bioink, one of the most important considerations is rheology. [20] Surprisingly, the role 

of rheology in bioink formulations remains poorly understood and many studies do not 

take rheology into consideration during bioink development and evaluation. The vast 

majority of rheological characterizations of bioinks have focused on hydrogel viscosity. 

[11] Bioink viscosity can directly impact both printing shape fidelity and printing 

pressure necessary to dispense the material, which in turn can affect cell viability; 

however, viscosity alone cannot capture the complex behavior of hydrogel-based bioinks 

during the printing process. [21, 22] 

 

Bioink viscosity has been reported as the determining factor of printing shape fidelity; [9] 

however, high viscosity does not necessarily confer high mechanical strength or printing 

accuracy (e.g. low concentration hyaluronic acid). [10] This is due to two distinct 

components of dynamic modulus: storage modulus (G′) and loss modulus (G″), as shown 

in equation (1). To date, viscosity has been thought of as a single parameter when 

determining the proper composition of a bioink. Most studies have focused on reporting 

the G′ component of viscosity for a particular type of hydrogel being developed and the 

role of G″ is largely. [13, 14, 17] In Figure 9A, the ratio between G′ and G″ determines if 

a material is solid-like or liquid-like. The ratio of G″ to G′ is defined as the loss tangent 

(tan(δ)), shown in equation (2), where δ is the phase angle of the material. Little is known 
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about the effect of these two rheological parameters and their respective ratio (loss 

tangent) on the printing outcome. 

𝜂 ∗ =
(𝐺′2

+ 𝐺′′2
)

1
2⁄

𝛾′
   (1) 

𝑡𝑎𝑛(𝛿)  =
𝐺′′

𝐺′    (2) 

Highly viscous hydrogels, with appropriate ratios between G′ and G″, are desirable to 

achieve a good printing resolution with sufficient mechanical strength for maintaining 

structural integrity. [9] However, materials with a higher viscosity require higher 

extrusion forces. This can lead to higher shear stresses experienced by the cells and result 

in severe cell damage. [13] Studies have shown that exposure to high levels of shear 

stress during the printing process can affect both immediate and long-term cell viability 

and proliferation. [21] A quantitative relationship between nozzle size and dispensing 

pressure on cell viability has been found. [23] Hence, another important criterion for a 

printable hydrogel is its extrudability: the dispensing pressure needed to achieve 

extrusion at a sufficient flow rate (or print head speed). Due to the different sensitivity of 

different cell types, controlling the shear stress during the extrusion pressure is of critical 

importance for cell-based bioprinting. To date, a quantitative correlation has not been 

established between storage and loss moduli and required extrusion pressure. Moreover, a 

standard method to evaluate the bioink printability does not yet exist. [20] 

 

In this study, the main objective was to investigate the effect of material loss (G″) and 

storage moduli (G′) and their respective ratio (tan(δ)) on the printability of gelatin-
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alginate composite hydrogels, a common bioink used in bioprinting. In addition, 

experimental methods for the quantification of bioink printability were developed using 

extrudability, extrusion uniformity, and structural integrity as the defining parameters. 

 

3. METHODS 

3.1. Bioprinting system 

The integrated tissue-organ printer (ITOP) and motion program previously developed by 

our laboratory were used. [5] Briefly, the ITOP is composed of an XYZ stage/controller, 

dispensing module, and a closed chamber. A three-axis stage system having 200 × 200 × 

100 mm3 travel and controller were used to provide printing paths for printing process 

(Aerotech, Inc., Pittsburgh, PA). The dispensing module consisted of a precision 

pneumatic pressure controller, syringe, and Teflon nozzle (Musashi Engineering, Inc., 

Tokyo, Japan). Finally, the closed-chamber system was constructed by equipping a 

temperature controller (EIC Solutions, Inc., Warminster, PA) in the customized acrylic 

enclosure. The printing pattern, scan speed, extrusion pressure, and dispensing materials 

were specified in a custom text-based motion program. This motion program was then 

transferred to the operating computer for printing 3D structures. 

 

3.2. Hydrogel bioink preparation 

Sodium alginate and gelatin (type A, 90–110 bloom derived from porcine skin) were 

purchased from Sigma Aldrich (St. Louis, MO). Bioink formulations were prepared with 

various ratios of alginate and gelatin. Briefly, gelatin was first dissolved in Dulbecco’s 
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Modified Eagle Medium (DMEM, Gibco, Thermo Fisher, Waltham, MA) on a rotational 

shaker at 37°C for 60 min. Sodium alginate was then added to gelatin solution, and 

gelatin-alginate mixtures with different ratios were mixed on a rotational shaker at 37°C 

for additional 3 h. Afterward, all bioink formations were kept at room temperature (23–

24°C) for 4–10 h prior to rheological tests. All subsequent experiments were conducted at 

room temperature. 

 

3.3. Rheological measurement 

Rheological measurements of bioink formulations were performed with a Discovery 

Hybrid Rheometer-2 (TA Instruments, Newcastle, DE) with a steel 8-mm parallel plate 

geometry at room temperature. Custom molds (made by MakerBot Replicator 2X, New 

York, NY) containing each bioink sample were immobilized on the Peltier plate using 

double-sided tape. Subsequently, the steel plate geometry was lowered until contact with 

the surface of the bioink sample. For solid phase gels (G′ > G″), the geometry was 

lowered further until the axial force on the instrument equaled 0.02 N. For liquid phase 

gels, geometry was lowered until contact with the surface. After contact, the shear elastic 

modulus G′, shear loss modulus G″, and loss tangent tan(δ) were measured for each 

hydrogel bioink using a shear strain sweep test ranging from 0.02% to 1.0% at an 

oscillation frequency of 1 Hz. [12] All rheological measurements were conducted in 

triplicate. 

 

3.4. Printing extrudability 
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Extrudability was defined as the minimum pneumatic pressure to extrude the material at a 

set flow rate. A syringe containing the bioink sample was loaded onto the ITOP 

bioprinter. For all measurements, a 260-μm nozzle (Nordson EFD, East Providence, RI) 

was used. A one-layer zig zag 10 × 10 mm2 deposition pattern (scanning speed: 200 

mm/min) was used for extrudability testing. For each sample, 3 different values of 

pneumatic pressure were applied and the weight of the extruded material was recorded 3 

times at each level of pressure. The average extrudate weights at different levels of 

pressure were then plotted against the pressure values. Due to the non-Newtonian 

behavior of the hydrogel bioinks used in this experiment, a power law function was fitted 

to the data points. [24] Using this function, the extrusion pressure at 100 mg extrudate 

weight was extrapolated for each bioink formulation. The specific weight was chosen for 

continuous extrusion and to minimize variability in flow rate for all bioink formulations. 

 

3.5. Extrusion uniformity 

For each bioink formulation, 3 filaments were extruded according to the conditions in 

Table 2. To control for the flow rate of different hydrogel formulations, the pressure was 

adjusted until the weight of the extrusion lines was equal for each test. Photographic 

images were taken from each print and analyzed in ImageJ software. The uniformity of 

each filament was measured by manually outlining the hydrogel on both sides of the 

extrusion line and measuring the length in pixels. This value was then divided by what 

the length in pixels of a perfectly uniform gel would have been, i.e. a straight line on each 

side. This value was defined as the ‘uniformity ratio’. 
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Table 2. Printing parameters for experimental testing of extrusion uniformity 

Composition  Loss tangent  Pressure  Other 

    
8%Ge  0.03 60 kPa Needle size: 

6%Ge 3%Alg  0.13 70 kPa  25 gauge 

5%Ge 6%Alg  0.27 90 kPa  Temperature: 

4%Ge 7%Alg  0.43 70 kPa  21°C 

4%Ge 8%Alg  0.53 85 kPa Print speed: 

4%Ge 9%Alg  0.67 70 kPa 150 mm s−1 

        

Ge: gelatin, Alg: alginate. 
 

 

3.6. Structural integrity 

5-layer cylindrical structures (diameter: 12 mm) were printed using the ITOP system. The 

layer height was specified as 0.38 mm and a 25G nozzle was used. Silicone elastomer 

was used as a control to offset any magnification error in imaging and deviation from the 

programmed shape caused by the printing process. Approximately 30 mg of materials 

were extruded for each bioink formulation. High-resolution pictures were taken by a 

Dino-Lite digital microscope (AnMo Electronics Co., Taiwan) under the same light 

condition, and the height of the build structures was measured by ImageJ software. 

Bioprinting structural integrity of the hydrogel formulations was quantified by comparing 

the measured height of the bioink samples to the measured height of the control. 

 

3.8. Statistical analysis 

Statistical analyses were performed using JMP 13 (SAS Institute Inc., Cary, NC). 

Comparisons between different bioink formulations were done using a one-way analysis 

of variance (ANOVA) with a significance level of p < 0.05. If significance was reached, 
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differences were identified using Tukey’s post-hoc test, also with a significance level 

of p < 0.05. 

 

4. RESULTS 

4.1. Rheological properties of gelatin-alginate bioinks 

Rheological characteristics of two common bioink materials, gelatin and alginate, used in 

this study were measured using a standard protocol. Each material with different 

concentrations was tested in order to observe the effect of hydrogel concentration on 

rheological properties. Figure 9A summarizes four general classes of naturally derived 

hydrogel materials based on their viscoelastic properties. The ideal bioink should be self-

supporting and can be extruded through a thin nozzle. A comparison between the 

rheological properties of gelatin and alginate was made. Increasing the concentration of 

gelatin resulted in an increase in the storage modulus and overall viscosity, while the loss 

modulus of gelatin hydrogel was close to zero for all concentrations (Figure 9B). This 

suggests that the nature of the network formed by gelatin is highly elastic rather than 

viscous. Due to this characteristic, gelatin hydrogels can be classified as a stiff solid 

bioink material at room temperature, which may be not ideal for the extrusion-based 

printing method. On the other hand, alginate hydrogels formed a liquid phase gel and had 

a high loss tangent consistent throughout different concentrations (Figure 9C). [21] 
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Figure 9. Rheological measurements of common single component bioink materials. (A) 

Classification of common bioink materials based on storage modulus and loss modulus. (B) 

Rheological measurement of G′ and G″ of gelatin hydrogel in three different concentrations. (C) 

Rheological measurement of G′ and G″ of alginate hydrogel in three different concentrations. (D) 

Rheological measurement of G′ and G″ of gelatin, alginate, and gelatin–alginate composite 

hydrogel. (E) Loss tangent of gelatin–alginate composite hydrogels with varying concentrations 

of each. (F) Storage modulus of gelatin–alginate composite hydrogels with varying 

concentrations of each. 

 

  

In order to establish a model which correlates G′ and G″ of the bioink formulations to the 

printing outcomes, it is necessary to be able to adjust the two moduli independently. 

According to the measurements described above, no single material proved to be 

sufficient for this purpose. To combat this, mixtures of gelatin and alginate were used as 

the model materials since gelatin has the most solid-like characteristic (G′ dominates) 

and alginate has the most liquid-like characteristic (G″ dominates). A synergetic effect 

was observed when gelatin was mixed with alginate: loss modulus was introduced into 
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the material while the storage modulus of gelatin was further enhanced, as shown 

in Figure 9D. Increasing the alginate concentration led to an increase in loss modulus, 

while an increase in gelatin concentration led to an increase in storage modulus. Bioink 

formulations of the gelatin-alginate mixture were selected as the main experimental 

hydrogel due to their accessibility and complementary nature. Thus, bioinks with a wide 

spectrum of loss tangent values (G′/G″), but with similar stiffness were able to be 

obtained, as shown in Figure 9E and Figure 9F. 

 

4.2. Printing extrudability 

Viscosity is sometimes thought of as a single factor which affects the extrudability of a 

bioink, but in this study, both components of dynamic modulus, G′ and G″, were 

investigated on a quantitative basis. In this approach, the storage modulus (G′) and the 

loss modulus (G″) were assumed to be the two independent variables as predictors of the 

required extrusion pressure (P). A first-order interactive model with two independent 

variables can be expressed as in equations (3-4), where β0, β1, β2 and β3 are constants. 

 

P = β0 + (β1 × G ′) × (β2 × G″) + (β3 × G ′ × G″)  (3) 

P = 26.6 + (0.050 × G ′) + (0.069 × G″) - (0.0000035 × G″ × G″)  (4) 

 

These results showed that the required extrusion pressure of a bioink is co-determined 

by G′ and G″ (Figure 11). Both independent variables are positively correlated to the 

required extrusion pressure (P). The interactive term contributed very little to the 

extrusion pressure. This suggests the two moduli contribute independently to the 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6040670/#FD3
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extrusion pressure, without influencing one another. In fact, when this term was excluded 

from the model in equations (5-6) the standard deviation of the fit actually improved 

slightly from 11.1 to 10.6. Therefore, the resulting predictive model can be expressed as: 

 

P = β0 + (β1 × G ′) × (β2 × G″)  (5) 

P = 29.7 + (0.048 × G ′) + (0.062 × G″)  (6) 

  

This best-fit model is summarized in Figure 10 and Figure 11. Interestingly, a significant 

drop in required extrusion pressure was observed when pure gelatin was mixed with 

alginate, as shown in Figure 11C. 

 

Figure 10. Experimental vs. predicted extrusion pressure for gelatin-alginate hydrogels.  
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Figure 11. (A) Bioink samples used in the extrusion experiment and their rheological parameters. 

(B) Planer regression of extrusion pressure as a function of loss modulus and storage modulus. 

(C) Drop in extrusion pressure when gelatin was mixed with alginate. 

 

4.3. Extrusion uniformity 

The uniformity of filaments produced by the bioink samples with increasing loss tangent 

values was evaluated and summarized in Figure 12Error! Reference source not found.. 

At a low loss tangent value, the material produces a bumpy extrusion line. As loss 

tangent increased, so did the uniformity of the extrusion lines with a sharp transition 

occurring between the tan(δ) = 0.27 and tan(δ) = 0.43 hydrogels. Smooth, uniform 

extrusion lines were achieved for loss tangent values of 0.43 and higher. 
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Figure 12. Extrusion uniformity. (A) Filaments extruded from bioink samples with different loss 

tangent values. (B) Quantification of filament uniformity 

 

4.4. Structural integrity 

After printing 5-layer cylindrical structures, the loss tangent value of the bioink materials 

was found to be negatively related to its structural integrity. As loss tangent of the 

mixture increased, the printed structure began to collapse inwards and lose shape. This 

phenomenon confirms the hypothesis that loss modulus grants the material more flow 

character and will negatively impact bioprinting shape fidelity if its value is too high. 
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Similar to the results for extrusion uniformity, the smoothness of the printed structure is 

compromised at low loss tangent values (Figure 13). 

 

 

Figure 13. Structural integrity. (A) 5-layer, cylindrical structures with different loss tangent 

values. (B) Quantification of structural height relative to a silicone control. 

 

4.5 Application to other bioinks 

Further experimentation was conducted to determine if the ‘printability window’ (0.25 < 

tan(δ) < 4 0.45) found for gelatin-alginate formulations could be applied to other bioinks. 

Rheology, structural integrity (Figure 15A, appendix), and extrusion uniformity (Figure 

15B, appendix) experiments were conducted on Pluronic F127, hyaluronic acid (HA), 

and a fibrinogen composite bioink using the same methodology as the gelatin-alginate 
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formulations. Pluronic F127 was tested at 270 mg/mL and 400 mg/mL, HA at 30 mg/mL, 

and the fibrinogen composite bioink contained 20 mg/mL fibrinogen, 35 mg/mL gelatin, 

3 mg/mL HA, and 10% (v/v) glycerol. 

 

3% HA followed similar trends to the gelatin-alginate formulations. Its high loss tangent 

resulted in poor structural integrity and high extrusion uniformity. However, the 

fibrinogen composite bioink also showed poor structural integrity and high extrusion 

uniformity despite a loss tangent similar to the 80 mg/mL gelatin (0.12). Lastly, 400 

mg/mL Pluronic F127 was highly printable (excellent structural integrity and extrusion 

uniformity) despite a loss tangent that fell well outside of the printable window for 

gelatin-alginate formulations. This data likely suggests that the desirable loss tangent for 

any given bioink will be hydrogel-dependent. 

 

5. DISCUSSION 

Naturally-derived hydrogel materials are commonly used as bioink materials in 3D 

bioprinting due to their biological and physical properties. However, their rheological 

properties are poorly documented and the viscosity of a bioink material is still 

occasionally regarded as a single parameter during bioink development. Currently, in the 

literature, there is also a lack of methodologies to quantitatively define printability for the 

evaluation of bioinks. This study first outlined a definition of printability which included 

the parameters extrudability, extrusion uniformity, and structural integrity. Rheological 

characterization was then conducted for two commonly used bioink materials: alginate 
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and gelatin. The effect of their concentrations on storage modulus, loss modulus, and loss 

tangent was investigated first individually and then as a mixture. Next, it was established 

that storage modulus (G′) and loss modulus (G″) have independent effects on the bioink 

extrudability, and a quantitative model was presented. Finally, gelatin-alginate composite 

bioinks with similar storage moduli, but varying loss tangents were evaluated for 

extrusion uniformity and structural integrity. 

 

Summarizing the three criteria discussed above, it was concluded that when tan(δ) was 

approximately between 0.25 and 0.45, the gelatin-alginate composite bioinks could be 

printed with relatively good smoothness without compromising structural 

integrity. G′ and G″ of the bioink could also predict the required extrusion pressure, 

which in turn is negatively related to cell viability. This optimal region is illustrated in 

Figure 14. This region is an approximation rather than an exact boundary. The bioinks 

outside of this boundary were still printable in a literal sense, but print quality decreased 

the further the loss tangent is removed from this window. These boundaries may also be 

application dependent. For example, structural stability may be more important than 

extrusion uniformity (or vice versa) depending on the desired architecture. This is 

complicated further by other modifiable parameters which affect printing outcomes such 

as temperature, print head speed, nozzle dimensions, and cell concentration. [25] The 

effect of initial cell concentration on printability especially should be considered in future 

studies. Cheng et al. [26] found no change in rheological properties at a cell concentration 

of 107 cell/mL, but whether this holds true for printability itself and for various 

applications remains to be seen. These parameters were controlled for rather than varied 
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in this study, but potentially could be adjusted accordingly to increase printability without 

changing the bioink. More research is still needed into the many factors which affect 

printability and their relationships to one another. 

 

 

Figure 14. Optimal region of gelatin–alginate properties for bioprinting. 

 

The results established in this study are consistent with observations in previous studies. 

A study reported that increasing proportions of alginate in a mixture of gelatin lead to 

unacceptable spreading upon deposition while a high gelatin concentration leads to 
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impairment of the extrusion process due to increased viscosity. [6] While the current 

study agrees with those findings, it also can suggest an alternative explanation. In Figure 

9D, gelatin and alginate each contribute to the two distinct components of viscosity: 

storage modulus and loss modulus. The discontinuity during extrusion observed was a 

result of disproportionally high storage modulus rather than high complex viscosity. [6] 

Additionally, the spreading upon deposition can be attributed to a disproportionally high 

loss modulus. [6] 

 

A limitation of this study is that only one model material was analyzed. While it is 

believed that a similar trend would be found within most hydrogels, further 

experimentation (Figure 15) found that the loss tangent ‘printability window’ (from 0.25 

to 0.45) found in this study did not necessarily apply to all other bioinks. For example, 

40% Pluronic F127 showed excellent extrusion uniformity despite having a near-zero 

loss tangent. There are many other rheological properties, such as yield stress, [17, 27] 

which effect printability and must also be considered. Additionally, different materials 

have different degrees of shear-thinning and thixotropic properties. Their properties 

during the printing process and after printing are only estimated by the rheological 

measurement. Although a clear correlation was found for gelatin-alginate composite 

bioinks, it is possible there is an alternative explanation for the differential role in storage 

modulus and loss modulus and their effects on required dispensing pressure.  

 

For example, if the frequency and strain rate during extrusion were significantly different 

from what was rheologically tested, the values of G′ and G″ could change under those 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6040670/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6040670/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6040670/figure/F1/
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conditions. However, rheological properties at a low frequency and strain rates offer 

more insight into the bioinks’ behavior after printing. Further study should include 

characterizations of the rheological properties of hydrogel formulations throughout a 

wide range of strain and frequency levels and incorporate the shear thinning and 

thixotropic index into the model. [17, 22] Lastly, extrudability was used in this study as a 

direct proxy for cell viability, but the relationship between extrudability and cell viability 

is somewhat complex in nature. A more comprehensive system for the optimization of 

bioink printability should test cell viability directly. 

 

Several other methods have been proposed in the literature to evaluate printability [17-19, 

25, 27, 28] and until recently, most of these were only qualitative or semi-quantitative. In 

order to compare between bioinks and optimize for printability, more quantitative 

measures are needed. A common practice is to look at fiber formation. [17, 19] By 

extruding a bioink into the air (as opposed to directly on the printing platform), several 

fiber types can be observed. Smooth, uniform fibers are desired, but bioinks with poor 

printability may instead exhibit either droplet formation or irregular, fractured fibers. 

Layer stacking has also been proposed, where a grid pattern is printed and the patency 

and shape of the pores are observed. [17, 18, 27, 28] Bioinks with poor printability may 

have their fibers fuse together or the pore shape will be irregular and deviate from the 

original design. In this study, these phenomena were quantified by the structural integrity 

and extrusion uniformity measurements. As more components of printability are 

identified and more methodologies for measuring those components are proposed, the 

disadvantages and advantages of each will need to be investigated. Ideally, a consensus 
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definition for each component of ‘printability’ will eventually be reached, creating a 

standardization of evaluation methodologies, providing a framework for studying the 

factors which impact these phenomena and allowing for new bioinks to be developed 

more quickly and reliably. 

 

6. CONCLUSION 

This study established a quantitative approach to measure printability using extrudability, 

structural integrity, and extrusion uniformity. This was subsequently used to characterize 

and optimize gelatin-alginate composite bioinks. This study also demonstrated the impact 

loss modulus and loss tangent, two rheological properties often ignored in assessments of 

printability, can have on a bioink’s performance. A quantitative model was established 

using mixtures of gelatin and alginate which highlighted the individual contributions of 

storage and loss moduli on extrudability. In this study, a higher loss tangent was shown to 

improve extrusion uniformity while a lower loss tangent was shown to improve structural 

integrity. While the ideal loss tangent window found for different gelatin-alginate 

concentrations may not be the same across all other hydrogel-based bioinks, the 

framework presented in this study could serve for future bioink development. This would 

further enable the progression of improved bioinks, thereby allowing for the fabrication 

of more complex, cell-based, soft tissue constructs in the future. 
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8. APPENDIX 

 

 

Figure 15. (A) Structural integrity vs loss tangent of various hydrogels. (B) Extrusion uniformity 

vs. loss tangent of various hydrogels. 
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1. ABSTRACT 

Purpose: Printability persists as a limiting factor towards many bioprinting applications. 

Printing parameter selection is largely user-dependent. The effect of cell concentration on 

printability is also unknown. Recently, methods have been developed to give greater 

insight into printing outcomes. This study aims to further advance those methods and 

apply them to study the effect of cell concentration, feedrate, and flowrate on printability.  

Methods: Two structures, a crosshatch and 5-layer tube, were printed with a GelMA – 

Gellan Gum bioink, photographed, and analyzed. Acellular bioinks were printed using a 

testing matrix of feedrates of 37.5, 75, 150, 300, and 600 mm/min and flowrates of 21, 

42, 84, 168, and 336 mm3/min. Structures were also printed with cell concentrations of 5, 

10, 20, and 40 x 106 cell/mL at 150 mm/min and 84 mm3/min.  

Results: Speed ratios from 0.07 to 2.24 mm2 were suitable for analysis. Increasing speed 

ratio dramatically increased the height, width, and wall thickness of tubular structures, 

but did not influence radial accuracy. For crosshatch structures, the area of pores and 

frequency of broken filaments were decreased without impacting pore shape (Pr). Within 

speed ratios, feedrate and flowrate had very minor, inconsistent effects. Cell 

concentration had no effect on any printing outcomes despite slight rheological changes.   

Conclusions: Printing outcomes were dominated by the speed ratio, with feedrate, 

flowrate, and cell concentration having little impact on printing outcomes within the 

ranges tested. The relevance of these results to other bioinks and printing conditions 

remains to be seen, but highlight speed ratio as a key variable to report and suggest that 

rheology is a more sensitive measure than printing outcomes.   
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2. INTRODUCTION 

Bioprinting is an advantageous manufacturing technique for tissue engineering and 

regenerative medicine applications due to its ability to create complex structures, its 

capacity for incorporating multiple materials, and its potential to create patient-specific 

geometries, among other factors. [1-6] The aim of bioprinting is the precise deposition of 

bioinks to manufacture constructs with the desired geometries. [2, 7-9] Imprecise 

deposition can result in a number of errors including closed pores and broken filaments. 

Small errors early in a print can propagate over many layers, resulting in failure of the 

entire print, a highly undesirable result given the expense of biomaterials, cells, and 

bioactive molecules typically used in bioprinting. Additionally, the size and shape of a 

construct can influence its biological activity by effecting properties such as the number 

of cells delivered and the release kinetics of bioactive molecules. However, much 

remains unknown about the various constraints which exist on bioprinting systems, with 

researchers currently relying on trial and error or personal experience for many aspects. 

[10, 11] 

 

Currently, researchers often assess printing outcomes qualitatively, [12] not at all, [13] or 

with very basic quantitative measures such a filament width. [10, 14, 15] These measures 

are insufficient for demonstrating outcomes in the more complex structures typically 

used, omitting features such as sharp and curved turns, pores, and multi-layer stacking. 

Recently, several methods have been developed to analyze printing outcomes for 

bioprinting applications. [16, 17] The field would benefit from further validation and 



96 

 

development of these novel techniques. Additionally, they may prove to be highly 

beneficial for examining the various relationships between different printing system 

parameters and the subsequent printing outcomes.  

 

For example, printing conditions are a very important parameter which researchers must 

make decisions on with very limited information. It is well known that the feedrate (also 

referred to as the print speed) and the flowrate are the primary parameters which affect 

material deposition. Higher feedrates and lower flowrates result in lower material 

deposition, thinner filaments, and a higher potential for broken filaments. Meanwhile, 

lower feedrates and higher flowrates result in higher material deposition and thicker 

filaments, which can be problematic if designed pores are filled closed or material 

deposition exceeds the layer height. [18-25] Ultimately, higher feedrates are desired to 

decrease the total print time. It is common practice to compensate for higher feedrates by 

proportionally increasing the material flowrates. The ratio of flowrate (mm3/s) to feedrate 

(mm/s) can be referred to as the speed ratio (mm2) and hypothetically represents the cross 

sectional area of the printed filaments. Previous investigations into feedrate and flowrates 

on printing outcomes have only looked at filament height and width [18-25] and have not 

examined more complex structures. Additionally, they have not examined speed ratio nor 

to what extent the compensatory relationship between feedrate and flowrate truly is able 

to maintain desirable printing outcomes.  

 

Cell concentration is another important design criteria when developing a bioink. High 

cell densities have been shown to be beneficial for some tissue applications such as 
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cartilage. However, the influence of cells on bioink printability is not fully understood 

and very few studies have been conducted. Some results suggest an increasing cell 

concentration increases a bioink’s viscosity [26, 27] while others have seen a decrease in 

viscosity as well as storage modulus (G’), yield stress, and gelation kinetics. [14, 28] 

However, the relationship between rheological properties and printing outcomes are not 

fully understood, adding to the difficulty of interpreting what these results signify for 

bioink printability. Further studies are ultimately needed to determine how cell 

concentration may influence printing outcomes. 

 

The objective of this study is to utilize novel printability assessment techniques to study 

the effect of feedrate, flowrate, speed ratio, and cell concentration on various printing 

outcomes for a 4% Gelatin Methacrylate + 1.2% w/v Gellan Gum bioink (Figure 16). 

Moreover, this study will further advance recently developed assessment techniques by 

introducing additional measurements.  
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Figure 16. Schematic diagram of speed ratio and cell density experiments. (A) 4% Gelatin 

Methacrylate + 1.2% w/v Gellan Gum bioinks were prepared for use in both experiments. (B) 

The effect of printing conditions was examined using a testing matrix of feedrates and flowrates, 

resulting in 9 different speed ratios. (C) The effect of cell density was tested by the addition of 0, 

5, 10, 20, or 40 x 106 Murine Endothelial Cells (MS1) per mL of GelMA – Gellan Gum bioink. 

These cell laden bioinks were also tested rheologically for their viscoelastic, yielding, and shear 

thinning behaviors. (D) For both experiments, crosshatch and 5-layer tube structures were 

bioprinted, photographed, and then evaluated using image analysis software.  

 

3. METHODS 

3.1. Bioink preparation 

For this experiment, a commonly used GelMA and Gellan Gum based bioink was 

utilized. Briefly, 1.2% w/v gellan gum (Sigma, G1910) and 10% v/v glycerol (Sigma, 

G6279) were dissolved in an 80oC oil bath under magnetic stirring for 15 minutes. The 

bath was then changed to 60oC and 4% w/v GelMA was added and stirred for 20 minutes 

or until fully dissolved. Although aseptic technique was not observed for this study, the 
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formulation was filtered to mimic conditions for cell applications. Whatman syringe 

filters (0.45 µm, Catalog # 6780-2504, GE Healthcare Life Sciences, Marlborough, MA) 

which were pre-warmed to prevent rapid gelation within the filter were used. Lastly, 

fluorescein dye (46955, Sigma-Aldrich, St. Louis, MO) was aliquoted and then added to 

the bioinks for a final concentration of 0.01 mg of dye per mL of bioink. After 

transferring to the printing syringe, the formulation was placed in ice water for 5 minutes 

and then equilibrated for 10 minutes at 19oC.  

 

3.2. Printability measurements  

Printability tests were conducted on the custom-built Integrative Tissue and Organ Printer 

(ITOP) system. [1] Briefly, the ITOP system utilizes an XYZ stage/controller, dispensing 

module, and a closed chamber. A three-axis stage system and motion controller were 

used to control printing paths for the dispensing nozzle (Aerotech, Inc., Pittsburgh, PA). 

A precision pneumatic pressure controller, temperature controlled sleeve, syringe, and 

330 µm cylindrical nozzle (Musashi Engineering, Inc., Tokyo, Japan) comprised the 

dispensing module. Finally, an acrylic enclosure was used to create a closed-chamber 

system and equipped with an environmental temperature controller (EIC Solutions, Inc., 

Warminster, PA). Printing parameters such as nozzle path, feedrate, and pressure were 

specified in a custom text-based motion program. This program was then transferred to 

the operating computer for 3D printing. Flowrate was determined by extruding the bioink 

for approximately 30 seconds and weighing the extrudate and then dividing weight by 

extrusion time. Pressure was then adjusted until the desired flowrate was achieved. The 

layer heights were determined by previous experiments and based on the speed ratio 
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(Figure 16B) for each condition with layer heights of 0.15, 0.21, 0.32, 0.42, 0.53, and 

0.75 mm corresponding to speed ratios of 0.07, 0.14, 0.28, 0.56, 1.12, and 2.24 mm2, 

respectively.  

 

For printability assessment, a 5-layer tube structure was modified from a previous study. 

[17] The 5-layer tube was printed with a radius of 4 mm in order to assess multi-layer 

stacking and arced printing paths. This structure was photographed from the side and 

both the height and width of the structure was measured. Height was taken as an average 

across the middle 75% of the structure to exclude variation at the tube walls. Width was 

taken as a maximum at the base of the structure. The 5-layer tube was also photographed 

from above. Area inside the internal and external edges of the tube were measured. 

External and internal radii were then calculated from area by assuming the object to have 

a circular shape. Wall thickness was then taken as the difference between internal and 

external radii. Finally, radial accuracy was calculated as the average between internal and 

external radii, taken as a percentage of the designed radius.  

 

A second structure, first developed by Ouyang et al., was also adapted and printed for this 

study. [16] A zig-zag pattern with a line pitch of 2.67 mm was rotated 90 degrees 

between the first and second layer, creating a crosshatch structure with 9 square pores. 

This structure was photographed from above and both pore area and Pr were measured 

from each pore. Pores with an area of 0 were considered to be “filled” while pores which 

could not be measured due to broken filaments on one or more of its edges were 

considered “broken.” For all complete, unfilled pores, Pr was calculated as:  
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Pr =  
𝐿2

16𝐴
 

where L is the perimeter length of the pore and A is the area of the pore. This equation 

gives values less than 1 for pores which are more circular in nature (minimum value of 

π/4), values equal to 1 for square pores, and values greater than 1 for square pores with a 

non-uniform perimeter.  

 

Both structures were printed in triplicate for each condition. All measures were taken 

using a custom image analysis program written in MATLAB (MathWorks, Natick, MA) 

(Appendix). 

 

3.3. Effect of printing conditions on printing outcomes 

A testing matrix of different feedrates, flowrates, and nozzle heights were tested using the 

GelMA – Gellan Gum bioink. Feedrates were tested at 37.5, 75, 150, 300, and 600 

mm/min and flowrates were tested at 21, 42, 84, 168, and 336 mm3/min. These 

combinations resulted in speed ratios ranging from 0.035 to 8.96 mm2 (Figure 16B). 

However, meaningful measurements could not be made from structures printed with a 

speed ratio of 0.035 mm2 due to under-deposition. Similarly, measurements could not be 

made from structures printed at speed ratios of 4.48 or 8.96 mm2 due to over-deposition. 

As a result, measured feedrate/flowrate combinations included speed ratios of 0.07 (2 

combinations), 0.14 (3 combinations), 0.28 (4 combinations), 0.56 (5 combinations), 1.12 

(4 combinations), and 2.24 (3 combinations).  
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3.4. Effect of cell concentration on printing outcomes.  

The same GelMA – Gellan Gum bioink was used to investigate the effect of cell 

concentration on printing outcomes. Endothelial murine cells (MS1, CRL-2279, ATCC, 

Manassas, VA, USA) were expanded in 2D culture in Dulbecco Modified Eagle’s 

Medium (DMEM, Sigma-Aldrich, Saint Louis, MO, USA) supplemented with fetal 

bovine serum (FBS, 10% v/v), and a solution of penicillin/streptomycin (1% v/v). MS1 

cells were then typsinized and mixed into the bioink at a ratio of either 0, 5, 10, 20, or 40 

x 106 cells per mL. For each cell concentration, the bioink was then used to print the two 

structures using a feedrate of 150 mm/s and a pressure required to achieve a flowrate of 

1.4 mm3/s (210 – 240 kPa).  

 

Additionally, parallel rheological measures were conducted in triplicate on all cell 

concentrations of the bioink using a Discovery Hybrid Rheometer-2 (TA Instruments, 

Wilmington, DE). For each test, a cone-plate geometry with a 40 mm diameter, gap of 

100 µm, and slope of 1 degree was used. Frequency sweeps were conducted from 0.01 to 

100 Hz using a logarithmic sweep with 10 points per decade at a strain of 0.2%. Shear 

rate and complex viscosity were then fitted to the power law equation: 

𝜂 = 𝐾�̇�𝑛−1 

where �̇� is the shear rate, 𝜂 is the viscosity as measured by the rheometer, and K and n are 

estimated constants known as the consistency index and flow index, respectively. Strain 

sweeps were conducted from 0.1% to 1000% using a logarithmic sweep with 10 points 

per decade at a frequency of 1 Hz. Storage modulus (G’) and loss modulus (G”) were 
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averaged at low strains within the bioink’s linear viscoelastic region. As strain increased, 

yield stress was defined as the stress at the crossover point between G’ and G”.  

 

3.5. Statistical analysis 

All statistical analyses were conducted with JMP 13 (SAS Institute Inc., Cary, NC) using 

an α level of 0.05. Unless otherwise noted, all comparisons were made via One-way 

analysis of variance (ANOVA). If statistical differences were detected, a post-hoc 

analysis was conducted via Tukey’s Honestly Significant Difference between means for 

all data combinations.  

 

4. RESULTS 

4.1. Effect of speed ratio on printing outcomes 

For each measure, data was grouped by speed ratio, regardless of feedrate/flowrate. As a 

result, speed ratio was seen to have a major effect on all measures except Pr value and 

radial accuracy. However, excluding broken pores, no differences were seen between the 

lowest speed ratios of 0.07 mm2 and 0.14 mm2 (Table 3) (Figure 17). 

 

Table 3. Effect of speed ratio on various printing outcomes. a,b,c,d,e denotes statistical significance 

(p < 0.05). Levels not connected horizontally by the same letter are considered significantly 

different. 

  
  

Speed Ratio (mm2) 

    
0.07 0.14 0.28 0.56 1.12 2.24 

External 

Radius 

(mm) 

Mean 4.16 4.28 4.37 4.52 4.81 5.18 

St. Dev. 0.07 0.04 0.03 0.12 0.09 0.08 

Sig. e d,e d c b a 
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Internal 

Radius 

(mm) 

Mean 3.52 3.45 3.31 3.08 2.97 2.64 

St. Dev. 0.03 0.05 0.08 0.11 0.07 0.04 

Sig. a a b c d e 

Wall 

Thickness 

(mm) 

Mean 0.64 0.84 1.06 1.45 1.84 2.54 

St. Dev. 0.05 0.07 0.09 0.22 0.15 0.09 

Sig. e e d c b a 

Radial 

Accuracy 

(%) 

Mean 95.94% 96.59% 96.08% 95.00% 97.19% 97.79% 

St. Dev. 1.07% 0.75% 0.96% 0.93% 0.95% 1.14% 

Sig. b,c a,b b,c c a,b a 

Tube 

Height 

(mm) 

Mean 1.14 1.49 2.13 2.83 4.04 5.52 

St. Dev. 0.26 0.14 0.27 0.30 0.23 0.23 

Sig. e e d c b a 

Tube 

Width 

(mm) 

Mean 8.54 9.10 9.58 9.66 10.78 11.04 

St. Dev. 0.34 0.31 0.55 0.59 0.56 0.47 

Sig. c b,c b b a a 

Broken 

Pores (%) 

Mean 77.78% 16.05% 2.78% 2.22% 0.00% 0.00% 

St. Dev. 17.21% 16.77% 5.03% 4.60% 0.00% 0.00% 

Sig. a b c c c c 

Filled 

Pores (%) 

Mean 0.00% 0.00% 0.00% 0.00% 0.00% 11.11% 

St. Dev. 0.00% 0.00% 0.00% 0.00% 0.00% 12.42% 

Sig. b b b b b a 

Pr 

Mean 1.03 1.09 1.11 1.09 1.13 1.14 

St. Dev. 0.02 0.09 0.07 0.04 0.06 0.08 

Sig. a a a a a a 

Pore Area 

(mm2) 

Mean 4.15 3.99 3.34 2.29 1.40 0.37 

St. Dev. 0.35 0.29 0.29 0.44 0.21 0.18 

Sig. a a b c d e 
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Figure 17. Representative images for each feedrate and flowrate condition.  

 

From the 5-layer tube, external radius increased by 1.02 mm and internal radius 

decreased by 0.87 mm as speed ratio increased from 0.07 to 2.24 mm2. As a result, wall 

thickness subsequently increased by a value of almost 2 mm (Figure 18A). All three 

measures showed significant differences between all speed ratios except 0.07 and 0.14 

mm2. Despite these changes, very few differences were seen in radial accuracy. The 

radius of the wall’s center line decreased slightly from 0.07 to 0.54 mm2 and then 

increased from 0.54 to 2.24 mm2 (Figure 18B).  

 

Height of the structure increased dramatically from 1.14 mm to 5.52 mm as speed ratio 

increased from 0.07 to 2.24 mm2. Changes in width were more moderate, ranging from 

8.54 to 11.04 mm (Figure 18C,D). Differences in height were detected between all speed 

ratios except 0.07 and 0.14 mm2, while most measures of width showed similarity 

between adjacent speed ratios.  
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From the crosshatch structure, filled pores were seen only at a speed ratio of 2.24 mm2. 

Broken pores occurred at speed ratios as high as 0.56 mm2, but not at a significant 

frequency until 0.14 mm2. The occurrence of broken pores increased dramatically from a 

speed ratio of 0.14 to 0.07 mm2. Pr showed no trends across speed ratios (p = 0.11), 

ranging from 1.03 to 1.14 (Figure 18E). Conversely, pore area decreased from a value of 

4.15 to 0.37 mm2 as speed ratio increased from 0.07 to 2.24 mm2. Statistically significant 

differences between all speed ratios were detected except between 0.07 and 0.14 mm2 

(Figure 18F).  

 

 

Figure 18. Measures taken from 5-layer tube and crosshatch structures, grouped by speed ratio, 

including (A) wall thickness, (B) radial accuracy, (C) tube width, (D) tube height, (E) Pr, and (F) 

pore area. a,b,c,d,e denotes statistical significance (p < 0.05). Levels not connected by the same 

letter are considered significantly different. 

 

4.2. Effect of feedrate/flowrate on printing outcomes 
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Because of the predominant effect speed ratio has on printing outcomes, feedrate and 

flowrate were examined within each individual speed ratio. This analysis was used to 

determine if these variables had any effect on printing outcomes independent of the speed 

ratio. Between these variables (speed ratio, feedrate, and flowrate), conditions are fully 

defined using only two of the three. As a result, only speed ratio and feedrate were used 

for the analysis, although an equivalent analysis could have been conducted using the 

corresponding flowrates instead of feedrates.  

 

Some minor trends were observed from the 5-layer tube structures, as viewed from 

above. External radius was increased at 0.56 mm2 for 600 mm/min relative to 27.5 

mm/min, at 1.12 mm2 for 75 mm/min relative to 150 mm/min, and at 2.24 mm2 for 37.5 

and 75 mm/min relative to 150 mm/min. Internal radius was decreased at 0.28 mm2 for 

600 and 300 mm/min relative to 75 mm/min, at 0.56 mm2 for 150, 300, and 600 mm/min 

relative to 37.5 mm/min, and at 1.12 mm2 for 300 mm/min relative to 37.5, 75, and 150 

mm/min. These differences amounted to a maximum of approximately 0.2 mm. Tube 

thickness showed similar trends to internal and external radius (Figure 19A) with 

variations between feedrates as high as 0.5 mm. Meanwhile, radial accuracy showed no 

differences between feedrates except an elevated accuracy at 1.12 mm2 for 75 mm/min 

relative to 300 mm/min (Figure 19B).  

 

As viewed from the side, even fewer differences were seen between feedrates for the 5-

layer tube. Height was reduced at 0.28 mm2 for 75 relative to 150 and 300 mm/min, but 
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no other differences were detected. No differences were observed between feedrates for 

width measurements for any speed ratio (Figure 19C,D).  

 

Lastly, filled pores, broken pores, Pr, and Pore area were examined for crosshatch 

structures. Filled pores, which only occurred at a speed ratio of 2.24 mm2, did not show 

any differences between feedrates of 37.5, 75, and 150 mm/min (p = 0.158). Frequency 

of broken pores did not show any differences between feedrates at speed ratios of 0.07 (p 

= 0.660), 0.14 (p = 0.065), 0.28 (p = 0.219), or 0.56 (p = 0.171) mm2. At 0.14 mm2, 

which was trending towards significance, broken filaments occurred on 33.3% (St. Dev. 

19.2%) of all pores printed at 600 mm/min while only on 7.4% (St. Dev. 6.4%) for both 

300 and 150 mm/min structures.  

 

Pr and pore area comparisons were not able to be made at 0.7 mm2 due to a lack of 

unbroken pores. Pr values, which did not show any trends across speed ratios, also 

showed very little variation across feedrates within speed ratios. An elevated Pr was 

detected at 0.28 mm2 for 150 mm/min relative to 300 and 600 mm/min, but no other 

significant differences were found (Figure 19E). Pore area was increased at 0.28 mm2 for 

75 and 150 mm/min relative to 600 mm/min, at 1.12 mm2 for 37.5 mm/min relative to 75 

and 300 mm/min, and at 2.24 mm2 for 150 mm/min relative to 75 mm/min. These 

differences in pore area ranged as high as 0.6 mm2 (Figure 19F).  
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Figure 19. Measures taken from 5-layer tube and crosshatch structures at different feedrates and 

speed ratios including (A) external radius, (B) internal radius, (C) wall thickness, and (D) radial 

accuracy. a,b,c denotes statistical significance (p < 0.05). Levels not connected by the same letter 

are considered significantly different. 

 

 

4.3. Effect of cell concentration on printing outcomes 

Both structures were successfully printed at each cell concentration (Figure 20). External 

radii, internal radii, wall thickness, and radial accuracy ranged between cell densities by 

0.12 mm, 0.08 mm, 0.19 mm, and 1.32% respectively. Similarly, tube height had a range 

of 0.16 mm and tube width had a range of 0.69 mm. No broken filaments or filled pores 

occurred at any cell concentration. Finally, Pr ranged by a value of 0.05 and pore area by 
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a value of 0.47 mm2. No statistical differences were detected between the bioinks for any 

measure, up to a concentration of 40 x 106 cells per mL (Table 4).  

 

 

Figure 20. Photographs grouped by bioink of the crosshatch structure (top left), 5-layer tube – 

top view (top right), and 5-layer tube – side view (bottom). Labels indicate the cell concentration 

of each bioink and scale bars represent 1 mm.  

 

Table 4. Various printability measures made from bioinks with cell concentrations ranging from 

0 to 40 x 106 cells per mL. 

    Acellular 
5 x 106 

/mL 

10 x 106 

/mL 

20 x 106 

/mL 

40 x 106 

/mL 
p-value 

External 

Radius 

(mm) 

Mean 4.57 4.54 4.45 4.45 4.46 
0.44 

St. Dev. 0.17 0.09 0.06 0.03 0.03 

Internal 

Radius 

(mm) 

Mean 3.23 3.25 3.23 3.30 3.27 
0.42 

St. Dev. 0.09 0.04 0.06 0.02 0.03 

Wall 

Thickness 

(mm) 

Mean 1.34 1.29 1.22 1.15 1.19 
0.43 

St. Dev. 0.26 0.06 0.12 0.05 0.05 

Radial Mean 97.43% 97.31% 96.11% 96.95% 96.58% 0.44 
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Accuracy 

(%) 
St. Dev. 1.11% 1.64% 0.39% 0.39% 0.28% 

Tube 

Height 

(mm) 

Mean 2.96 2.97 2.84 2.83 2.82 
0.54 

St. Dev. 0.10 0.05 0.23 0.08 0.01 

Tube 

Width 

(mm) 

Mean 9.87 9.18 9.53 9.26 9.22 
0.39 

St. Dev. 0.96 0.21 0.66 0.34 0.09 

Pr 
Mean 1.12 1.12 1.11 1.08 1.13 

0.50 
St. Dev. 0.04 0.04 0.05 0.03 0.02 

Pore Area 

(mm2) 

Mean 2.39 2.60 2.80 2.86 2.69 
0.09 

St. Dev. 0.19 0.21 0.21 0.20 0.16 

 

 

However, rheological measures did show some variation between the different bioinks. 

Both storage modulus (Figure 21A) and loss modulus (Figure 21B) increased moderately 

as cell concentration increased, with 20 x 106/mL and 40 x 106/mL resulting in 

statistically significant differences from the acellular bioink. Yield stress showed slight 

changes, initially increasing as cells were introduced at 5 x 106/mL and then decreasing 

from there as concentration increased (Figure 21C). Lastly, all bioinks showed shear 

thinning abilities with similar K and n constants (Figure 21D).  
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Figure 21. Results from strain sweep and frequency sweep tests of bioinks with varying cell 

densities including (A) storage modulus, (B) loss modulus, and (C) yield stress. a,b,c,d denotes 

statistical significance (p < 0.05). Levels not connected by the same letter are considered 

significantly different. 

 

5. DISCUSSION  

The results of this study demonstrated the effects of cell concentration, feedrate, flowrate, 

and speed ratio on printability while simultaneously validating previously published 

printability measures and introducing several new measures. Speed ratio relationships 

were largely predictable based on common knowledge and experience of the printing 

process. These results indicate both that the measurement methodology was at least 

moderately accurate and that the various measurements presented are useful for detecting 

differences in printing outcomes. Additionally, while the effect of speed ratio on printing 

outcomes is intuitive, it has not previously been reported. There is value in the occasional 
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testing of well accepted assumptions. More importantly, these effects have been 

quantified for the first time which could serve as the basis for future decision making 

with respect to printing parameter selection. These results may also prove valuable as a 

starting point for future model development, allowing for more accurate prediction of 

printing outcomes.  

 

Furthermore, the influence of speed ratio on some measures such as Pr and radial 

accuracy were not previously known. However, no change in Pr value was seen 

regardless of which printing condition was examined. Similarly, as speed ratio increased, 

it may have been anticipated that internal radius would increase more rapidly than the 

external radius, reducing the radial accuracy. Yet, very small differences were observed 

between speed ratios and, if anything, radial accuracy increased as material deposition 

and speed ratio increased. The finding that no speed ratio resulted in exact radial 

accuracy also provides some insight which could potentially be useful in the design of 

printing paths. In this study, measured radii were 0.1 – 0.2 mm lower than the designed 

path. While not imperative for most applications, if such high accuracy is desired it may 

be beneficial to intentionally design arced paths to be slightly wider in anticipation of this 

outcome.  

 

Along similar lines, it is important to note that the goal of this study was not to identify 

an ideal speed ratio. The best speed ratio for a given application is the one which 

achieves the desired final printing outcomes. No designed dimensions for measures such 

as wall thickness, pore area, tube height, etc. were specified in this study. The notable 
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exceptions to this include Pr (a value of 1), radial accuracy (100%), closed pores (none), 

and broken pores (none). Pr and radial accuracy were not largely influenced by speed 

ratio, but the number of filled and broken pores were. For this crosshatch design, a speed 

ratio of 2.24 mm2 would clearly not be usable in applications where patent pores were 

desired because many pores would be closed or nearly closed. That is not to say this 

speed ratio is always unacceptable. Pores would have remained acceptably open had a 

wider line pitch been used, as it might in other applications. Broken pores, however, are 

undesirable irrespective of the application, ruling out speed ratios of 0.14 mm2 and lower 

for future work.  

 

Previous studies have shown that both increasing pressure and decreasing feedrate 

increase the height and width of printed filaments, consistent with the results of this 

study. [18-23, 25] However, previous studies did not look at more complex measures of 

printing outcomes, nor did they investigate speed ratio. Looking within these speed ratios 

was a novel line of investigation for this study, but the results were less straightforward. 

Small differences between different feedrates/flowrates were detected within speed ratios. 

If printing outcomes depend not just on the speed ratio, but the feedrate and flowrate as 

well, one might expect to see these differences primarily at the extremes such as with 

high feedrate (600 mm/min), high flowrate (336 mm3/min) combination used in this 

study. Another possibility would be for feedrate and flowrate to effect printing outcomes 

across all ranges. In this case, it might be expected for these effects to have similar trends 

across speed ratios. However, the relations seen in this study neither occurred exclusively 

at the extremes nor were consistent across different speed ratios. 
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Several factors could have played a role to cause small variations between different 

feedrates. For example, variation could be caused during the image analysis process by 

differences in image segmentation or small errors in pixel to mm conversion. Imprecise 

flowrate measurements present another possibility. The flowrate of gelatin-based bioinks 

such as the one used in this study can be inconsistent. Flowrate was measured prior to 

printing, but was controlled indirectly via pneumatic pressure and not measured during 

the printing process itself. The pattern of differences seen across different dimensional 

measurements could be consistent with an error in material deposition.  

 

Regardless of the cause, the effects of feedrate and flowrate independent of speed ratio 

are very minor relative to those of speed ratio itself. Presumably, there is some upper 

bound where high feedrates are not tolerated even by proportionately increasing the 

flowrate, but that limit was not detected in the range used in this study (up to 600 

mm/min). It is also possible that other structures would have been more sensitive than the 

ones used in this study. Although, it seems more likely that the upper limitation on 

feedrate and flowrate should be determined in most cases by cell viability. Higher shear 

stress and extrusion forces on the cells can drastically decrease cell viability, placing a 

limit on the maximum flowrate which can be used. [26, 29-31] 

 

Another implication of these results impacts the reporting of methods in bioprinting 

research. Currently, most researchers publish the feedrate and pressure used in their 

studies, but rarely include speed ratio or flowrate. [20] Given the importance of speed 



116 

 

ratio relative to feedrate and flowrate in determining the final printing outcomes, it should 

be reported in most, if not all studies. This would facilitate a more detailed interpretation 

of a study’s results and allow for easier replication of the conditions used in that study.  

 

Further conclusions and implications can be drawn with respect to the cell concentration 

experiments. Up to 40 x 106 cells/mL, the inclusion of cells did not appreciably influence 

any of the printing outcomes reported in this study, although interestingly, slight 

rheological differences were detected between bioinks. This suggests that rheology is a 

more sensitive measure to changes in bioink properties relative to the various printability 

measures used.  

 

Most previous studies looking at the influence of cell concentration on hydrogel behavior 

have only examined concentrations as high as 10 x 106 cells/mL and did not look at 

printability directly, examining rheological properties instead. [26-28] A recent study by 

Diamantides et al. provides one exception to this, testing a concentration of 100 x 106 

cells/mL and looking at line width as a printing outcome. In that study, inclusion of cells 

in their collagen-based bioink reduced line width at concentrations as low as 5 x 106 

cells/mL. One possible explanation for the contradiction to this study is the difference 

between bioinks. In their study, collagen was printed in the solution phase onto a 37oC 

plate which then induced gelation. The addition of cells likely increased the viscosity of 

collagen prior to gelation, reducing the amount of spread upon deposition. Meanwhile, 

our bioink was gelled prior to extrusion, limiting the effect of the cells on the bioink’s 

behavior. 
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There likely is a concentration of cells which would dramatically impact the printability 

of even the pre-gelled hydrogel used in this study. However, in application even cell 

concentrations as high as 20 x 106 cells/mL are rare, let alone greater than 40 x 106 

cells/mL. For bioinks which cell concentration does not influence printability, this would 

leave cell sourcing and viability as the primary upper limiting factors for bioink cell 

concentration.  

 

Lastly, caution should be used when applying any of these findings to other bioinks and 

printing conditions. Other bioinks may perform better or worse than the GelMA – Gellan 

Gum formulation used in this study. They may fracture more or less easily at low speed 

ratios, sag and fill pores more easily, or have their properties more influenced by the 

inclusion of cells. The relationships of other printing conditions such as layer height and 

nozzle height to bioink printing outcomes likely also play a role. [25] The relationship 

between nozzle size and speed ratio in particular is not known. It seems logical that larger 

nozzle sizes will be better suited to handle higher speed ratios and vice versa, but this 

effect is yet to be determined.  

 

6. CONCLUSION 

In summation, the effects of feedrate, flowrate, speed ratio, and cell concentration on 

several printing outcomes have been investigated in a GelMA-Gellan Gum bioink. 

Increasing speed ratio was found to dramatically increase the height, width, and wall 
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thickness of a 5-layer tube structure without influencing radial accuracy. Similarly, the 

area of pores in a crosshatch structure were decreased to a high degree without changing 

the Pr value. Speed ratio accounted for most, if not all, changes in printing outcomes 

brought on by feedrates as low as 37.5 and as high as 600 mm/min and flowrates as low 

as 0.35 and as high as 5.6 mm3/min. By the same measures, no effect was seen for cell 

densities up to 40 x 106 cells/mL. These results lay the groundwork to assist bioprinting 

researchers in the selection and optimization of printing parameters.  
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1. ABSTRACT 

Purpose: The limited availability of bioinks is a key limitation to bioprinting technology. 

Meanwhile, the bioink development process itself is limited by the methods for assessing 

printability and a poor understanding of how rheological factors influence printing 

outcomes. A bioink-specific artifact has been developed to increase the quantification, 

comprehensiveness, and standardization of printability assessment. This exploratory 

study aims to validate the artifact and utilize it to relate various bioinks and their 

rheological properties to their printability.  

Methods: The artifact was designed according to criteria previously established by other 

3D printing modalities. Bioinks with known printability were tested on the artifact and 

rheologically, including bioinks which were non-uniform (1.2%Gellan Gum-4%GelMA), 

excellent (40% Pluronic, 1%Alginate-6%LaponiteRD), mediocre (1%Alginate-

6%LaponiteEP, 7% Alginate), and poor (3% Hyaluronic Acid, 8% Methylcellulose).  

Results: Measures from the artifact and image analysis aligned well with expected ranges 

and relative values. Rheologically, the excellent bioinks demonstrated high storage 

modulus, low tan(δ), high shear thinning capabilities, high yield stress, and recovery 

abilities which were both fast and near-complete. However, no rheological measure alone 

was correlated with the differences in printability between the various bioinks.  

Conclusions: This study is the first to examine bioink printability across a wide array of 

bioinks, rheological measures, and printing outcomes. In addition to presenting a novel 

methodology, these results demonstrate the need to take a holistic view of a bioink’s 

rheological properties and the importance of measuring printing outcomes directly.   
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2. INTRODUCTION 

As the field of bioprinting advances towards the fabrication of larger and more complex 

structures, the dearth of materials suitable for use in bioprinting, known as bioinks, has 

presented as the primary limitation towards progress. Bioinks are a combination of 

hydrogels, cells, and/or signaling molecules with hydrogels typically determining the 

bioink’s flow and mechanical behavior. [1-7] The requirements placed on bioinks fall 

into two distinct categories: biological properties and printability. A bioink’s biological 

properties determine cell viability, proliferation, phenotype expression, and ECM 

production during in vitro culture or after in vivo implantation. In contrast, printability 

refers to the bioink’s performance during and specific to the printing process. [8] 

Unfortunately, these two properties are often in opposition with one another with many 

materials demonstrating either high printability or high bioactivity, but rarely both. The 

development of novel bioinks with improved bioactivity and printability will be essential 

to the success of bioprinting as a field. [1] 

 

Many measures have been developed and standardized to assess the biological properties 

of hydrogels such as proliferation assays, histological staining, and qPCR. [9, 10] 

However, few measures have been developed with respect to bioink printability. [8] Most 

often, reports describe the printability of a bioink qualitatively, but do not quantify it in a 

reproducible or reliable manner. [11] Another strategy is to use rheological 

measurements. Rheology is a common and effective method for measuring the flow 

behavior of viscoelastic materials such as bioinks. Some researchers have attempted to 
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investigate the effect of various rheological measures on a bioink’s printability. This has 

been largely successful for the extrudability of a material, with shear-thinning models 

reliably predicting the pressure-flowrate relationships of various bioinks. [12-17] 

However, the results of similar work towards predicting the final shape of a printed 

bioink have been inconclusive, implicating many different rheological factors that have 

limited practical applicability. Because the relationships between rheology and other 

aspects of printability are poorly understood, rheology cannot yet be used as a proxy for 

printability. Instead, direct measures of printability are currently needed in order to 

confirm the suitability of bioinks for specific bioprinting applications. [8, 9, 18]  

 

A small number of such measures have been developed including structural integrity, 

[18] overhang collapse, [19] and Pr value. [20] However, each of these measures only 

probe the bioink in a narrow way. A bioink must be capable of creating many different 

types of structures. While its performance in some of these tests will likely be correlated, 

it is unlikely that the measures overlap completely, particularly after taking into account 

the multitude of other factors, such as printing conditions, which can impact printing 

outcomes. [21] Furthermore, these measures have not been adopted between different 

researchers, limiting standardization and cross-study comparisons.  

 

Other 3D printing modalities have successfully addressed similar issues by developing 

artifacts which assess materials by printing a variety of difficult to create or commonly 

used structures. [22-24] Other 3D printing modalities also have a much wider array of 

materials available. Materials which are not composed primarily of water and those 
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which are cytotoxic are routinely used. A much wider range of environmental conditions 

can also be utilized, including temperatures above physiological levels. [25] This allows 

for the printing of much more complex structures than is possible with hydrogel-based 

bioinks. In fact, the structural limitations of current bioinks are so great that the same 

artifacts which have been developed for other 3D printing modalities cannot be utilized. 

As such, bioink development would benefit greatly from a comprehensive and bioink-

specific methodology for the evaluation of printability.  

 

However, the artifact design criteria and considerations previously established by other 

artifacts are still of great relevance. Briefly, an artifact’s structures should include those 

which are commonly used in the target applications. The structures should also be 

sufficient to demonstrate the maximum capabilities and limitations of a printing system 

and material. In application, they should be capable of being utilized for “diagnosing” 

issues and/or for system optimization. Both arcs and straight features should be 

represented and tested. Additionally, total print time and material usage for the artifact 

should be minimized. Lastly, measures from the artifact should be easy to obtain and 

highly reproducible. [22, 23, 26-31] 

 

Not only would such an artifact be valuable in comparing bioinks during the development 

process, but it would also allow for improved study of the factors which influence 

printing outcomes. From a rheological perspective, viscosity, storage modulus, loss 

modulus, tan(δ), yield stress, and recovery capabilities have all been shown to influence 

the final shape of bioprinted structures. [17-20, 32, 33] However, each of these studies 
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have been limited in scope, typically investigating a single rheological parameter with a 

single model bioink, usually at different concentrations, and a single printing outcome 

measurement. This can lead to findings which do not necessarily apply across to other 

bioinks. [18] The existing associations between various rheological measures has further 

complicated matters. For example, if a hydrogel’s concentration is increased, it often will 

simultaneously increase the bioink’s viscosity, storage modulus, loss modulus, and yield 

stress as well as its shape fidelity. An exploratory analysis which looks simultaneously at 

a variety of bioinks, rheological measures, and printing outcomes would be highly 

beneficial to advancing the current understanding of these relationships.  

 

The objective of this study is twofold. First, to formally develop and establish a bioink-

specific artifact to quantify various printing outcomes. Second, this artifact will in turn be 

utilized to conduct a preliminary investigation on the effect of rheology on those 

outcomes (Figure 22).  
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Figure 22. Schematic diagram of experimental design. After preparation and mixing, bioinks 

were tested on a rheometer using strain sweeps, frequency sweeps, and recovery tests. Artifact 

structures were also printed and photographed with each bioink. Measurements from each printed 

structure were taken using an automated image analysis software. Combined, these measures 

represent a complete characterization of a bioink’s printability. Labels 1-18 correspond to 

respective numbers in Table 5. 

 

3. METHODS 

3.1. Design and rationale of bioink artifact measurements 

The artifact was designed as a joint effort of the Center for Engineering Complex Tissues 

(CECT) to include the perspectives of multiple leaders in bioprinting research. First, a 

thorough literature search was conducted to identify the different structures commonly 

used in bioprinting applications with particular emphasis placed on structures which had 

previously been used to evaluate printability. The inclusion criteria’s primary objective 

was to be as comprehensive as possible without being repetitive. Printing time for the 

artifact was constrained to a maximum of 10 minutes. Ultimately, four structures were 

chosen: 5-layer tube, crosshatch, turn accuracy, and overhang collapse.  
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Arcs are unique paths which can be used depending on the desired printing geometry. 

The previously established 5-layer tubular structure allows for the analysis of these arc 

paths. [18] Additionally, its symmetrical geometry is ideal for evaluating the effect of 

stacking multiple layers as the structural deformation occurs equally in all directions. For 

this study, a circular printing path with a radius of 4 mm was used. As the outcomes are 

notable both in the horizontal and vertical planes, these structures were photographed 

from both above and from the side. Both height and width of these structures were 

measured. From above, external radius, internal radius, wall thickness, and radial 

accuracy were considered. 

 

The crosshatch is a common internal pattern used in bioprinting. Filaments are printed in 

a zig zag pattern with their orientation rotated 90 degrees each layer, creating square-

shaped, horizontal pores whose size is controlled by the distance between filaments. In 

larger constructs, these pores play an integral role in allowing nutrients to reach the cells 

located in the deepest regions. As such, both the size, shape, and patency of these pores 

are notable outcomes during the printing process. A 2-layer representation of this pattern, 

including 9 square-shaped pores arranged in a 3 x 3 pattern, was included in the artifact. 

A line pitch of 2.67 mm, and therefore gross dimensions of 8 x 8 mm, was chosen based 

on expected filament resolution with the goal of individual pores which would be 

appropriately small without losing patency. First, whether each pore was filled or if any 

filaments were broken was observed. If patent and intact, Pr, as first described by Ouyang 

et al., [20] and pore area were measured for each pore. 
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Sharp turns are a common feature in bioprinted constructs and can be particularly 

difficult to create. [34, 35] Corner resolution can also influence whether a print is 

successful or fails at creating the broader desired geometry. To assess the printing 

outcomes for individual turns, a turn accuracy structure was incorporated into the artifact, 

including turns of 125o, 90o, 55o, and 20o. To maintain consistency with the crosshatch 

and 5-layer tubular structures, the turn accuracy was bound by an 8 x 8 mm square. The 

design started at one corner of this bounding square (0, 0) and moved to create the 125o 

turn at (4, 0), the 90o turn at (8, 5.7), the 55o turn at (4.7, 8), the 20o turn at (4.7, 4) and 

finished at (3.4, 7.8). The printed angle and angle error was measured for each of these 

turns. Additionally, the second line segment, as the longest continuous line, was used for 

single-layer, single filament analysis. The width, standard deviation of the width, [36] 

and uniformity ratio [18] were taken from this segment. 

 

Lastly, the ability of a bioink filament to remain intact despite being unsupported for 

portions of its length is another key, difficult to perform feature found in bioprinted 

constructs. Unsupported filaments are filaments which do not have another filament 

directly below it for at least some part of the fiber. They are necessary in order to create 

vertical pores (as opposed to the horizontal ones examined via the crosshatch) and to 

create geometries which have any portion which is wider on the upper layers than it is on 

the lower layers. Overhang structures were printed to assess these types of printing 

outcomes. The bioink was printed on a plastic object with pillars 4 mm in height and 2 

mm across. [19] To thoroughly test the capabilities of each bioink, a maximum gap of 16 

mm was used between pillars followed by gaps of 8, 4, 2, and 1 mm. Spanning failure 
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was defined as a break in the filament or contact with the lower substrate which 

corresponded to a deflection greater than 4 mm. For each gap which was successfully 

crossed, angle of deflection and deflection distance of the bioink was measured between 

the start of the gap and its midpoint.  

 

3.2. Preparation of various bioinks 

Seven bioinks were chosen to represent a wide range of potential outcomes. Poloxamer 

407, also known as Pluronic F127, has been shown to have extremely desirable 

printability [18, 19, 37] and was used as the gold standard bioink for this study. Similar 

results have been seen with a 1% Alginate-6% LaponiteRD bioink (1%Alg-6%LapRD), 

[17, 38] which was also included as a second high printability comparator. Two bioinks 

with very poor shape fidelity were also included, 8% Methylcellulose and 3% Hyaluronic 

Acid. These two hydrogels are typically modified or combined with other hydrogels for 

bioprinting applications. Lastly, three bioinks with varying degrees in between (1% 

Alginate-6% LaponiteEP [1%Alg-6%LapEP], 7% Alginate, and 1.2% Gellan Gum-4% 

Gelatin Methacrylate [1.2%GG-4%GelMA]) were also included.  

 

Alginate (A2033), gelatin (G6144), gellan gum (G1910), glycerol (G6279), hyaluronic 

acid (53747), methylcellulose (M0262), and Pluronic F127 (P2443) were purchased from 

(Sigma-Aldrich, St. Louis, MO). Laponite RD and Laponite EP were purchased from 

BYK Additives and Instruments (Gonzales, TX). All materials were dissolved in 

UltraPure Distilled water (Invitrogen by Life Technologies, Grand Island, NY) and 
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equilibrated for 10 minutes in the printing syringe at 21oC prior to printing unless 

otherwise noted.  

 

Pluronic F127 was dissolved at 40% w/v on a shaker at 4oC for 24 hours. Afterwards, the 

Pluronic was removed from the shaker and the formed bubbles were allowed to settle 

before use. For Alginate-Laponite mixtures, 1% w/v alginate and 6% w/v Laponite 

(either RD or EP) were added to a 10 mL syringe and stirred with a plastic spatula to 

break up the largest chunks. After stirring, the syringe contents were mixed thoroughly 

by repetitively transferring back and forth to another syringe using a syringe connector. 

After one hour, syringe contents were mixed again and then centrifuged to remove air 

bubbles. For the Gellan Gum-GelMA formulation, 1.2% w/v gellan gum and 10% v/v 

glycerol were dissolved in an 80oC oil bath under magnetic stirring for 15 minutes. The 

bath was then changed to 60oC and 4% w/v GelMA was added and stirred for 20 minutes 

or until fully dissolved. The formulation was then filtered through 0.45 µm Whatman 

syringe filters (Catalog # 6780-2504, GE Healthcare Life Sciences, Marlborough, MA) 

which were pre-warmed to prevent rapid gelation within the filter. After transferring to 

the printing syringe, the formulation was placed in ice water for 5 minutes and then 

equilibrated for 10 minutes at 21oC. Alginate was added to a 10 mL syringe at 7% w/v 

and stirred with a plastic spatula to break up the large chunks. After stirring, the syringe 

contents were mixed thoroughly by repetitively transferring back and forth to another 

syringe using a syringe connector. After one hour, syringe contents were mixed again and 

then centrifuged to remove air bubbles. Methylcellulose was added at 8% w/v slowly to 

DPBS (Catalog # SH30028.02, HyClone Laboratories, GE Healthcare Life Sciences, 
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Marlborough, MA) at 55oC under magnetic stirring for 20 minutes. The material was then 

removed from heat, but remained under magnetic stirring until reaching room 

temperature. It was subsequently placed in 4oC for 24 hours to fully dissolve prior to use. 

Hyaluronic acid was added at 3% w/v to a 10 mL syringe and mixed vigorously back and 

forth to another syringe using a syringe connector. The material was then dissolved 

overnight at 37oC on a shaker, mixed again through the syringe connector, and 

centrifuged to remove air bubbles prior to use.  

 

Fluorescent dye (46955, Sigma-Aldrich, St. Louis, MO) was aliquoted and then added to 

the bioinks for a final concentration of 0.01 mg of dye per mL of bioink. The dye was 

mixed during the last step prior to transferring to the printing syringe for each bioink, 

except for those which required centrifugation, in which case it was mixed during the 

final step prior to centrifugation.  

 

3.3. Artifact printing 

The integrated tissue-organ printer (ITOP) and motion program, a custom-built platform 

previously developed by our laboratory, were used for this study. [37] The ITOP system 

is composed of an XYZ stage/controller (Aerotech, Inc., Pittsburgh, PA) and a dispensing 

module (Musashi Engineering, Inc., Tokyo, Japan) contained within a fully enclosed 

acrylic chamber (EIC Solutions, Inc., Warminster, PA). The three-axis stage system and 

motion controller modulated the printing path with a maximum 200 × 200 × 100 mm3 

print volume. The dispensing module included a pneumatic pressure controller, plastic 

syringe, and cylindrical nozzle with an inner diameter of 330 µm. Printing pressure was 
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determined manually by extruding the bioink for approximately 30 seconds and weighing 

the extrudate. Flowrate was calculated by dividing weight by extrusion time. For all 

bioinks, pressure was adjusted until a flowrate of 1.4 ± 0.05 mg/s was achieved and this 

pressure was then used to print the artifact.  

 

Syringes were contained within a temperature controlling sleeve (Musashi Engineering, 

Inc., Tokyo, Japan) with the temperature maintained at 21oC unless otherwise noted. 

Ambient temperature was left at room temperature, which was maintained at 

approximately 20 – 22oC. G-code for the printing pattern outlining and feedrate/print 

speed was generated in a custom, text-based software program. The printing pattern 

outlined the four structures, each in triplicate, at a feedrate of 150 mm/min and a layer 

height of 0.42 mm. This G-code was then transferred to motion controller program for 

printing the artifact. After printing, the artifact was weighed to confirm proper material 

deposition had occurred (400 ± 20 mg).  

 

3.4. Image capturing  

After printing, the artifact was photographed using a PowerShot SX730 HS camera 

(Canon, Tokyo, Japan). In order to enhance the contrast between printed bioink and 

background, images were taken in a dark room with a black background. UV light 

filtered at 365 nm was shone on the structures using a flashlight (UV301D, LIGHTFE, 

Shenzhen, China). Additionally, a standard blue ruler was included in the same plane 

relative to the camera as the printed structures. Turn accuracy, crosshatch, and 5-layer 

tube structures were photographed from above at a distance of 5.5 cm while overhang 
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and 5-layer tube structures were photographed from the side at a distance of 90 cm and a 

zoom of approximately 1.2 m to acquire the appropriate perspective.  

 

3.5. Image analysis measurements 

Images were analyzed using a custom MATLAB script (MathWorks, Natick, MA) 

(Appendix). Briefly, photographs were manually cropped to individual structures prior to 

importing. Fluorescent bioink was segmented using a mean shift algorithm. Objects and 

edges were then analyzed depending on the given structure. Areas were measured by 

number of pixels (units: pixels2) and perimeters were measured as the sum of the 

Euclidean distances between pixels (units: pixels). These measures were then later 

converted to mm using a conversion factor which was manually determined for each 

image using the ruler present in the same plane as the structures. Descriptions and 

calculations for all measures can be found in (Table 5). For each measurement, the 

outcome of the 40% Pluronic bioink can considered the ideal outcome except where the 

desired result is otherwise obvious.  

 

Table 5. Description of artifact measurements made from each structure. 

Structure View Printability 

Aspect 
Measures Calculation 

5-Layer Tube Side 
- Stack 

multiple 

layers 

1
Height Direct measurement 

2
Width Direct measurement 

5-Layer Tube Top 

- Stack 

multiple 

layers 
  
- Arc 

3
External 

radius 𝑟𝑒 = √𝐴𝑒
𝜋⁄  

4
Internal radius 𝑟𝑖 = √𝐴𝑖

𝜋⁄  
5
Wall thickness 𝑇 =  𝑟𝑒 − 𝑟𝑖 
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accuracy 6
Radial 

accuracy 𝑟𝑎 =

(𝑟𝑒 + 𝑟𝑖)
2⁄

4
× 100% 

Crosshatch Top 
- Form 

horizontal 

pores 

7
Pr 𝑃𝑟 =

𝐿𝑝
2

16𝐴𝑝
⁄  

8
Area of pores Direct measurement 

9
# of broken 

pores 
Direct measurement 

10
# of filled 

pores 
Direct measurement 

Turn accuracy Top 

- Sharp turns 
  
- Single 

filament 

dimensions 

11
Filament 

width 
Direct measurement 

12
Standard 

deviation of 

filament width 
𝜎𝑤 = √

∑(𝑤𝑖 − �̅�)2

𝑁𝑤
 

13
Uniformity 

ratio 𝑈 =

(𝑃1 + 𝑃2)
2⁄

𝐿𝑓
 

14
Turn angle Direct measurement 

15
Turn angle 

error 
𝜃𝑒 = 𝜃𝑚 − 𝜃𝑡 

Overhang 

Collapse Side - Span gaps 

unsupported 

16
Deflection at 

midpoint 
Direct measurement 

17
Angle of 

deflection 𝜃𝑑 = sin−1
(𝐷

0.5𝐺⁄ ) 
18

Spanning 

success rate 
Direct measurement 

1-18 corresponds to respective numbers in Figure 22. Equation variables are as follows, θd: 

angle of deflection, D: Deflection at midpoint, G: Gap length, re: external radius, Ae: 

Total area contained within the external perimeter of the tube, ri: internal radius, Ai: Total 

area contained within the internal perimeter of the tube, T: Wall thickness, ra: radial 

accuracy, Pr: Pr, Lp: Perimeter of individual pore, Ap: Area contained within the pore 

perimeter, σw: standard deviation of filament width, wi: An individual width 

measurement, �̅�: Filament width, Nw: Total number of width measurements, P1 and P2: 

Perimeter of each side of the filament segment, Lf: Length of the filament segment, θe: 

Turn angle error, θm: Measured turn angle, θt: Theoretical/designed turn angle. 
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5-layer tube structures from the side demonstrate either a rectangular, trapezoidal, or 

dome-like shape. The angled walls of the trapezoidal structures could disproportionately 

affect the height and width measures. Because of this, tube height was averaged over the 

middle portion, excluding the far left and far right sides by 20 pixels each. Width was 

taken as the maximum to capture the widest portion of the structure at its base. From 

above, internal and external radii were calculated by identifying the respective borders, 

measuring the areas within, and then calculating the average radius by assuming a 

circular shape. Wall thickness was then taken as the difference between the internal and 

external radii. Finally, radial accuracy was calculated as the average between the internal 

and external radii as a percentage of the designed radius, in this case 4 mm.  

 

For crosshatch structures, each pore was identified by its location. The number of pixels 

inside each pore were counted to measure pore area. If a pore could not be detected, it 

was determined to be filled and assumed to have a pore area of zero. Broken pores could 

be detected if their area were exactly the same as another pore or as the area outside of 

the structure. If a pore was broken, the area of that pore was no longer bounded along the 

broken edge. When this edge was located between two pores, the area from the adjacent 

pore was also included when the area of either pore was measured. When the broken edge 

was located on the outside border of the structure, the area from outside of the structure 

was also included. Repeated pore area results or an area equal to the outside of the 

structure was therefore indicative of a broken filament, except in the extremely rare case 

that the areas coincidentally had the same number of pixels. Perimeter for each pore was 
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measured after using a Gaussian smoothing filter. This perimeter was then used in 

conjunction with the pore area to calculate the Pr value.  

 

Turn accuracy measurements were calculated by first isolating the individual straight 

segments based on their expected location within the image. A line of best fit was 

projected through each of the segments, which excluded the corners themselves, and the 

angle was then measured between the two projected lines which were adjacent to each 

turn. Error for each of these angles was calculated by subtracting the designed angle from 

the measured angle to normalize for comparison across angles. Additional measures were 

taken from the longest segment, which occurred between the 125o and 90o turn. First, 

average width was taken by counting the distance between edges orthogonally to its best 

fit line and standard deviation was also calculated for these measurements. Perimeter for 

both edges of this segment was measured after first applying a Gaussian smoothing filter. 

These two perimeters were averaged and then normalized by the straight-line length of 

the segment along the best fit line.  

 

For overhang structures, the supporting pillars were first identified by detecting the 

locations where the bioink conformed to their surface. Next, midpoints between each 

pillar were also found. The center location of the filament was then identified for each 

pillar edge and midpoint. Deflection was measured as the vertical distance between these 

two locations for each gap. Angle was then calculated relative to the horizontal using this 

vertical distance and the horizontal distance. If the deflection distance was greater than 

3.88 mm or if any discontinuities were detected between pillars, the filament was 
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considered to have failed at that gap and deflection distance and angle were not 

measured.  

 

3.6. Rheology  

All rheological tests were carried out on a Discovery Hybrid Rheometer-2 (TA 

Instruments, Wilmington, DE) using a gap of 100 µm and a 40 mm cone-plate geometry 

with a 1o angle. Frequency sweeps, strain sweeps, and recovery tests were conducted in 

triplicate to determine each bioink’s shear thinning, viscoelastic, yielding, and recovery 

behaviors.  

 

Frequency sweeps were conducted at a strain of 0.2%. Frequencies ranged from 0.01 to 

100 Hz using a logarithmic sweep with 10 points per decade. The power law equation 

was fitted to shear rate vs complex viscosity data: 

𝜂 = 𝐾�̇�𝑛−1 

where �̇� is the shear rate, 𝜂 is the viscosity as measured by the rheometer, and K and n are 

estimated constants known as the consistency index and flow index, respectively. The 

consistency index (K) and flow index (n) of each bioink were used for further analysis. 

[16, 32, 39-41] 

 

Strain sweeps were conducted at a frequency of 1 Hz. Applied strain ranged from 0.1% to 

1000% using a logarithmic sweep with 10 points per decade. Storage modulus (G’) and 

loss modulus (G”) were averaged at low strains within each bioink’s linear viscoelastic 

region. Loss tangent (tan(δ)) was calculated as the ratio G’/G” from these values. For 
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bioinks which exhibited yielding behavior (G’ > G”), initiation of flow was defined as the 

crossover point between G’ and G” and the yield stress was determined by the stress 

which occurred at that point. For each bioink, G’, G”, tan(δ), and, if applicable, yield 

stress were used for further analysis. [16, 17, 42-44] 

 

Recovery tests were conducted in three phases to model the extrusion process. The first 

phase resembles conditions in the syringe prior to extrusion and a shear rate of 1/s is 

applied to the bioink for 30 seconds. The second phase resembles conditions in the nozzle 

during extrusion and a shear rate of 400/s is applied to the bioink for 10 seconds. The 

third and final phase resembles conditions on the printing substrate after extrusion and a 

shear rate of 1/s is applied to the bioink for 120 seconds. Several measures were taken 

from each test. Initial viscosity was averaged from the final 5 seconds of the first phase. 

Viscosity was measured during the third phase at 3 and 80 seconds. Because all bioinks 

remain in the general range of their original viscosities, it can be useful to evaluate the 

recovered viscosity as a percentage of the initial viscosity. The percentage of initial 

viscosity recovered at 3 and at 80 seconds were used for further analysis. [17, 39, 41] 

 

3.7. Statistical analysis 

Statistical analyses were conducted via JMP 13 software (SAS Institute Inc., Cary, NC) 

with an α level of 0.05. Unless otherwise noted, all comparisons were made via One-way 

analysis of variance (ANOVA), with post-hoc analyses conducted using Tukey’s 

Honestly Significant Difference between means for each combinations.  
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4. RESULTS 

4.1. 5-Layer tube  

Tube height and tube width (Figure 23A) and external radius, internal radius, wall 

thickness, and radial accuracy (Figure 24A) were measured for each bioink. Generally, a 

higher tube height is more desirable, up to the designed height of 2.1 mm, demonstrating 

a bioink’s ability to stack multiple layers. 1.2%GG-4%GelMA resulted in the highest 

structure with an average height of 2.90 ± 0.08 mm, 0.80 mm taller than the designed 

height. This is possible due to die swell of the filaments and the bioink’s resistance to 

deformation by the nozzle after extrusion. Conversely, the layers of 40% Pluronic, 

1%Alg-6%LapRD, and 1%Alg-6%LapEP showed a more flattened geometry and 

therefore did not rise as much above the tip of the nozzle (2.33 ± 0.04, 2.35 ± 0.17, and 

2.16 ± 0.12 mm, respectively). 7% Alginate was showed a lesser ability to stack layers 

and was unable to reach the designed height (1.85 ± 0.03 mm). The bioinks with the least 

shape fidelity, 8% Methylcellulose (1.37 ± 0.03 mm) and 3% Hyaluronic Acid (1.26 ± 

0.06), demonstrated the lowest values for measured height (Figure 23B).  

 

Tube width is another measure of multi-layer shape fidelity, with lower values indicating 

less collapse, although it does not capture collapse in the inward direction. Tube width 

showed less variation between bioinks than tube height. 3% Hyaluronic Acid was much 

wider than all other bioinks with an average width of 10.71 ± 0.18 mm. Structures printed 

with 7% Alginate and 1%Alg-6%LapEP also exhibited a slightly wider base (9.64 ± 0.09 
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and 9.37 ± 0.10 mm, respectively), statistically different from all other bioinks. No 

statistically significant differences were detected between all other bioinks (p > 0.197 for 

all combinations) (Figure 23C). 

 

 

Figure 23. Results from side view of 5-layer tube structures for each bioink, including (A) 

photographs, (B) tube height, and (C) maximum tube width. a,b,c,d denotes statistical significance 

(p < 0.05). Levels not connected by same letter are considered significantly different.  

 

External radius is another measure of outward tube collapse, except captured from above 

and taken as an average rather than a cross-section. 3% Hyaluronic Acid had the greatest 

external radius (5.28 ± 0.15 mm) followed by 7% Alginate. 7% Alginate (4.74 ± 0.02 

mm) was only shown to be greater than 1%Alg-6%LapRD (4.52 ± 0.02 mm) and 

1.2%GG-4%GelMA (4.49 ± 0.04 mm). No differences were detected between all other 

bioinks (p > 0.092 for all combinations). The differences between bioinks were 

considerably greater for the measure of internal radius, which captured the inward 

collapse of the tubular structure. The high shape fidelity bioinks, 40% Pluronic (3.30 ± 

0.01 mm), 1%Alg-6%LapRD (3.25 ± 0.04 mm), and 1.2%GG-4%GelMA (3.05 ± 0.04 
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mm), showed the highest internal radii. As shape fidelity decreased, these were followed 

by 1%Alg-6%LapEP (2.29 ± 0.06 mm) and 7% Alginate (2.27 ± 0.04 mm). Lastly, tubes 

printed with 3% Hyaluronic Acid and 8% Methylcellulose were all fully or nearly 

collapsed with internal radii of 0.29 ± 0.29 mm and 0.00 ± 0.00 mm, respectively (Table 

6, appendix). 

 

Wall thickness is a function of the internal and external radius and therefore showed 

similar trends. 3% Hyaluronic Acid (4.98 ± 0.33 mm) and 3% Methylcellulose (4.64 ± 

0.05 mm) showed the highest thicknesses, followed by 7% Alginate (2.47 ± 0.02 mm) 

and 1%Alg-6%LapEP (2.36 ± 0.06mm) with improved shape fidelity. 1.2%GG-

4%GelMA (1.44 ± 0.03 mm), 40% Pluronic (1.33 ± 0.03 mm), and 1%Alg-6%LapRD 

(1.27 ± 0.05 mm) were able to print tubular structures with the thinnest walls, which is 

generally more desirable (Figure 24B). Finally, not only was the magnitude of these 

dimension considered, but the accuracy relative to the 4 mm designed printing path was 

taken as well. 40% Pluronic (99.13 ± 0.58%), 1%Alg-6%LapRD (97.18 ± 0.28%), and 

1.2%GG-4%GelMA (94.35 ± 0.99%) all showed excellent radial accuracy, near 100% of 

the designed path. Radial accuracy for other bioinks were decreased, primarily by their 

reduced internal radius, reaching values as low as 58.01 ± 0.56% for the completely 

collapsed 8% Methylcellulose (Figure 24C).  
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Figure 24. Results from top view of 5-layer tube structures for each bioink, including (A) 

photographs, (B) tube height, and (C) maximum tube width. a,b,c,d,e denotes statistical significance 

(p < 0.05). Levels not connected by same letter are considered significantly different.  

 

4.2. Crosshatch 

Pore areas and Pr values were measured for each pore for each bioink, except 8% 

Methylcellulose and 3% Hyaluronic Acid. Due to insufficient shape fidelity for these 

bioinks, the pores were completely filled in for all pores and testing replicates and 

therefore could not be measured (Figure 25A). For comparisons between bioinks, all 

pores within a given structure where first averaged together. The non-uniform filaments 

of 1.2%GG-4%GelMA showed a slightly raised Pr value of 1.04 ± 0.02 and 40% 

Pluronic resulted in a near perfect Pr value of 0.99 ± 0.03. The more circular pores of 

1%Alg-6%LapRD (0.92 ± 0.01), 7% Alginate (0.88 ± 0.01), and 1%Alg-6%LapEP (0.88 

± 0.01) all showed similarly low Pr values (Figure 25B).  

 

In general, larger pore areas are more desirable for bioink applications, notwithstanding 

study-specific design considerations. The largest pore area was measured for 40% 
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Pluronic (2.44 ± 0.02 mm2) followed by 1.2%GG-4%GelMA and 1%Alg-6%LapRD 

(1.89 ± 0.32 and 1.72 ± 0.12 mm2, respectively). 1%Alg-6%LapEP and 7% Alginate 

(0.54 ± 0.14 and 0.55 ± 0.07 mm2, respectively) showed lower pore areas than the other 

bioinks and no difference between each other (Figure 25C).  

 

 

Figure 25. Results from crosshatch structures for each bioink, including (A) photographs, (B) Pr, 

and (C) pore area. a,b,c denotes statistical significance (p < 0.05). Levels not connected by same 

letter are considered significantly different.  

 

4.3. Turn accuracy  

Filament width, filament width standard deviation, uniformity ratio, angles and angle 

errors were measured for each bioink except 8% Methylcellulose and 3% Hyaluronic 

Acid, which could not be measured due to insufficient shape fidelity (Figure 26A). 

Filament width was lowest among 1.2%GG-4%GelMA (1.11 ± 0.02 mm), 40% Pluronic 

(1.13 ± 0.03 mm), and 7% Alginate (1.20 ± 0.03 mm) bioinks. Of note, 1%Alg-6%LapEP 

(1.37 ± 0.04 mm) and 1%Alg-6%LapRD (1.33 ± 0.11 mm) showed the highest filament 
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width (Figure 26B). Unlike similar measurements from the crosshatch and 5-layer tube 

structures, these values did not obviously correspond to the bioink’s shape fidelity.  

 

Standard deviation of the filament width is a measure of filament uniformity, with lower 

standard deviations being more desirable. This measure was elevated in the non-uniform 

1.2%GG-4%GelMA (p < 0.009 compared to all other bioinks) with a value of 0.114 mm. 

No differences were detected between the uniform bioinks (p > 0.305 for all other 

combinations) with values ranging from 0.019 to 0.050 mm (Table 7, appendix). 

Similarly, a uniformity ratio of 1 represents greater uniformity and therefore is more 

desirable. Uniformity ratio was increased in 1.2%GG-4%GelMA (p < 0.034 compared to 

all other bioinks) with a value of 1.077 ± 0.046. No differences in uniformity ratio were 

detected between other bioinks (p > 0.984 for all other combinations) with values ranging 

from 1.006 ± 0.003 to 1.015 ± 0.010 (Figure 26C).  

 

The angle of each turn was also quantified (Table 8, appendix). These turns were 

designed to have successively decreasing angles of, 90o, 55o, and 20o. Angle error was 

calculated at each turn to allow for comparisons across different angles. 1.2%GG-

4%GelMA (0.54 ± 2.74o), 40% Pluronic (0.30 ± 1.92o), and 1%Alg-6%LapRD (0.72 ± 

0.98o) bioinks showed excellent turn angle errors, less than 2o for all angles. 1%Alg-

6%LapEP showed a slightly larger turn angle error (1.18 ± 3.64o). Turn angle error was 

significantly higher for 7% Alginate (4.75 ± 5.27o) (Figure 26D).  
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Figure 26. Results from turn accuracy structures for each bioink, including (A) photographs, (B) 

filament width, (C) uniformity ratio, and (D) turn angle error. a,b,c denotes statistical significance 

(p < 0.05). Levels not connected by same letter are considered significantly different.  

 

4.4. Overhang collapse 

Whether the filament successfully spanned each gap was determined for each bioink. If 

successful, deflection distance and angle were also measured. 8% Methylcellulose was 

detected as unable to span any of the gaps successfully while 3% Hyaluronic Acid 

filaments only traversed the 1 and 2 mm gap without breaking. 7% Alginate slightly 

improved upon these two, successfully crossing all gaps except the 16 mm. For 1.2%GG-

4%GelMA, 16 mm gap, one testing replicate successfully spanned the gap while the 

other two failed. However, testing replicates were consistent for all other bioinks and gap 

lengths. Three bioinks, 40% Pluronic, 1%Alg-6%LapRD, and 1%Alg-6%LapEP, were 

able to span all gaps (Figure 27A).  
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When comparing between bioinks, the results align well with visual expectations. Low 

deflection distances at 16 mm, 8 mm, and 4 mm gaps were seen for 40% Pluronic and 

1%Alg-6%LapRD. This relationship continued at 2 mm and 1 mm, although the effect 

was slightly diminished. Differences between the two were detected at the 16 mm gap 

with a deflection of 0.71 ± 0.13 mm for 40% Pluronic and 1.15 ± 0.14 mm for 1%Alg-

6%LapRD (p = 0.012). Notably, despite being dissimilar by other measures, 1.2%GG-

4%GelMA performed similarly to 1%Alg-6%LapEP at all gaps. Except at 1 mm, 1%Alg-

6%LapEP also slightly outperformed 7% Alginate at all gaps, despite producing similar 

results in other structures. Deflection distances for 3% Hyaluronic Acid was similar to all 

other bioinks except 40% Pluronic and 1%Alg-6%LapRD, although it only successfully 

spanned the 2 mm (0.30 ± 0.02 mm) and 1 mm gaps (0.19 ± 0.02 mm) (Figure 27B). 

Deflection angle for each bioink was also measured. However, since this value can be 

directly calculated from deflection distance and gap length, relationships between bioinks 

remain unchanged whether the analysis is conducted from the deflection angle or 

deflection distance (Table 9, appendix).  
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Figure 27. Results from overhang structures for each bioink, including (A) photographs and (B) 

filament deflection distance at each gap length. a,b,c denotes statistical significance (p < 0.05). 

Levels not connected by same letter are considered significantly different.  

 

4.5. Rheology 

Strain sweeps revealed a wide range of behaviors between the different bioinks. 40% 

Pluronic and 1%Alg-6%LapRD showed by far the largest storage moduli (5395 ± 177 Pa 

and 4161 ± 310 Pa, respectively). Compared to these two, 1.2%GG-4%GelMA showed 

similar shape fidelity by several measures, but had a lower storage modulus (382 ± 38 Pa) 

than even 1%Alg-6%LapEP (608 ± 41 Pa) and 7% Alginate (434 ± 4 Pa). A low storage 

modulus was also found for 3% Hyaluronic Acid (310 ± 5.0 Pa) and was near zero for 

8% Methylcellulose (28 ± 11.1 Pa) (Figure 28A).  

 

Bioinks varied to a lesser degree in their loss moduli. Compared to other bioinks, 40% 

Pluronic still had a much higher loss modulus (918 ± 12 Pa), but this difference was 
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much less extreme than for storage modulus. On the other hand, 1%Alg-6%LapRD 

showed a loss modulus (235 ± 11 Pa) which was more in line with that of the other 

bioinks such as 3% Hyaluronic Acid (184 ± 3 Pa) and 1%Alg-6%LapEP (152 ± 5 Pa). 

Instead, 7% Alginate showed the second highest loss modulus (473 ± 3 Pa). Both 8% 

Methylcellulose (80 ± 11 Pa) and 1.2%GG-4%GelMA (47 ± 4 Pa) had notably low loss 

moduli (Figure 28B).  

 

Tan(δ) represents the ratio between storage and loss modulus. 1%Alg-6%LapRD (0.06 ± 

0.002), 1.2%GG-4%GelMA (0.12 ± 0.004), 40% Pluronic (0.17 ± 0.007), and 1%Alg-

6%LapEP (0.25 ± 0.008) each showed very low tan(δ). Tan(δ) increased dramatically for 

other bioinks with 3% Hyaluronic (0.59 ± 0.001), 7% Alginate (1.09 ± 0.006), and 8% 

Methylcellulose (3.06 ± 0.678) each marking notable jumps (Figure 28C).  

 

A yield stress was not identified for 8% Methylcellulose or 7% Alginate since both had 

higher loss moduli than storage moduli. Both 1%Alg-6%LapEP and 1.2%GG-4%GelMA 

yielded at low stresses of only 18 ± 9 Pa and 99 ± 4 Pa, respectively. The yield stress of 

1%Alg-6%LapRD was more moderate at 327 ± 5 Pa. Notably, 3% Hyaluronic Acid 

showed an even higher yield stress (536 ± 2 Pa) than 40% Pluronic (502 ± 12 Pa), despite 

being dissimilar by all other printability and rheological measures (Figure 28D).  

 

Recovery tests were used to model the extrusion process. All bioinks showed a rapid 

decrease in viscosity in response to the increased shear rate, followed by some degree of 

rapid recovery after its removal. While the speed and magnitude of these recoveries 
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varied from bioink to bioink, the recovered viscosities largely were dependent on the 

initial viscosity. From this it can be seen that 40% Pluronic and 1%Alg-6%LapRD had 

the most complete recovery, both in terms of speed and magnitude, with recoveries 

greater than 90% by 3 seconds (Figure 28E). Slow recoveries were seen for 1.2%GG-

4%GelMA, 8% Methylcellulose, and 3% Hyaluronic Acid, which all increased in 

viscosity dramatically between 3 and 80 seconds from 58% to 76%, 70% to 93%, and 

66% to 88%, respectively. Both 7% Alginate and 1%Alg-6%LapEP showed rapid 

recoveries with little change between 3 and 80 seconds. However, the magnitudes of 

these recoveries were moderate for 7% Alginate (80% to 87%) and poor for 1%Alg-

6%LapEP (51% to 62%).  

 

Finally, all bioinks showed shear thinning behavior during frequency sweeps. Viscosity 

was markedly higher in 40% Pluronic, although 1%Alg-6%LapRD also showed a much 

higher viscosity than the other bioinks with K constants of 2486 and 607, respectively 

(Figure 28F). These high viscosities were partially offset by extremely low flow 

constants (0.04 and 0.05, respectively), indicating they were also the most shear thinning 

of the bioinks. High shear thinning abilities were also seen for 1.2%GG-4%GelMA (K = 

536, n = 0.14) and 1%Alg-6%Lap EP (K = 132, n = 0.20). Shear thinning decreased with 

3% Hyaluronic (K = 159, n = 0.35) and again with 7% Alginate (K = 204, n = 0.50). 8% 

Methylcellulose showed the lowest viscosity and only slight shear thinning behavior with 

a flow constant (n) of 0.72 and consistency index (K) of 23.3.  
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Figure 28. Results from rheological testing on various bioinks including strain sweep 

experiments with (A) storage modulus (G’), (B) loss modulus (G”), (C) tan(δ), and (D) yield 

stress, recovery experiments with (E) recovery percentage at 3 seconds, and (E) frequency sweep 

experiments.  

 

5. DISCUSSION  

The most important potential of a comprehensive printability artifact is to serve as a tool 

for the bioink development process, thereby assisting to improve upon the bioinks 

available for use in bioprinting research. As a tool, it should be evaluated on this ability 

primarily by its ease of use, its accuracy at quantifying the true behavior of bioinks, and 

its ability to differentiate between bioinks with differing levels of printability.  

 

The artifact, as utilized in these experiments, can be printed using a very small volume of 

material – approximately 0.4 mL per bioink to print all four structures in triplicate. For 

comparison, this is slightly less than was needed for a single run on the rheometer using a 

40 mm cone-plate geometry. This is highly beneficial for bioinks which are expensive, 

difficult to synthesize, or contain valuable cells. Additionally, at a moderate printing 
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speed (150 mm/min), the artifact had a total print time of only 7 minutes. While the 

artifact requires two photographs to be taken and many measurements to be made from 

these images, the image analysis process has been successfully automated via MatLab 

software. For this study, image cropping and pixel to mm conversion was done manually, 

but these processes are also planned to be automated in future iterations of the software 

which will be made publicly available. Other improvements will include increased user-

friendliness and more robust ability to handle a variety of image capturing set-ups 

(resolutions, bioink dyes, background colors, structure arrangements, etc.). 

Unfortunately, the number of measurements made can make for an unwieldy analysis, but 

also give a more comprehensive description of the printing outcomes. Future work should 

aim to both eliminate measures which are unnecessary or redundant and to add measures 

which capture conditions or phenomenon not currently included.  

 

Measurement accuracy should not simply be assumed as the image analysis process is 

much more complicated than measuring with calipers, for example, and there are many 

points during which error can be introduced. While there is no “ground truth” or “gold 

standard” measurement for this study, several observations have been made which can 

increase confidence in the various measures. All bioink values fell within reasonable 

ranges for what might be expected for each measure presented in this study. Comparing 

across bioinks, the bioink with poor uniformity (1.2%GG-4%GelMA) showed a higher Pr 

value, higher filament width standard deviation, and higher uniformity ratio. 

Additionally, bioinks with poor shape fidelity showed higher deflection distances, smaller 
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pore areas, lower Pr values, lower internal radii, higher wall thickness, lower tube 

heights, and poorer turn accuracy.  

 

These results can also be compared to other studies which have made use of single 

measures from the artifact. In an earlier study by our group, uniformity ratio and tube 

height were measured manually with Gelatin-Alginate bioinks most similar to 1.2%GG-

4%GelMA used in this study. The highest uniformity ratio seen in the earlier study was 

consistent with the measurement for 1.2%GG-4%GelMA (both approximately 1.07). [18] 

Tube heights greater than the designed height were seen in both studies, although to a 

lesser degree in the earlier study which is in accord with the lower material deposition 

used. [18] Ribeiro et al. used the overhang collapse test to test several bioinks, including 

30% Pluronic which could be expected to behave very similarly to the 40% Pluronic used 

in this study. The two bioinks were nearly analogous in deflection angle across the 

various gap lengths reported. [19] Lastly, Ouyang et al. tested Pr for Gelatin-Alginate 

bioinks most similar to 1.2%GG-4%GelMA in this study. They reported Pr values as 

high as 1.5, much greater than were found in this study. [20] Visually, our bioink appears 

to have slightly better uniformity than the least uniform bioinks in their study. However, 

while very little information is given with respect to their image analysis methodology, it 

is possible that some improvements in Pr measurement could be made for future 

iterations of the image analysis software.  

 

The artifact also showed an excellent ability to differentiate between the various bioinks. 

Unfortunately, 3% Hyaluronic Acid and 8% Methylcellulose performed so poorly on 
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some structures that they were unable to be measured. However, there is not a 

tremendous need to distinguish between bioinks of that caliber as they cannot be used 

reliably for bioprinting applications. For the 5-layer tube, tube height, internal radius, and 

wall thickness each showed an excellent ability to identify differences between bioinks. 

1.2%GG-4%GelMA, 40% Pluronic, and 1%Alg-6%LapRD outperformed 6% Alginate 

and 1%Alg-6%LapEP which in turn outperformed 8% Methylcellulose and 3% 

Hyaluronic Acid for each measure, with one exception being the tube height of 1%Alg-

6%LapEP.  

 

The overhang collapse test in particular was an excellent differentiator. The results at the 

1 and 2 mm gaps were not particularly useful as the deflection values were very small 

and likely highly affected by the interactions between the bioink’s contact with the sides 

of the pillars rather than gravity alone (Figure 27). Additionally, the overhang test could 

not be used to compare bioinks which did not successfully span at a given gap length. 

However, differences between bioinks were always able to be seen at the largest gap 

length a bioink was able to successfully span, including between those which showed 

similar results by other measures such as 40% Pluronic and 1%Alg-6%LapRD at 16 mm 

and 7% Alginate and 1%Alg-6%LapEP at 8 mm. Additionally, 1.2%GG-4%GelMA 

performed markedly worse on the overhang test despite performing well by other 

measures such as tube height, wall thickness, and pore area. Despite the success of this 

measure at high gap lengths, incorporating a gap wider than 16 mm may not be useful as 

16 mm is already by far a wider gap than a filament would ever be expected to span in 

application.  
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The rheological measurements in this study agreed well with those from previous studies 

where similar data is available including 3% Hyaluronic Acid, [45] 1%Alg-6%LapRD, 

[17, 43] 7% Alginate, [18] and 40% Pluronic. [19] The high printability bioinks (40% 

Pluronic and 1%Alg-6%LapRD) in this study both demonstrated a high consistency 

index (K constant), low flow index (n constant), high storage modulus, low tan(δ), high 

yield stress, and a viscosity recovery which was both rapid and nearly complete relative 

to the other bioinks.  

 

Both high printability bioinks had particularly high storage moduli, approximately 10 

times higher than that of the other bioinks. However, 1.2%GG-4%GelMA and 1%Alg-

6%LapEP both had reasonably good shape fidelity, matching or coming close to the high 

printability bioinks for several measures. Storage modulus alone would have 

underestimated 1.2%GG-4%GelMA in particular, which was lower than 7% Alginate and 

not far above 3% Hyaluronic Acid. Loss modulus appeared to have no clear relationship 

with printing outcomes when considered by itself. It was elevated in 40% Pluronic, 

middle of the group for 1%Alg-6%LapRD, and near zero for 1.2%GG-4%GelMA. A low 

tan(δ) could be considered a good predictor for high shape fidelity as it was particularly 

low for 1%Alg-6%LapRD, 1.2%GG-4%GelMA, 40% Pluronic, and 1%Alg-6%LapEP. 

Although, when comparing between these bioinks, tan(δ) would have underestimated 

40% Pluronic which was significantly lower than both 1.2%GG-4%GelMA and 1%Alg-

6%LapRD. Tan(δ) also would have underestimated 7% Alginate, which had a much 

higher tan(δ) than 1%Alg-6%LapEP and 3% Hyaluronic Acid despite performing 
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similarly for many artifact measures to 1%Alg-6%LapEP and outperforming 3% 

Hyaluronic Acid on all artifact measures.  

 

Yield stress was similarly inconclusive, generally tracking well with artifact outcomes 

with a few stark exceptions. 7% Alginate could not be measured due to its loss modulus 

being greater than its storage modulus. Additionally, 3% Hyaluronic Acid’s yield stress 

was even higher than 40% Pluronic’s even though its artifact measures were much worse. 

Lastly, 1%Alg-6%LapRD had only half the yield stress of 40% Pluronic even though the 

two bioinks could be differentiated only by their overhang deflection at the 16 mm gap. 

Measures of bioink recovery also trended well with artifact performance. The bioinks 

1%Alg-6%LapRD and 40% Pluronic had the best recovery capabilities followed by 7% 

Alginate, then 8% Methylcellulose, and then 3% Hyaluronic Acid, tracking with their 

ranking by most printability measures. However, 1.2%GG-4%GelMA and 1%Alg-

6%LapEP recovered the lowest percentages of their viscosities, worse than even 3% 

Hyaluronic Acid, in contradiction to their artifact measures which showed them superior 

to 3% Hyaluronic Acid, 8% Methylcellulose, and 7% Alginate.  

 

These results demonstrate that rheology alone cannot yet serve as a proxy for printability. 

Without the artifact measurements used in this study, incorrect assumptions likely would 

have been made about the printability of the various bioinks using rheology alone. When 

developing a novel bioink, direct demonstration of printability should therefore be 

reported until a time when predictive rheological models are available. This is not to say 

rheology is meaningless when determining bioink printability. These tests give valuable 
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insight into the bioink’s shear thinning, viscoelastic, yielding, and recovery properties. 

However, each is required to fully understand the complex behavior of bioinks. Future 

work should look more in-depth at the specific relationships between these rheological 

measures and the various artifact measurements, perhaps serving as a starting point for 

improved model development.  

 

Researchers have modelled the overhang collapse angle using bioink yield stress, but this 

model slightly overestimated angle collapse for Pluronic-PEG bioinks and authors 

suggested the model could be improved by incorporating the viscoelastic properties of the 

bioinks. [19] When applied to the bioinks in this study, the same model greatly 

overestimates collapse angle for 1%Alg-6%LapRD, 1.2%GG-4%GelMA, and 1%Alg-

6%LapEP, cannot make predictions for 7% Alginate and 8% Methylcellulose, and greatly 

underestimates collapse for 3% Hyaluronic Acid (data not shown). More holistic 

modeling will help researchers better understand how rheological changes in their bioinks 

will influence printing outcomes and allow for better prediction and optimization of those 

outcomes.  

 

A major limitation of this study is its exploratory, rather than hypothesis-driven nature. 

Caution should be applied when making conclusions from the results as no rheological 

variables were controlled for between bioinks. Additionally, all artifact structures used in 

this study were very small, less than 8 x 8 x 3 mm. Of the structures, the 5-layer tube may 

give the best indication of a bioink’s capacity to create multilayer, tissue-scale constructs, 

but none of these structures test this capability directly. As bioink printability is improved 
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upon, more complex and larger structures than the ones used in this study may be needed 

to fully test their limitations. This trend could eventually result in bioink-specific artifacts 

converging with more widespread artifacts used for other 3D printing modalities such as 

the method developed by NIST. [24] Lastly, while this artifact is a positive step towards 

standardization, it should be explicitly stated that the method presented in this study is 

not intended to be the final result. Preferably, researchers will continue to improve upon 

the methodology over time in order to work towards the ideal solution.  

 

6. CONCLUSION 

This study for the first time presented a comprehensive, bioink-specific, printability 

artifact. The artifact possesses an excellent ease of use, printing in less than 10 minutes, 

using less than 0.4 mL of bioink, and an automated image analysis process. Measures 

were at the very least reasonably accurate and showed an excellent ability to differentiate 

between various printing outcomes. Such a methodology has a great potential to aid in 

the bioink development process and facilitate a better understanding of the underlying 

mechanisms which influence printing outcomes, including rheology. Seven vastly 

different bioinks have been characterized rheologically for their shear thinning, 

viscoelastic, yielding, and recovery properties. None of these individual properties were 

sufficient to explain the various printing outcomes measured on the artifact, although 

several relationships were observed. Future experimentation and modelling will need to 

account for each of these rheological properties in order to predict printing outcomes, 

particularly if findings are to be applied across different bioinks. 



159 

 

 

7. ACKNOWLEDGEMENT 

This study was supported by National Institutes of Health (1P41EB023833-34601). 

 

8. APPENDIX  

The MATLAB code used to analyze the structures in this study can be downloaded for 

free at: https://github.com/cialab/BioinkPrintability 

 

Table 6. Values measured from 5-layer tube and crosshatch structures.  
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Mean 2.90 9.20 4.49 3.05 1.44 94.35 1.04 1.89 

St. Dev. 0.08 0.19 0.05 0.04 0.03 0.99 0.02 0.32 

Sig. a c c a c a,b a b 

40% Pluronic 

Mean 2.33 9.20 4.63 3.30 1.33 99.13 0.99 2.44 

St. Dev. 0.04 0.03 0.04 0.01 0.03 0.58 0.03 0.02 

Sig. b c b,c a c a b a 

1%Alginate-

6%LaponiteRD 

Mean 2.35 9.15 4.52 3.25 1.27 97.18 0.92 1.72 

St. Dev. 0.17 0.13 0.02 0.04 0.05 0.28 0.01 0.12 

Sig. b c c a c a c b 

1%Alginate-

6%LaponiteEP 

Mean 2.16 9.37 4.65 2.29 2.36 86.79 0.88 0.54 

St. Dev. 0.12 0.10 0.02 0.06 0.06 0.93 0.01 0.14 

Sig. b b b,c b b c c c 

7% Alginate 

Mean 1.85 9.64 4.74 2.27 2.47 87.69 0.88 0.55 

St. Dev. 0.03 0.09 0.02 0.04 0.02 0.80 0.01 0.07 

Sig. c b b b b b,c c c 

8% 

Methylcellulose 

Mean 1.37 9.11 4.64 0.00 4.64 58.01 
 

  

St. Dev. 0.03 0.08 0.05 0.00 0.05 0.56 
 

  

Sig. d c b,c c a e 
 

  

https://github.com/cialab/BioinkPrintability
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3% Hyaluronic 

Acid 

Mean 1.26 10.70 5.28 0.29 4.98 69.53     

St. Dev. 0.06 0.18 0.15 0.42 0.33 6.63     

Sig. d a a c a d     

 

Table 7. Values measured from turn accuracy structures. 
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Sig. c a a a,b a b,c b 

40% Pluronic 

Mean 1.13 0.020 1.015 125.6 88.0 56.6 21.1 

St. Dev. 0.03 0.002 0.010 0.1 0.9 1.8 2.2 

Sig. c b b a,b a b,c b 

1%Alginate-

6%LaponiteRD 

Mean 1.33 0.019 1.006 125.1 90.1 56.3 21.4 

St. Dev. 0.11 0.004 0.003 0.4 0.9 0.8 1.0 

Sig. a,b b b b a c b 

1%Alginate-

6%LaponiteEP 

Mean 1.37 0.050 1.012 127.7 86.4 60.1 20.5 

St. Dev. 0.04 0.016 0.006 2.0 1.6 1.6 1.3 

Sig. a b b a,b a b b 

7% Alginate 

Mean 1.20 0.027 1.011 128.1 87.4 65.2 28.3 

St. Dev. 0.03 0.008 0.006 0.8 1.2 1.2 0.8 

Sig. b,c b b a a a a 

8% 

Methylcellulose 

Mean 
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3% Hyaluronic 

Acid 

Mean               

St. Dev.               

Sig.               

 

 

Table 8. Values measured from turn accuracy (cont’d) and overhang structures. 

    Turn Angle Error (deg) 
Overhang Deflection 

Distance (mm) 
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Mean 0.50 0.34 1.79 
-

1.00 
2.20 0.83 0.31 0.26 0.18 

St. Dev. 1.03 5.40 1.17 1.52 n/a 0.11 0.03 0.02 0.06 

Sig. a,b a b,c b a a,b b b,c a,b 

40% Pluronic 

Mean 0.55 
-

2.00 
1.59 1.06 0.71 0.29 0.17 0.20 0.13 

St. Dev. 0.08 0.89 1.82 2.22 0.13 0.04 0.02 0.01 0.01 

Sig. a,b a b,c b c c c c b,c 

1%Alginate-

6%LaponiteRD 

Mean 0.06 0.10 1.34 1.39 1.15 0.40 0.17 0.12 0.08 

St. Dev. 0.45 0.95 0.81 1.00 0.14 0.04 0.01 0.03 0.00 

Sig. b a c b b c c d c 

1%Alginate-

6%LaponiteEP 

Mean 2.74 
-

3.64 
5.08 0.54 2.25 0.67 0.36 0.22 0.18 

St. Dev. 2.05 1.61 1.61 1.31 0.06 0.08 0.05 0.02 0.02 

Sig. a,b a b b a b b c a,b 

7% Alginate 

Mean 3.07 
-

2.58 
10.20 8.32   0.91 0.48 0.33 0.23 

St. Dev. 0.80 1.25 1.21 0.83   0.06 0.04 0.01 0.04 

Sig. a a a a   a a a a 

8% 

Methylcellulose 

Mean 
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3% Hyaluronic 

Acid 

Mean               0.30 0.19 

St. Dev.               0.02 0.02 

Sig.               a,b a,b 

 

Table 9. Values measured from overhang structures (cont’d). 

    Overhang Deflection Angle (deg) 

    

1
6

 m
m

 

8
 m

m
 

4
 m

m
 

2
 m

m
 

1
 m

m
 

GelMA 

Formulation 

Mean 15.96 11.96 8.89 14.95 21.13 

St. Dev. n/a 1.59 0.94 1.47 7.68 

Sig. a a,b b b,c a,b 

40% Pluronic 

Mean 5.10 4.16 4.85 11.66 15.60 

St. Dev. 0.93 0.58 0.57 0.44 1.39 

Sig. c c c c b,c 
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1%Alginate-

6%LaponiteRD 

Mean 8.32 5.74 4.86 6.66 9.24 

St. Dev. 0.99 0.51 0.17 1.78 0.38 

Sig. b c c d c 

1%Alginate-

6%LaponiteEP 

Mean 16.37 9.68 10.50 12.49 20.93 

St. Dev. 0.47 1.21 1.57 0.96 1.96 

Sig. a b b c a,b 

7% Alginate 

Mean   13.09 13.95 19.35 27.92 

St. Dev.   0.88 1.30 0.76 5.76 

Sig.   a a a a 

8% 

Methylcellulose 

Mean 

    

  

St. Dev. 

    

  

Sig. 
    

  

3% Hyaluronic 

Acid 

Mean       17.19 21.90 

St. Dev.       1.36 2.96 

Sig.       a,b a,b 

 

Table 10. Values measured from rheology experiments. 
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Dev.     38.4 3.6 0.004 3.9 

Sig.     e g e d 

40% Pluronic 

Mean 0.04 2485.8 5395.3 917.7 0.170 502.4 

St. 

Dev.    
176.9 11.6 0.007 12.3 

Sig.    a a f b 

1%Alginate-

6%LaponiteRD 

Mean 0.05 606.5 4161.0 234.6 0.056 237.3 

St. 

Dev.     
310.5 11.5 0.002 4.9 

Sig.     b c g c 

1%Alginate-

6%LaponiteEP 

Mean 0.20 131.8 607.9 152.4 0.251 18.3 

St. 

Dev.    
40.5 5.2 0.008 8.8 

Sig.    c e d e 

7% Alginate 

Mean 0.50 203.5 434.3 472.8 1.089   

St. 

Dev.     3.5 2.5 0.006   

Sig.     d b b   
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8% 

Methylcellulose 

Mean 0.72 23.3 27.6 79.6 3.060   

St. 

Dev.    11.1 11.3 0.678   

Sig.    g f a   

3% Hyaluronic 

Acid 

Mean 0.35 158.9 309.7 184.1 0.594 536.1 

St. 

Dev.     
5.0 3.2 0.001 2.1 

Sig.     f d c a 

 

Table 11. Values measured from rheology experiments (cont’d). 
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Mean 34.2 19.7 25.9 57.6 75.7 

St. 

Dev. 
0.5 0.9 0.9 3.4 3.6 

Sig. f f f e d 

40% Pluronic 

Mean 443.1 397.7 453.1 89.8 102.3 

St. 

Dev. 
11.5 3.4 16.1 1.6 4.2 

Sig. a a a b a 

1%Alginate-

6%LaponiteRD 

Mean 175.8 187.7 156.6 106.8 90.1 

St. 

Dev. 
9.2 11.0 10.0 2.2 3.6 

Sig. c b c a b,c 

1%Alginate-

6%LaponiteEP 

Mean 78.2 39.5 48.1 50.6 61.6 

St. 

Dev. 
1.2 0.1 0.4 0.9 1.2 

Sig. d d d f e 

7% Alginate 

Mean 227.3 181.3 197.0 79.8 86.7 

St. 

Dev. 
2.2 1.3 5.7 0.7 1.7 

Sig. b b b c c 

8% 

Methylcellulose 

Mean 44.2 30.9 41.0 69.7 92.7 

St. 

Dev. 
0.8 2.3 1.9 4.5 3.7 

Sig. e e e d b 

3% Hyaluronic 

Acid 

Mean 183.4 121.1 161.2 66.0 87.9 

St. 

Dev. 
1.0 4.6 2.4 2.6 1.5 

Sig. c c c d c 
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1. ABSTRACT 

Purpose: The goal of this study was to use 3D bioprinting technology to create a 

bioengineered dental construct containing human dental pulp stem cells (hDPSCs). 

Methods: We first developed a novel BMP peptide-tethering bioink formulation and 

examined its rheological properties, its printability, and the structural stability of the 

bioprinted construct. Second, we evaluated the survival and differentiation of hDPSCs in 

the bioprinted dental construct by measuring cell viability, proliferation, and gene 

expression, as well as histological and immunofluorescent analyses in static cell culture. 

Results: Our results showed that the peptide conjugation into the gelatin methacrylate 

(GelMA)-based bioink formulation was successfully performed. We determined that 

greater than 50% of the peptides remained in the bioprinted construct after 3 weeks in 

vitro cell culture. Human DPSC viability was >90% in the bioprinted constructs 

immediately after the printing process. Alizarin Red staining showed that the BMP 

peptide construct group exhibited the highest calcification as compared to the growth 

medium, osteogenic medium and non-BMP peptide construct groups. In addition, 

immunofluorescent and quantitative reverse transcription-polymerase chain reaction 

(qRT-PCR) analyses showed expression of dentin sialophosphoprotein (DSPP) and 

osteocalcin (OC) in the BMP peptide dental constructs. 

Conclusions: Together, these results strongly suggested that BMP peptide-tethering 

bioink could accelerate the differentiation of hDPSCs in 3D bioprinted dental constructs. 
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2. INTRODUCTION 

Craniofacial injuries and associated tooth loss is a significant health issue affecting 

millions of people in the US and worldwide. [1, 2] Artificial dental implants are the 

current gold standard tooth replacement therapy; however, they lack many key properties 

of natural teeth and can be associated with complications leading to implant failure. [3] 

Thus, a bioengineered tooth bud has been proposed as a superior alternative tooth 

replacement option. [4-7] To facilitate the effort to create bioengineered teeth, great 

strides have been made in the fields of tissue engineering and regenerative medicine to 

create 3D bioprinting technologies capable of producing tissue constructs using a variety 

of cell types, biomaterials, and bioactive molecules. [8-10] These technologies are able to 

deposit living cells into a desired shape or pattern to produce complex tissue architectures 

in a layer-by-layer fashion. Because the anatomical geometries seen in the human body 

are highly complex and not easily reproduced by other fabrication methods, 3D 

bioprinting strategies have significant potential to improve the efficiency of translating 

tissue engineering applications into the clinic.  

 

Among many 3D printing methods, the microextrusion-based method is the most 

common for cell-based bioprinting approaches. [9, 11] Hydrogels are a major component 

of bioinks used for cell-based bioprinting, due to the fact that they can be modified and 

formulated to provide optimized printability, structural integrity and biological 

properties. [12] Several hydrogels made of natural-derived materials, such as gelatin, 

collagen, alginate, and fibrin have been widely used for bioprinting applications. [13-17] 
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Gelatin methacrylate (GelMA) is a hydrogel modified from gelatin, which can be easily 

synthesized and cured by UV crosslinking. Due to this easy modification method, GelMA 

can be easily extruded by the bioprinter prior to crosslinking, as well as maintain its 

structural integrity via UV exposure after printing. [18-22] Currently, a few approaches to 

developing tissue-specific bioinks to elicit desired cellular responses have been reported. 

[23, 24] Typically, these approaches have provided significant control of tissue-specific 

cellular activities by creating 3D printed hydrogel constructs that closely matched the 

mechanical properties, and cell signaling capabilities, of the targeted tissue. [25] In 

addition, the tissue-specific microenvironment can be provided by these tissue-specific 

bioinks, where specific bioactive molecules such as growth factors, cytokines, ligands, 

and hormones are bound to the resulting scaffolds, and able to trigger biochemical 

responses for cellular activities. [26-29] 

 

Bone morphogenetic proteins (BMPs) are the most commonly used growth factors in the 

orthopedic field and have been approved by the Food and Drug Administration (FDA). 

BMP-2 has been shown to regenerate bone through osteogenic differentiation of 

osteoprogenitor cells and stem cells. [30] Despite these advantages, a major drawback of 

BMP-2 is its relatively short half-life in the body, due to rapid degradation by 

proteinases. Therefore, repeated local delivery is required to achieve the biological 

activity necessary to reach therapeutic effects in clinical applications. [31, 32] To avoid 

this issue, here we have used a synthetic BMP-2 mimetic peptide consisting of the amino 

acid sequence (KIPKASSVPTELSAISTLYL), [33] present in the native BMP-2, which 

is highly active during osteogenic differentiation. Advantages of this BMP-2 mimetic 
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peptide include a lower cost compared to the native BMP-2 and easy synthesis with the 

desired amino acid sequences that can be further customized as needed. Additionally, the 

short amino acid sequence of BMP-2 mimetic peptide makes it more stable and allows 

for efficient binding with hydrogels using a chemical reaction. [34-36] 

 

Our goal was to create a bioengineered dental construct by bioprinting human dental pulp 

stem cells (hDPSCs) and BMP-mimetic peptide tethering bioink. We hypothesized that 

the BMP-mimetic peptide tethering bioink could accelerate the differentiation of hDPSCs 

in the bioprinted dental constructs towards an odontoblast phenotype. In this study, we 

used a thiolated BMP-mimetic peptide that was directly conjugated into a GelMA-based 

bioink formulation (Figure 29). We examined the rheological properties, printability, and 

structural stability of the bioprinted dental constructs. To evaluate the biological 

properties and hDPSC differentiation in the bioprinted dental constructs, we measured 

cell viability and proliferation, and mineralized tissue matric production, and analyzed 

dental pulp stem cell differentiation marker expression by immunofluorescence and 

quantitative reverse transcription-polymerase chain reaction (qRT-PCR). 
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Figure 29. Gelatin methacrylation process and conjugation of BMP-mimetic peptide to GelMA. 

A) Gelatin is methacrylated using methacrylic anhydride (MAA) to create GelMA. GelMA is 

then crosslinked and a synthetic BMP-peptide containing a thiol group (-SH) is bound to the 

GelMA in the presence of photoinitiator and UV irradiation. B) Conceptual design of the 

bioprinting process used in this study. Bioinks containing GelMA, hDPSCs, and BMP-SH were 

extrusion bioprinted and then UV crosslinked. During in vitro cell culture, hDPSCs differentiate 

into odontogenic-like cells.  

 

3. METHODS 

3.1. Materials 

Type A gelatins derived from porcine skin tissue (~300g bloom and 90~110g bloom), 

sodium carbonate, sodium bicarbonate, methacrylate anhydride, hyaluronic acid (HA), 

photoinitiator (Irgacure 2959), and glycerol were purchased from Millipore Sigma (St. 

Louis, MO, USA). Bone morphogenetic protein (BMP)-mimetic peptide 

(KIPKASSVPTELSAISTLYL) with a –SH (cysteamide residue) at the C-terminal, BMP 

mimic peptide conjugated fluorescein isothiocyanate (FITC-BMP), and FITC-BMP-SH 

was purchased from Genscript (Piscataway, NJ, USA). Live/Dead Cell Double Staining 

Kit, Alexa Fluor 594 and Alexa Fluor 488-conjugated secondary antibodies, Dako 
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Antibody Diluent solution, and 0.45 µm syringe filters were purchased from Thermo 

Fisher (Waltham, MA, USA). Dentin sialophosphoprotein (DSPP, LFMb-21) and 

Osteocalcin (OCN, G-5) antibodies were purchased from Santa Cruz Biotechnology 

(Dallas, TX, USA). Vectashield Fluorescent mounting medium with DAPI was 

purchased from Vector Laboratories, Inc. (Burlingame, CA, USA). Trizol, sybrgreen, 

quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) kit and primers 

were purchased from Eurofins Genomics (Louisville, KY). All cell culture related agents 

were purchased from HyClone (Logan, UT, USA) unless noted otherwise. 

 

3.2. Synthesis of gelatin methacrylate (GelMA)  

Gelatin methacrylate (GelMA) was synthesized by dissolving 10 g of type A gelatin 

(~300g Bloom) in CB buffer (0.25 M buffer comprising 7.95 mg/mL sodium carbonate 

and 0.73 mg/mL sodium bicarbonate in 1 L distilled water). The CB buffer was ensured 

to have a pH of 9.0 by adding either 1 M sodium hydroxide (NaOH) or hydrochloric acid 

(HCl) dropwise. Methacrylic anhydride (MAA) was then added in dropwise fashion (0.5 

mL/min) to the gelatin solution using gentle magnetic stirring at 50°C, and the reaction 

was allowed to proceed for 3 h. Next, the GelMA solution (20 mL) was added to 80 mL 

of PBS (5 dilution) to stop the reaction, and the solution was then dialyzed in distilled 

water using 12-14 kDa cutoff dialysis tubing (Spectra Por, Spectrum, NJ, USA) for 1 

week at 37°C to remove salts and unreacted MAA, with daily water changes. Finally, the 

GelMA solution was lyophilized for 1 week and stored at -20°C until the use. 

Methacrylation (%) of the GelMA with different amounts of MAA was measured by 1H 

NMR spectroscopy.  
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3.3. Conjugation of BMP-mimetic peptide into GelMA hydrogel  

For measuring BMP-peptide conjugation, fluorescein isothiocyanate-labeled BMP-

mimetic peptide (FITC-BMP) was used. FITC-BMP peptide and FITC-thiolated BMP 

peptide (FITC-BMP-SH) were mixed with 5 wt% GelMA hydrogel and 0.2 wt% 

photoinitiator (Irgacure 2959) in DI water, respectively. The BMP-GelMA solutions were 

placed in 1-cm diameter mold and crosslinked by UV exposure for 2 min. The FITC-

labeled BMP-GelMA hydrogels were immersed in 2 mL of PBS in 24-well plates and 

shaken at 100 rpm and 37°C for up to 28 days. In each experiment, 1 mL of the solution 

was extracted from each well in the 24-well plates at determined time intervals and 1 mL 

of fresh PBS was immediately added into each well in the 24-well plates. The amount of 

FITC-BMP peptide was analyzed using a microplate reader (SpectraMax M5, 3860 N 

First Street, San Jose, USA) equipped with detection at 490 nm for FITC. Three 

independent experiments were performed on the GelMA hydrogel mixed with FITC-

BMP peptide (nonconjugated BMP-GelMA) and FITC-BMP peptide-conjugated GelMA 

hydrogel. The amount of FITC released from the GelMA hydrogels was calculated and 

compared to a standard curve made with known concentrations of FITC.  

 

3.4. Characterization of BMP-mimetic peptide-tethering GelMA hydrogels 

GelMA and BMP-GelMA hydrogels were dissolved at 5 wt% with distilled water, 

respectively, and a photoinitiator (Irgacure 2959) was added to the hydrogels at 2 mg/mL 

and dissolved for 1 h under gentler shaking at 37C. Before and after UV crosslinking, 

the rheological properties of the GelMA and BMP-GelMA hydrogels were compared 
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using a rheometer (Discovery HR-2, TA Instruments, New Castle, DE, USA) with a 

temperature-controlled bottom plate and an 8-mm parallel plate measuring system. All 

measurements were conducted at 25°C with a gap distance of 0.3 mm at 1 Hz of 

oscillating frequency and 0.1% oscillating strain. The compressive mechanical properties 

of the GelMA and BMP-GelMA hydrogels were determined using a universal 

mechanical testing machine INSTRON 5544 (INSTRON 5544, INSTRON, Norwood, 

MA, USA) under uniaxial compression mode. The Instron was equipped with a 100 N 

load cell, and compression was conducted at 0.2 mm/min.  

 

The swelling and degradation of the GelMA hydrogel and BMP-GelMA hydrogel 

constructs were also evaluated. A 0.5 mL volume of each hydrogel per well was placed in 

a 24-well plate and then UV crosslinked at 200 mV/cm2 for 2 min. Samples were then 

transferred to individual wells of 12-well plates and submerged in 2 mL PBS for up to 28 

days, with fresh PBS changed every 3 days. For the swelling test, samples were removed 

after 24 h, blotted dry and weighed. These samples were then lyophilized for a minimum 

of 48 h and weighed again. Swelling ratio was calculated as the ratio of wet weight 

divided by dry weight. For the degradation experiment, samples were collected at 0, 1, 3, 

7, 14, 21, and 28 days and weighed after a minimum of 48 h of lyophilization. All 

swelling and degradation experiments were conducted in triplicate.  

 

3.5. Human dental pulp stem cell culture 

Human dental pulp stem cells (hDPSCs) were obtained from Tufts University as 

previously published. [4, 6, 7] Briefly, the dental pulp was harvested from human teeth 
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extracted by clinicians at the Tufts University School of Dental Medicine for orthodontic 

or other clinically relevant reasons. Dental pulps were minced into small pieces, 

enzymatically digested, filtered to single-cell suspensions and plated in DMEM-F12 

media. The cells were expanded into T175 flasks to passage 3 and cryopreserved until 

use. Prior to use, the hDPSCs were thawed, plated, passaged and expanded in culture to 

P5 - P7.  

 

Human DPSCs were cultured in normal growth medium (NGM) consisting of 440 mL 

DMEM/F12 medium supplemented by 50 mL FBS (HyClone, Logan, UT, USA), 25 

µg/mL ascorbic acid (Millipore Sigma), 5 mL GlutaMAXTM Supplement (Life 

Technologies) and Antibiotic/antimycotic (A/A) (Life Technologies). Alternatively, 

hDPSCs were cultured in Osteogenic Medium consisting of NGM plus osteogenic 

supplements. The media was changed every 3 days. The cells were passaged after 

reaching approximately 80% confluence. Human DPSCs were expanded up to a 

maximum of passage 7 for all experiments. 

 

3.6. GelMA and BMP-GelMA bioink preparation 

The hDPSCs-laden bioink was prepared using 37.5 mg/ml gelatin, 30 mg/ml GelMA, 

3.75 mg/ml HA, and 10% (v/v) glycerol. Briefly, HA and glycerol were dissolved in 

DMEM/high glucose without phenol red at 37°C with stirring overnight. Gelatin and 

GelMA were added to the HA/glycerol solution with a 0.2% w/v photoinitiator (Irgacure 

2959) by gentle shaking at 37°C for 1 h. After the components were fully dissolved, the 

solution was sterilized by filtering through a 0.45 µm syringe filter. Lastly, 107 cells/mL 
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and 300 µg/mL BMP peptide were mixed with the bioink by gentle pipetting, using 

M1000E pipette (Gilson Microman, WI, USA) and capillary piston tips (Gilson 

Microman).  

 

3.7. Printing of hDPSCs-laden GelMA and BMP-GelMA constructs  

The cell-laden GelMA and BMP-GelMA dental constructs were fabricated using our 

integrated tissue-organ printing (ITOP) system that contains an X, Y, Z-axis 

stage/controller, and multiple dispensing modules. [8] A sterile plastic dispensing syringe 

was loaded with the cell-laden bioinks and cooled to 18°C in the cooling jacket dispenser. 

Both the GelMA and BMP-GelMA required approximately 130 to 160 kPa air pressure to 

extrude through a 330 µm inner diameter plastic nozzle. The bioprinting chamber was 

maintained at 22°C throughout the printing process. The dental constructs were printed in 

a layer-by-layer manner with a feed rate of 150 mm/min. After printing, the bioprinted 

dental constructs were crosslinked by UV exposure at 200 mV/cm2 for 2 min. The solid 

cuboidal constructs had dimensions of approximately 5  5  2 mm3. The bioprinted 

dental constructs were first cultured in growth media for 7 days to allow for the cells to 

proliferate and recover from the stress of the printing process. Next, the printed 

constructs were divided into three different groups - 1) normal growth medium (NGM), 

2) osteogenic medium (OM) and 3) osteogenic medium without dexamethasone (OM-D) 

- to investigate the ability of the printed BMP-GelMA constructs to direct osteogenic 

differentiation of the embedded hDPSCs. OM was prepared with DMEM/F12 medium 

supplemented with 50 mL fetal bovine serum (FBS), 50 µg/mL ascorbic acid, 100 nM 

dexamethasone, 10 mM β-glyceraldehyde-3-phosphate, and 5 mL antibiotic/antimycotic 
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(A/A). The constructs were then cultured for up to an additional 28 days, with media 

changes every two days. 

 

3.8. In vitro cell viability and proliferation in the bioprinted dental constructs 

To assess cell viability, Live/Dead staining assay was performed on the dental constructs 

cultured in vitro for 1, 4, 7, and 14 days. First, the constructs were removed from culture 

media and washed 2-3 times at room temperature (RT) with PBS. Calcein AM and 

propidium iodide were then mixed in a 2:1 ratio in PBS to make the Live/Dead solution 

that was added to the constructs (1 mL each in a 24 well plate) and incubated at 37°C for 

15 min. A Leica TCS LSI Macro Confocal microscope (Leica, Wetzlar, Germany) was 

used to detect fluorescence at 490 nm and 545 nm excitation for live and dead cells, 

respectively. The images were then merged and the ratio of Live to Dead cells was 

counted using ImageJ software (Ver. 1.51j). For quantitative analysis of hDPSC 

proliferation, an AlamarBlue® assay was performed. The AlamarBlue® solution was 

added to cultured constructs containing cell culture media at a volumetric ratio of 1:9 and 

incubated at 37°C for 3 h. The solution was then removed, placed in individual wells of a 

96 well-plate, and the absorbance was read on a microplate reader at 570 nm and 600 nm 

for reference. 

 

3.9. Histological and immunofluorescent analyses  

After 2 or 4 weeks of culture, the dental constructs were immediately fixed in 10% 

neutral buffered formalin for 24 h, embedded in paraffin, and sectioned into 7-µm thick 

sections. Mounted sections were deparaffinized by incubation in xylene 3 times for 5 min 
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each, followed by rinsing in 100% ethanol for 2 min, and two additional rinses for 1 min, 

to remove any residual xylene. Sections were placed in 95% ethanol for 1 min for 

hydration, followed by rinsing in running tap water for 1 min. For hematoxylin-Eosin 

(H&E) staining, slides were first stained in Gill’s hematoxylin for 2 min to stain nuclei, 

and the excess stain was removed with running tap water for 2.5 min. Sections were then 

placed in Scott’s tap water for bluing, excess dye was removed by running tap water for 2 

min, followed by immersion in 95% ethanol for another 2 min. Sections were then placed 

in the Working Eosin for 10 sec for cytoplasmic counterstain, excess stain was removed 

by dipping in 95% ethanol 20 times, 15 sec per dip. An additional 60 dips in 100% 

ethanol were performed to dehydrate the sections, followed by alcohol clearing via 3 

xylene rinses for 1 min each.  

 

To measure the calcium production in the bioprinted dental constructs, Alizarin Red S 

staining was performed. Briefly, deparaffinized sections were hydrated to 50% ethanol, 

rinsed rapidly in deionized water, stained in Alizarin Red S solution for ~5 min, and 

removed when orange-red flakes formed indicating calcium phosphate deposition. 

Sections were counterstained with light green for 1 min, dipped in 50:50 acetone:xylene 

solution for 10 seconds, cleared in xylene and mounted using resinous mounting medium. 

Calcified areas were quantified using ImageJ software (Ver. 1.51j) from three different 

samples. 

 

For DSPP and OCN immunofluorescent staining, deparaffinized slides were dipped in 

sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) and heated at 
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110–120°C for 20 min to allow for antigen retrieval, followed by washing three times 

with PBS and blocking with Dako Antibody Diluent solution at room temperature for 1 h. 

The slides were subsequently incubated with mouse monoclonal IgG2b DSPP or rabbit 

polyclonal IgG osteocalcin antibodies (1:50 dilutions) at 4°C overnight. Next, slides were 

rinsed three times with PBS and incubated with Alexa Fluor 594 or Alexa Fluor 488-

conjugated secondary antibodies (1:100 dilution) for 1 h in a dark humidity chamber. 

Finally, cover slides were mounted with Vectashield Fluorescent mounting medium with 

DAPI reagent. The stained slides were viewed using a Leica DM 4000 B (Leica, Wetzlar, 

Germany) equipped with Olympus cellSens Dimension software (Olympus, 3500 

Corporate Parkway, PA, USA). Antibody staining was quantified using ImageJ software 

(Ver. 1.51j) from three different samples. 

 

3.10. RNA isolation and quantitative reverse transcription-polymerase chain reaction 

(qRT-PCR)  

Total RNA was extracted and isolated from bioprinted samples by tissue homogenization 

followed by treatment with TRIzol RNA isolation reagent (Invitrogen, Carlsbad, CA, 

USA) according to the manufacturer's protocol. RNA concentrations and quality were 

monitored using a NanoDrop (Thermo Fisher Scientific, Waltham MA). Next, equal 

quantities of RNA from each sample were converted to cDNA using the QuantiTect 

Reverse Transcription Kit (Qiagen, Hilden, Düsseldorf, Germany) as per manufacturer’s 

protocol. cDNA samples were used for real-time PCR in triplicate using Power SYBR 

Green PCR Master Mix (Thermo Fisher Scientific, Waltham MA) according to the 

manufacturer’s suggested protocol. Bioprinted samples collected at time zero (one week 
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after printing, but prior to switching to differentiation media) were used to determine 

baseline reads and GAPDH was used as the housekeeping gene. The relative fold change 

in mRNA expression was calculated using the delta-delta Ct (2–∆∆Ct) method. Primer 

sequences are listed in Table 12.  

 
Table 12. Human primer sequences used for RT-PCR of bioprinted constructs 

Genes 

Primer Sequence 

Forward 5'-3' Reverse 5'-3' 

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG 

RUNX2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA 

BGLAP (OC)  CGCTACCTGTATCAATGGCTGG CTCCTGAAAGCCGATGTGGTCA 

DSPP TTTGGGCAGTAGCATGGGC CCATCTTGGGTATTCTCTTGCCT 

COL1A1 GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC 

 

 

3.11. Statistical analysis  

Swelling, storage modulus, compressive stress and Young's modulus values of GelMA 

and BMP-GelMA hydrogels were recorded in independent experiments (n=3) for each 

data point. Cell viability was determined from Live/Dead images (n=3). Calcification 

area (H&E staining) and antibody-reactivity via immunofluorescence were obtained from 

independent experiments (n=3) at 4 weeks. The values were analyzed with Origin Pro 8.5 

(OriginLab Co, Northampton, MA) using one-way analysis of variance (ANOVA) with 

Bonferroni’s post-hoc test and SPSS 12.0 software (SPSS Inc., Chicago, IL, USA). P-

values lower than 0.05 were considered statistically significant.  
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4. RESULTS 

4.1. Conjugation of BMP-mimetic peptide into GelMA hydrogel  

The methacrylation of the synthesized GelMA was measured by 1H NMR spectroscopy 

(Figure 30A,B). The percent methacrylation of GelMA was dependent on the amount of 

MAA/gelatin. In this study, 80% methacrylated GelMA was used. FITC-labeled BMP 

peptide was used to confirm its conjugation to and stability in the GelMA hydrogel over 

time (Figure 30C). The GelMA hydrogel with nonconjugated BMP-peptide showed a 

rapid release of BMP-peptide from the GelMA hydrogel with more than 50% reduction 

in fluorescent intensity within 7 days. However, the BMP-conjugated GelMA hydrogel 

maintained greater than 40% fluorescent intensity after 28 days of incubation. This 

indicates that the BMP-peptide chemically bound to GelMA hydrogel was effectively 

conjugated and stabilized in the hydrogel.  
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Figure 30. GelMA synthesis and BMP-mimetic peptide conjugation. A) 1H NMR analysis of 

GelMA synthesis with different amounts of MAA/gelatin (mL/g). B) Percent (%) methacrylation 

of GelMA is dependent on MAA amount. C) Normalized fluorescent intensity of FITC-BMP-

conjugated GelMA constructs.  

 

4.2. Characterization of BMP-mimetic peptide-tethering GelMA hydrogels 

The rheological properties of GelMA and BMP-GelMA hydrogels were analyzed, both 

before and after UV crosslinking, with a 1 Hz oscillating frequency and 0.1% oscillating 

strain (Figure 31A,B). GelMA and BMP-GelMA bioinks exhibited a ~2 kPa storage 

modulus (G’) before UV crosslinking and exhibited a sharp increase to ~4 kPa after UV 

crosslinking. Both before and after crosslinking, the GelMA group had slightly higher 

storage modulus than the BMP-GelMA group. We expect that this is due to the 

conjugation of BMP-SH peptide to the double bonds in MA, which minimally, but not 

statistically significantly, reduces the number of double bonds available for crosslinking.  
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The Young's modulus measured after crosslinking showed that the BMP-GelMA group 

had a slightly lower Young's modulus than the GelMA without BMP, but the difference 

was not statistically significant (Figure 31C). BMP-peptide conjugation also did not 

impact the swelling ratio (Figure 31D) or mass loss (Figure 31E) of GelMA, with similar 

values obtained for both GelMA and BMP-GelMA constructs.  

 

 

Figure 31. Mechanical Properties of GelMA and BMP-GelMA constructs. A) Storage modulus 

(G’) and loss modulus (G”) as measured via strain sweep. GelMA was tested both with and 

without BMP-conjugation and before and after crosslinking. B) Storage modulus of GelMA with 

and without BMP-conjugation, before and after crosslinking. C) Young’s modulus of crosslinked 

GelMA with and without BMP-conjugation measured via compression test. D) Swelling ratio of 

GelMA bioink with and without conjugated BMP. E) Percent mass lost over time of GelMA 

bioink with and without BMP-conjugation.  

 

4.3. In vitro cell viability and proliferation in the bioprinted dental constructs 

Dental constructs were successfully bioprinted on the ITOP system (Figure 32A). Cell 

viability was measured via Live/Dead staining of hDPSCs in bioprinted GelMA and 
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BMP-GelMA constructs cultured for 1, 4, 7, and 14 days. In all of the groups, most of the 

hDPSCs were alive (green), with only a few dead cells detected (red) at each time point 

(Figure 32B). Analyses of 1-day constructs showed that live cells were evenly distributed 

after 3D cell printing in both groups. Over a period of 14 days, the cells began to exhibit 

a healthy, spread morphology. To quantify cell viability, the number of live cells were 

counted and expressed as a percentage of the total number of cells (Figure 32C). These 

results showed cell viability above 90% for all groups at all time points. The cell 

proliferation in the bioprinted dental constructs was also measured using AlamarBlue® 

assay (Figure 32D). In both GelMA and BMP-GelMA, we observed a 15% increase in 

the O.D. value from 1 to 3 days, a 5% increase from 3 to 7 days, and a 3% increase from 

7 to 10 days. These results indicate that the hDPSCs maintained their viability and 

proliferation capability in the bioprinted dental constructs in both the GelMA and BMP-

GelMA constructs. Furthermore, there was no significant difference in hDPSC viability 

or proliferation between the GelMA and BMP-GelMA constructs, indicating that the 

BMP-mimetic peptide did not have an obvious influence on cell viability and 

proliferation.  
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Figure 32. hDPSC viability and proliferation. A) Schematic of printing code, photograph of 

bioprinting set-up, and printed structure. B) Live/dead staining of hDPSCs in the bioprinted 

constructs at 1, 4, 7, and 14 days after printing. C) Quantification of percent cell viability. D) Cell 

proliferation of hDPSCs within bioprinted constructs.  

 

4.4. Histological and immunofluorescent analyses of the bioprinted dental constructs 

To investigate the effect of BMP-mimetic peptide on hDPSC differentiation, the 

bioprinted hDPSCs-laden GelMA and BMP-GelMA constructs were cultured and 

analyzed at 2 or 4 weeks in either NGM, OM or OM-D. Cell morphology and ECM 
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production were examined by H&E staining (Figure 33A). According to the H&E 

staining results, cells were evenly distributed at both 2 and 4 weeks, which implies the 

cells were homogeneously dispersed in the bioink during the printing process.  

 

In the Alizarin Red S stained sections (Figure 33B), no calcium deposition in the 

constructs was observed at 2 weeks in any of the cultured construct groups. By 4 weeks, 

weak calcium deposition was observed in all of the constructs except for those cultured in 

GelMA without BMP peptide in NGM. For the 4 week constructs, calcified AR stained 

areas were 34% for GelMA without BMP peptide in OM, 12% for BMP-GelMA in 

NGM, 49% for BMP-GelMA in OM-D, and 55% for BMP-GelMA in OM (Figure 33C). 

The BMP-mimetic peptide conjugation groups exhibited higher AR stained areas as 

compared to their non-BMP counterparts, and even induced small amounts of calcified 

tissue matrix formation in the NGM group. These results indicated that the BMP-mimetic 

peptide could promote hDPSC differentiation in in vitro cell culture.  
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Figure 33. Osteogenic differentiation of hDPSCs in 3D dental constructs. A) H&E and B) 

Alizarin Red staining of 3D bioprinted dental constructs after 2 and 4 weeks under different 

media in vitro culture and bioink conditions. C) Quantification of Alizarin Red staining assay (*p 

< 0.05).  

 

Immunofluorescent staining of sectioned GelMA and BMP-GelMA constructs was 

performed to investigate DSPP and OCN expression in the 3D bioprinted dental 

constructs (Figure 34A,B). At 2 weeks, only slight positive staining for DSPP and OCN 

was observed. The levels of expression remained unchanged at 4 weeks for the GelMA 

without BMP peptide in NGM group, while in contrast, the GelMA with OM, and the 

BMP-GelMA constructs cultured using all medium conditions, showed strong DSPP 

(red) and OCN (green) expression, indicating hDPSC differentiation. DSPP and OCN 

expressions were quantified in the 4-week cultured construct groups by measuring red 

and green stained areas as a percentage of the total tissue area (Figure 34C,D). Overall, 
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BMP-GelMA groups showed higher DSPP and OCN expression as compared to GelMA 

alone groups under similar NGM conditions. DSPP and OCN expression patterns were 

similar between GelMA alone construct cultured in OM, and BMP-GelMA constructs 

cultured in NGM, suggesting that BMP conjugation could compensate for the lack of 

osteogenic factors in the tissue culture medium. Within the BMP-GelMA group, 

constructs cultured in OM-D showed increased DSPP and OCN expression levels as 

compared to BMP-GelMA constructs cultured in NGM. Expression levels increased even 

further in OM cultured BMP-GelMA constructs, indicating that conjugated BMP has a 

synergistic effect when used along with osteogenic differentiation culture medium. These 

results agree well with the observed Alizarin Red staining results, which together, suggest 

that BMP mimicking peptide can promote osteogenic gene expression in in vitro cultured 

3D bioprinted dental constructs. 
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Figure 34. Osteogenic differentiation marker expression of in vitro cultured 3D bioprinted dental 

constructs. Immunofluorescent staining of A) DSPP and B) OCN expression in bioprinted 

constructs after 2 and 4 weeks under different media and bioink conditions. Quantification of C) 

DSPP and D) OCN expression (* p < 0.05). 

 

4.5. qRT-PCR analysis 

Quantitative RT-PCR analyses were conducted on 3D bioprinted dental constructs 

(Figure 35). Constructs were assessed for expression of the odontogenic marker DSPP 

and osteogenic markers Collagen I, Runx2, BGLAP (OCN), as compared to the 

housekeeping gene GAPDH. After 2 weeks, we observed a slight increase in expression 

of Runx2, an early osteogenic differentiation marker, in the GelMA OM, BMP-GelMA 

OM, and BMP-GelMA OM-D groups. Little to no change in gene expression was 

observed at 2 weeks for Collagen I, DSPP and BGLAP. After 4 weeks, the expression of 
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Collagen I, DSPP and BGLAP mRNA increased in all groups except for the GelMA 

NGM group. The expression level of collagen type I mRNA was slightly higher in the 

BMP-GelMA groups for all media conditions, as compared to the GelMA OM group. For 

DSPP and BLGAP, the BMP OM and BMP OM-D groups exhibited 1.5 to 2 times fold 

higher expression levels as compared to the GelMA OM group. In particular, the BMP-

GelMA NGM group exhibited 7 fold higher DSPP and 3 fold higher BGLAP expression 

levels as compared to GelMA NGM constructs. 

 

 

 
Figure 35. qRT-PCR analyses of in vitro cultured 3D printed dental constructs. Gene expression 

of DPSCs in bioprinted constructs with and without BMP-conjugation of A) RUNX2, B) 

COL1A1, C) BGLAP, and D) DSPP at 2 and 4 weeks under various media conditions. 

 



192 

 

5. DISCUSSION  

In cases of facial trauma, no two defects are similar in size or shape. In addition, 

achieving aesthetic symmetry of repaired craniofacial defects is especially important. As 

such, 3D bioprinting is particularly advantageous for manufacturing precise 3D 

constructs with regional specificity, [26, 37, 38] capabilities that are essential for targeted 

regeneration of complex, multi-tissue craniofacial defects such as the jaw bone and tooth 

interface. For this purpose, we aimed to develop a BMP-mimetic peptide-conjugated 

odontogenic-specific bioink for 3D bioprinting of hDPSCs, to fabricate dental constructs. 

We hypothesized that BMP-mimetic peptide could enhance the differentiation of hDPSCs 

within the bioprinted dental constructs.  

 

In this study, we used the thiolated BMP peptide that could simply conjugate with the 

double bonds in the GelMA hydrogel during the UV light crosslinking, thereby providing 

long-term stability and effectiveness of the BMP peptide in the 3D bioprinted constructs. 

The stability experiment of FITC-labeled BMP-SH showed stable conjugation to the 

GelMA up to 3 weeks of incubation, with over 40% of BMP-SH remaining in the 

bioprinted dental constructs at 4 weeks. Moreover, BMP-conjugation did not significantly 

affect the bioink’s degradation profile, swelling ratio, or mechanical properties before or 

after UV crosslinking. Cell viability and cell proliferation were high in constructs with 

and without BMP-conjugation. Therefore, by simple mixing with the GelMA, we found 

that BMP-SH could be incorporated into the GelMA bioink without impacting the 

bioink’s basic properties. This is a significant benefit as it makes incorporation of BMP-
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SH into bioinks an easy and straightforward process. Additionally, these results also 

suggest that any differences found between GelMA and BMP-GelMA groups were 

caused directly by BMP-SH activity, rather than indirectly through more broad 

differences in the bioink’s properties.  

 

We also tested the effect of BMP-conjugated GelMA constructs on the differentiation of 

hDPSCs using histological, immunofluorescence, and qRT-PCR analyses. H&E staining 

confirmed the homogenous distribution of hDPSCs and elaboration of mineralized tissue 

matrix production in all groups. Alizarin Red staining showed higher calcium deposition 

in the BMP-GelMA groups as compared to the GelMA alone groups, which implies 

higher active odontogenic differentiation of hDPSCs in the bioprinted BMP-GelMA 

constructs. This was true whether the constructs were cultured in the normal growth 

media or osteogenic differentiation media. A small increase in calcium deposition was 

observed in BMP-GelMA constructs were cultured in the growth media, indicating that 

BMP-conjugation was at least partially able to drive odontogenic differentiation of 

hDPSCs independently of differentiation factors in the media. A modest increase was 

also seen in the bioprinted constructs cultured in OM media, indicating that the inclusion 

of BMP-conjugation could have a synergistic effect when combined with the OM media.  

 

Similar results were obtained for the immunofluorescence analyses of DSPP and OCN 

expression in the bioprinted dental constructs. Expression of both DSPP and OCN were 

higher in the BMP-GelMA groups than in the GelMA alone groups. When quantified, 

these results tracked very closely with those obtained using Alizarin Red staining. These 
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results further support the conclusion that the addition of BMP-conjugation to GelMA 

bioinks can increase the odontogenic/osteogenic behavior of hDPSCs both independently 

of, and synergistically with, the differentiation media. In particular, the DSPP 

immunostaining suggests the BMP-conjugation may have potential in dental applications 

in addition to those in bone.  

 

The results of qRT-PCR also confirmed that the BMP-GelMA groups expressed more 

odontogenic and osteogenic differentiation mRNAs than the GelMA groups. When 

comparing groups with similar media conditions, hDPSCs in BMP-GelMA constructs 

showed similar Runx2 expression, slightly more collagen type I expression, and 

significantly more DSPP and OCN expression than their GelMA only counterparts. 

Comparing within bioink groups and across different media conditions, expression of all 

four markers was increased in OM conditions relative to NGM conditions, which is 

consistent with the existing body of literature.  

 

The development of tissue-specific bioinks would be highly beneficial for regenerating 

3D bioprinted multi-dimensional constructs similar to native tissues and organs. The 

results of this study indicate that this BMP-mimetic peptide, when tethered to GelMA via 

simple thiol introduction and UV crosslinking, can provide an odontogenic 

microenvironment within the bioprinted constructs. Future work could look to improve 

upon the long-term stability of the BMP-mimetic peptide in culture, and in in vivo 

implanted constructs, as well as its odontogenic capabilities. Efforts to continually 

improve the local odontogenic microenvironment within the bioprinted dental constructs 



195 

 

using complementary strategies will also likely be necessary to reach clinical application. 

Finally, additional studies will also need to be conducted to investigate whether this 

strategy can be used to induce regional differences in cell behavior within constructs.  

 

6. CONCLUSION 

Here we describe the development of a novel BMP-mimetic peptide-tethering bioink for 

3D bioprinted bioengineered dental tissue constructs. This bioink formulation provided 

proper printability and dental-specific microenvironment to support hDPSC 

differentiation. The results from this study showed that the BMP-GelMA bioink 

formulation supported high hDPSC viability and proliferation, and accelerated their 

odontogenic differentiation in 3D bioprinted constructs. Together, these results 

demonstrate that 3D bioprinting strategies, combined with a novel BMP-peptide-tethered 

bioink, have great potential to successfully create bioengineered dental tissue constructs 

of a specified size and shape for use in future applications in regenerative medicine and 

dentistry. 
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Chapter VI: Summary of Research 
 

The research presented in this dissertation has yielded important contributions to the 

fields of bioprinting and regenerative medicine. Through the development of assessment 

techniques and subsequent experimental testing and data analysis, the following 

objectives have been completed: 

1. Characterization of the effect of G’, G”, and tan(δ) on the extrudability, 

uniformity, and shape fidelity of Gelatin-Alginate bioinks. 

2. Demonstration of the insignificant effect of cell concentration, up to 40 x 106 

cells/mL, on printing outcomes in a GelMA-Gellan Gum bioink.  

3. Quantification of the dominating influence of speed ratio and minor effects of 

feedrate and flowrate on printing outcomes using a GelMA-Gellan Gum bioink.  

4. Development of the first bioink-specific, 3D printing artifact and associated 

image analysis technique to characterize bioink printing outcomes in a more 

comprehensive and standardized fashion.  

5. Preliminary investigation of the complex relationships between rheological 

properties and printing outcomes, demonstrating the need for a more holistic 

approach to rheological characterization and direct measurement of printing 

outcomes.  

6. Characterization of the effects of a BMP-mimetic, conjugating peptide on the 

physical properties of a GelMA bioink and its ability to both induce and 

synergistically increase osteogenic differentiation in Dental Pulp Stem Cells.  
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Results from Chapter II characterized the printability of a commonly used bioink. 

Perhaps more importantly, it also was the first step in developing the bioink artifact 

methodology and provided initial evidence that the relationships between rheological 

parameters and printing outcomes are not straightforward. Chapter III further advanced 

the artifact, incorporating a crosshatch structure, analysis of the 5-layer tube from above, 

and automating the image analysis process. These experiments also showed the 

dominating effect of an often neglected printing parameter, speed ratio, and the negligible 

effect of cell concentration, both of which should assist researchers in their selection of 

these parameters for future experiments. Chapter IV again advanced the artifact, adding 

several measures and two additional structures: the overhang collapse and turn accuracy 

tests. This artifact was utilized in an exploratory investigation which showed the artifact 

capable of detecting differences between bioinks and showed rheological properties as a 

poor proxy for printability. These results should encourage researchers to prioritize direct 

measurements of printing outcomes and more complete rheological characterizations. 

Additionally, it may serve as a starting point for the development of more predictive 

rheological models of bioink printability. Lastly, Chapter V took a bioink with acceptable 

printability, but excellent general biological properties and further improved its tissue-

specific biological properties through the conjugation of a BMP mimetic peptide. The 

results of this study demonstrate the effectiveness of this particular strategy. Further, it 

provides the rationale to move forward to in vivo experimentation and should encourage 

researchers to apply similar tissue-specific strategies to other tissue types. The research 

and background information presented in Chapters I – V have been or are expected to be 

published in the scientific journals listed in Table 13.  
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 Table 13. Publication plan for research outlined in this dissertation.  

Chapter Publication Title Journal/Textbook 

I Three-Dimensional Tissue and Organ 

Printing in Regenerative Medicine 

Principles of Regenerative 

Medicine† 

I Assessment Methodologies for 

Extrusion-Based Bioink Printability 

Biofabrication† 

I Physical and Chemical Factors 

Impacting the Printability of Cell-

based Extrusion Bioinks 

Chemical Reviews* 

I Bone and Cartilage Tissue 

Engineering 

Encyclopedia of Tissue 

Engineering and Regenerative 

Medicine† 

II Optimization of gelatin-alginate 

composite bioink printability using 

rheological parameters: a systematic 

approach 

Biofabrication† 

III The Effect of Speed Ratio, Cell 

Density, and Rheology on the 

Printability of Bioinks 

In preparation, TBD 

IV An Exploratory Study on the 

Influence of Rheological Factors on 

Bioprinting Outcomes 

In preparation, TBD 

V The effect of BMP-mimetic peptide 

tethering bioinks on the 

differentiation of dental pulp stem 

cells (DPSCs) in 3D bioprinted dental 

constructs 

Biofabrication* 

†Published 

*Submitted 
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Physical Therapy Department  

University of Delaware, Newark, DE 

 

Research involved assessing and treating patients with 

bilateral asymmetry associated with total hip 

arthroplasty or total knee arthroplasty in a physical 

therapy setting.  

 

06/2012 – 06/2013 
10 hrs/wk 

Undergraduate Research Assistant to Dr. William Rose 

Department of Kinesiology & Applied Physiology 

University of Delaware, Newark, DE 

 

Research involved investigating changes in cerebral 

blood flow in heat- and cold-stressed individuals.  

 

 
Student Organization Memberships 

  

Peer Mentoring Program 

Wake Forest Graduate School 

 

2018 – present 

Wake Up to Science 2018 – present 

Wake Forest Graduate School  

  

WFIRM Member Ambassador 

Wake Forest Institute for Regenerative 

Medicine  

 

Wellness Committee 

2017 – present  

 

 

2016 – 2019 
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Wake Forest Graduate School 

 

Biomedical Engineering Society 

VT-WFU Chapter 

 

 

2014 - present 

 

Biomedical Engineering Society 

University of Delaware Chapter  

 

2012 - 2014 

 

  
Professional Workshops 

1) Clinical Research Methods Short Course  12/2019 

 Wake Forest BERD Program, Winston-Salem, NC 

2) Clinical Research Associate Academy (Instructor Led)  12/2019 

 VIARES, online 

3) ICH Good Clinical Practice E6 (R2)  10/2019 

 Global Health Training Network, online  

4) Introduction to Clinical Research 10/2019 

 Global Health Training Network, online  

5) Technology Transfer Bootcamp 09/2019 

 Wake Forest Innovations, Winston-Salem, NC 

6) Regulatory and Reimbursement Strategies  04/2019 

 Wake Forest Graduate School, Winston-Salem, NC 

7) Advancements in Tissue Engineering 08/2018 

 Rice University, Houston, TX 

8) Commercializing Innovation 04/2018 

 Wake Forest Graduate School, Winston-Salem, NC 

9) Principles of Intellectual Property  07/2017 

 Wake Forest Graduate School, Winston-Salem, NC 

10) Regenerative Medicine Essentials  06/2017, 06/2018, & 06/2019 

 WFIRM, Winston-Salem, NC  

 
Publications and Papers 
In preparation:  

1) Gregory J. Gillispie , James J. Yoo, Anthony Atala, Sang Jin Lee, “An Exploratory 

Study on the Influence of Rheological Factors on Bioprinting Outcomes.”   

2) Gregory Gillispie , Albert Han, Meryem Uzun-Per, Anthony Atala, James Yoo, Khalid 

Niazi, Sang Jin Lee, “The Effect of Speed Ratio, Cell Density, and Rheology on the 

Printability of Bioinks”  

3) Adam Jorgensen, Zischuai Chou, Gregory Gillispie , Sang Jin Lee, Anthony Atala, 

Shay Soker, “Skin Extracellular Matrix (sECM) Improves the Physical Properties  of 

Fibrinogen Hydrogel for Skin Bioprinting Applications.  

4) Meryem Uzun-Per, Gregory Gillispie , Thomas Erol Tavolara, Sang Jin Lee, Metin 

Nafi Gurcan, Khalid Niazi, “Automated Image Analysis Methodologies to Compute 

Bioink Printability: A Step Towards Quali ty Tissue Regeneration.”  

Under Review:  

1) Sang Cheon Lee, Gregory J. Gillispie , Peter Prim, Sang Jin Lee, “Physical and 

Chemical Factors Impacting the Printability of Cell -based Extrusion Bioinks” 

Chemical Reviews.  
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2) Ji Hoon Park, Gregory J. Gillispie , Joshua J. Copus, Weibo Zhang, Anthony Atala, 

James J. Yoo, Pamela C. Yelick, Sang Jin Lee, “The effect of BMP -mimetic peptide 

tethering bioinks on the differentiation of dental pulp stem cells (DPSCs) in 3D 

bioprinted dental constructs” Biofabrication.  

Published: 

1) Gregory J. Gillispie, Peter Prim, Joshua S. Copus, John P. Fisher, Antonios G. Mikos, James 

Yoo, Anthony Atala, and Sang Jin Lee, "Assessment Methodologies for Extrusion-Based Bioink 

Printability." Biofabrication, 2020. 12(2): p. 022003. 

2) Wei Nie, Yiming Gao, David J. McCoul, Gregory J. Gillispie, YanZhong Zhang, Li Liang, and 

ChuangLong He, "Rapid Mineralization of Hierarchical Poly(L-Lactic Acid)/Poly(Epsilon-

Caprolactone) Nanofibrous Scaffolds by Electrodeposition for Bone Regeneration." 

International Journal of Nanomedicine, 2019. 14: p. 3929-3941. 

3) Gregory J. Gillispie, Sang Jin Lee, and James J. Yoo, "Bone and Cartilage Tissue Engineering," 

in Encyclopedia of Tissue Engineering and Regenerative Medicine, R.L. Reis, Editor. 

2019, Academic Press. 

4) Gregory J. Gillispie, Christopher Mclouth, Philip J. Brown, and Majid Mirzazadeh, 

""Incremental Syringe" a Novel, User-Friendly Syringe to Inject of a User-Friendly Syringe to 

Inject Botulinum Toxin with Improved Accuracy, Precision, and Speed." Journal of Urology 

and Renal Diseases, 2019. JURD-1133. 

5) Gregory J. Gillispie, Jihoon Park, Joshua S. Copus, Anil Kumar Pallickaveedu Rajan Asari, 

James J. Yoo, Anthony Atala, and Sang Jin Lee, "Three-Dimensional Tissue and Organ Printing 

in Regenerative Medicine," in Principles of Regenerative Medicine. 2019. p. 831-852. 

6) Wei Nie, Xinyi Dai, Dejian Li, David J. McCoul, Gregory J. Gillispie, YanZhong Zhang, 

Baoqing Yu, and ChuangLong He, "One-Pot Synthesis of Silver Nanoparticle Incorporated 

Mesoporous Silica Granules for Hemorrhage Control and Antibacterial Treatment." ACS 

Biomaterials Science & Engineering, 2018. 4(10): p. 3588-3599. 

7) Gregory J. Gillispie, Teng Gao, Joshua S. Copus, Anil Kumar, Young Joon Seol, Anthony 

Atala, James J. Yoo, and Sang Jin Lee, "Optimization of Gelatin-Alginate Composite Bioink 

Printability Using Rheological Parameters: A Systematic Approach." Biofabrication, 2018. 10(3): 

p. 034106. 

8) Gregory J. Gillispie, "Medical Applications of 3d Printing", in The Intellectual: Art, Science, 

and Architecture. 2018. 

9) Gregory J. Gillispie, Sharon N. Babcock, Kyle P. McNamara, Michaela E. Dimoff, Arun Aneja, 

Philip J. Brown, and Eben A. Carroll, "Biomechanical Comparison of Intrapelvic and Extrapelvic 

Fixation for Acetabular Fractures Involving the Quadrilateral Plate." Journal of Orthopaedic 

Trauma, 2017. 31(11): p. 570-576. 

10) Mona Saffarzadeh, Gregory J. Gillispie, and Philip J. Brown, "Selective Laser Sintering (Sls) 

Rapid Prototyping Technology: A Review of Medical Applications", in Rocky Mountain 

Bioengineering Symposium. 2016: Denver. 

11) Sumayeh Abujaber, Gregory J. Gillispie, Adam Marmon, and Joseph Zeni Jr., "Validity of the 

Nintendo Wii Balance Board to Assess Weight Bearing Asymmetry During Sit-to-Stand and 

Return-to-Sit Task." Gait & Posture, 2015. 41(2): p. 676-82. 

 

Conferences and Presentations 

1) Gregory Gillispie, James Yoo, Anthony Atala, Sang Jin Lee. “Development of an 

Artifact for Assessing Bioink Printability” Orlando, FL, TERMIS Americas , 

December 2019 (poster).  
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2) Gregory Gillispie, Jihoon Park, Joshua Copus, Weibo Zhang, Anthony Atala, James 

Yoo, Pamela Yelick, Sang Jin Lee, “The Effect of Peptide -tethering Bioinks On The 

Differentiation Of Human Dental Pulp Stem Cells In The Bioprinted Dental 

Construct” Orlando, FL, TERMIS Americas , December 2019 (podium). 

3) Gregory Gillispie, James Yoo, Anthony Atala, Sang Jin Lee. “Development of an 

Artifact for Assessing Bioink Printability” Columbus, OH, International Conference 

on Biofabrication , October 2019 (poster).  

4) Gregory Gillispie, James Yoo, Anthony Atala, Sang Jin Lee. “Printability for Bioink 

Development” Blacksburg, VA, Virginia Tech-Wake Forest University School of 

Biomedical Engineering and Sciences Research Symposium , May 2019 (podium) 

5) Gregory Gillispie , Josh Copus, Teng Gao, Anil Kumar Asari, Young-Joon Seol, 

James Yoo, Anthony Atala, Sang Jin Lee.  “Optimization of Gelatin-Alginate 

Composite Bioink Printability using Rheological Parameters: A Systematic Approach” 

Atlanta, GA, Biomedical Engineering Society Annual Meeting , October 2018 

(podium) 

6) Gregory Gillispie, Ji Hoon Park, Amelia Hurley-Novatny, James Yoo, Anthony Atala, 

Sang Jin Lee. “Bioprinted Constructs for Simultaneous Bone and Cartilage Tissue 

Engineering” Winston-Salem, NC, Virginia Tech-Wake Forest University School 

of Biomedical Engineering and Sciences Research Symposium , May 2018 

(poster) 

7) Gregory Gillispie , Ji Hoon Park, Amelia Hurley-Novatny, James Yoo, Anthony Atala, 

Sang Jin Lee. “Bioprinted Constructs for Simultaneous Bone and Cartilage Tissue 

Engineering” Charlotte, NC, The Center for Biomedical Engineering & Science 

Symposium , May 2018 (poster) 

8) Gregory Gillispie , Joshua Copus, Anil Kumar Asari, Teng Gao, James Yoo, Anthony 

Atala, Sang Jin Lee. “Optimization of Hydrogel -based Bioink Printability using 

Rheological Parameters: A Systematic Approach” Charlotte, NC, WFIRM Annual 

Retreat , January 2018 (poster) 

9) Gregory Gillispie , Joshua Copus, Anil Kumar Asari, Teng Gao, James Yoo, Anthony 

Atala, Sang Jin Lee. “Optimization of Hydrogel -based Bioink Printability using 

Rheological Parameters: A Systemat ic Approach” Charlotte, NC, TERMIS-AM, 

December 2017 (poster) 

10) Gregory Gillispie , Joshua Copus, Anil Kumar Asari, Teng Gao, James Yoo, Anthony 

Atala, Sang Jin Lee. “Optimization of Hydrogel -based Bioink Printability using 

Rheological Parameters: A Systematic Approach” Charlotte, NC, NCTERMS, 

November 2017 (poster) 

11) Gregory Gillispie. “Medical Applications of 3D Printing” George Town, Grand 

Cayman, KY, STEM Carrib, October 2017 (podium) 

12) Gregory Gillispie. “Bioprinting as a Regenerative Medicine Strategy” George Town, 

Grand Cayman, KY, STEM Carrib, October 2017 (podium) 

13) Gregory Gillispie, Philip Brown. “Evaluation of a Novel Incremental Syringe to 

Improve on Accuracy and Precision of Dosing” Phoenix, AZ, Biomedical 

Engineering Society Annual Meeting , October, 2017 (podium) 

14) Gregory Gillispie , Teng Gao, Joshua Copus, James Yoo, Anthony Atala, Sang Jin 

Lee. “Optimization of Bioink Printability using Rheological Parameters” Blacksburg, 

VA, Virginia Tech-Wake Forest University School of Biomedical Engineering 

and Sciences Research Symposium , May 2017 (poster) 
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15) Gregory Gillispie , Teng Gao, Joshua Copus, James Yoo, Anthony Atala, Sang Jin 

Lee. “Optimization of Bioink Printability using Rheological Parameters” Winston -

Salem, NC, 3D Bioprinting: Physical and Chemical Processes Conference , May 

2017 (poster) 

16) Gregory Gillispie , Philip Brown, Joel Stitzel. “A Biomechanical Comparison of 

Extrapelvic and Intrapelvic Fixation for Anterior Column with Posterior -

Hemitransverse Acetabular Fractures” Winston-Salem, NC, Virginia Tech-Wake 

Forest University School of Biomedical Engineering and Sciences Research 

Symposium , May 2016 (podium) 

17) Gregory Gillispie , Philip Brown, Sharon Babcock, Kyle McNamara, Joel Stitzel, Eben 

Carroll. “A Biomechanical Comparison of Intrapelvic and Extrapelvic Fixation for 

Anterior Column with Posterior-Hemitransverse Acetabular Fractures” Orlando, FL, 

Orthopedic Research Society Annual Meeting , March 2016 (poster) 

18) Gregory Gillispie , Philip Brown, Jared Mitchell, James West, Joel Stitzel, Wesley 

Hsu. “Hybrid Fusion Technique of Standard Pedicle and Cortical Bone Screws in 

Lumbar Spine Fusion” Orlando, FL, Orthopedic Research Society Annual 

Meeting , March 2016 (poster) 

19) Gregory Gillispie , Philip Brown, Joel Stitzel, Eben Carroll. “A Biomechanical 

Comparison of Intrapelvic and Extrapelvic Fixation for Anterior Column with 

Posterior-Hemitransverse Acetabular Fractures” Tampa, FL, Biomedical 

Engineering Society Annual Meeting , October 2015 (poster) 

20) Gregory Gillispie , Philip Brown, Joel Stitzel. “A Review of Rapid Proto typing 

Applications for Surgical Implants” Blacksburg, VA, Virginia Tech-Wake Forest 

University School of Biomedical Engineering and Sciences Research 

Symposium , May 2015 (poster) 

21) Gregory Gillispie , Joseph Zeni Jr., “The Use of a Wii Balance Board to Measu re 

Movement Asymmetry in Patients with Lower Extremity Joint Pathology” Newark, 

DE, Gait and Clinical Movement Analysis Annual Conference , June 2014 

(podium) 

22) Gregory Gillispie , Sumayeh Abujaber, Joseph Zeni Jr., “The Use of a Wii Balance 

Board as a Research and Rehabilitation Tool” Newark, DE, Center for 

Biomechanical Engineering Research Symposium , April 2014 (poster) 

23) Gregory Gillispie, Kimberly Ashton, William Rose, “The Effect of Heating and 

Cooling on Cerebral Blood Flow” Newark DE, Undergraduate Research Scholars 

Poster Day, April 2013 (poster) 

24) Gregory Gillispie, William Rose, “Anatomy of the Cerebral Venous System” Newark, 

DE, Undergraduate Research and Service Celebratory Symposium , August 2012 

(poster) 

 

 

 


