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Abstract

The investigation of novel hydrogel systems allows for the study of relationships between 

biomaterials, cells, and other factors within osteochondral tissue engineering. Three-dimensional 

(3D) printing is a popular research method that can allow for further interrogation of these 

questions via the fabrication of 3D hydrogel environments that mimic tissue-specific, complex 

architectures. However, the adaptation of promising hydrogel biomaterial systems into 3D-

printable bioinks remains a challenge. Here, we delineated an approach to that process. First, 

we characterized a novel methacryloylated gelatin composite hydrogel system and assessed how 

calcium phosphate and glycosaminoglycan additives upregulated bone- and cartilage-like matrix 

deposition and certain genetic markers of differentiation within human mesenchymal stem cells 

(hMSCs), such as RUNX2 and SOX9. Then, new assays were developed and utilized to study the 

effects of xanthan gum and nanofibrillated cellulose, which allowed for cohesive fiber deposition, 

reliable droplet formation, and non-fracturing digital light processing-printed (DLP) constructs 

within extrusion, inkjet, and digital light processing techniques, respectively. Finally, these bioinks 

were used to 3D print constructs containing viable encapsulated hMSCs over a seven-day period, 

where DLP printed constructs facilitated the highest observed increase in cell number over seven 

days (~2.4×). The results presented here describe the promotion of osteochondral phenotypes 

via these novel composite hydrogel formulations, establish their ability to bioprint viable, cell-

encapsulating constructs using three different 3D printing methods on multiple bioprinters, and 

document how a library of modular bioink additives affected those physicochemical properties 

important to printability.
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Graphical Abstract

1. Introduction

Tissue engineering seeks to combine cells, growth factors, and scaffolds with external 

stimuli to regenerate or replace tissue [1]. The earliest kinds of scaffold fabrication 

included simple molding, sintering, electrospinning, and particulate leaching of metals, 

plastics, and hydrogels [2–5]. More recently, however, the use of hydrogels has dominated 

tissue engineering approaches, likely because of these materials’ ability to encapsulate 

cells, match native tissue mechanical properties, and recapitulate the native aqueous 

extracellular environment and its diffusional characteristics [6]. Furthermore, the use of 

three-dimensional (3D) bioprinting in recent literature has catalyzed the initiation of 

studies seeking to investigate questions of scaffold complexity, as 3D printing’s different 

modalities and accessible technology allow for construction of living tissue constructs with 

heterogeneous architectures, spatial patterns, and multiple cell types [1,7,8].

Osteochondral tissue is an example of this heterogeneous architecture. This junction joining 

articular cartilage to bone gradually transitions from the innermost region of subchondral 

bone to the outermost region of superficial cartilage, which functions as a friction-reducing 

and load-bearing cushion in synovial joints. The chondrocytes present here are essential to 

cartilage tissue function and originate from mesenchymal stem cells (MSCs) found in the 

bone marrow [9,10]. Chondrocytes replace degraded extracellular matrix (ECM) molecules 

to maintain adequate thickness and mechanical properties of the tissue in response to normal 

function and physiological loading [10,11].

Among those ECM molecules secreted are glycosaminoglycans (GAGs) such as hyaluronic 

acid (HyAc), dermatan sulfate, and heparan sulfate. Other proteins called proteoglycans 

associated with GAG chains to fill up most of the interfibrillar space of the ECM and 

contribute to much of the compressive stress distribution of cartilage through their ability 

to attract water [9,10]. HyAc is a non-sulfated GAG that is the most abundant and most 

ubiquitous of all the GAGs in human tissues and it possesses an inherent bioactivity and 

promotes cell proliferation and chondrogenic differentiation [12,13].

The transition from the GAG-laden, relatively soft tissue zone to the denser bone layers 

occurs through the calcified zone and subchondral bone layer, where hydroxyapatite, a 

calcium phosphate (CaP), can be found [9,14]. CaPs have been utilized in the form of 

micro- or nano-powders to create uniform or composite osteoconductive and osteoinductive 

scaffolds [15–18]. CaPs impart high mechanical strength and tunable degradation, from 
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resorption within a few months in the case of beta-tricalcium phosphate (β-TCP) to non-

resorbable crystalline forms of hydroxyapatite [14,19,20].

To construct and study tissue-like architectures, such as the osteochondral junction discussed 

above, a variety of biomaterials have been used. As a base 3D printed bioink polymer, 

collagen is widely utilized since it is the most abundant fibrous protein found in mammalian 

tissues. Gelatin is denatured collagen that has lost its supramolecular fibril structure after 

being subjected to high temperatures, and it possesses many of the same biocompatibility 

and cell adhesive properties as collagen without needing similar sensitive titration methods 

for gelation [1]. Gelatin methacryloyl (gelMA) is the most common form of gelatin 

used in bioinks, along with radical initiators and other crosslinking molecules that might 

participate in covalent network formation for long-term cell culture studies [21,22]. GelMA 

is prepared most commonly via a two-phase reaction involving addition of methacrylic 

anhydride, though adjusting the many different aspects of the synthesis procedure including 

molar excess of reactants, the use of acetic anhydride, and stirring speed may affect the 

final degree of modification and consequent functional properties of the polymer within 

a particular bioink [22–24]. For adaptation of these materials into printable bioinks, 

common additives that dramatically modify viscosity at low concentrations, such as xanthan 

gum (XG) and nanofibrillated cellulose (NFC), have been found suitable for synthesizing 

printable inks and maintaining high cell viability within in vitro studies [25–32].

Within tissue engineering, various 3D printing tools have become increasingly available to 

researchers for the purpose of fabricating cell-laden constructs or tissue-like scaffolds. The 

most common bioprinting methods can be divided into extrusion, inkjet, and digital light 

processing (DLP) [1,33]. The choice of modality depends on the study, as the respective 

technology-specific limitations differ and may preclude approaches to printing a scaffold 

that mimics the properties of a given tissue [1,33–35]. The use of gelatin-based bioinks with 

CaPs or GAGs for osteochondral tissue engineering, with and without stabilizers like XG 

and NFC, has been employed within many recent works [1,27,36–44]. Still, the approach 

shown here of taking a single osteochondral hydrogel system and studying its printability 

over a spectrum of printing modalities, as well as the assays and experiments employed to 

achieve successful fabrication of constructs within each method, has not been documented 

within a single body of work. What is less common, too, is a thoroughly-vetted library 

of both crosslinkable base polymers, such as the gelMAs investigated here, as well as 

modular additives that have been studied for their suitability to compose a bioink that 

is able to fabricate tissue-specific 3D constructs. Thus, the documentation of adapting a 

well-characterized hydrogel system into a ‘universal bioink’ capable of printing in each 

modality would pass along ways to apply other hydrogel platforms to diverse 3D tissue 

engineering approaches, and would be highly valuable to the scientific community [45].

In the following studies, we sought to characterize a novel hydrogel system for 

osteochondral tissue engineering via three bioprinting modalities. Specifically, we 

investigated the ability for β-TCP and methacrylated hyaluronic acid (HAMA) to support 

growth and differentiation of gelMA-encapsulated human MSCs (hMSCs). We examined the 

effects of two candidate gelMA backbone polymers, β-TCP, and HAMA combinations and 

concentrations on viability, proliferation, extracellular matrix deposition, and upregulation of 
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lineage-specific mRNA markers in varied cell culture medium environments. Additionally, 

the effects of XG and NFC on each bioink’s shear-dependent dynamic viscosity and 

retention of fiber or droplet shape were examined via oscillatory and flow rheology or 

printing experiments, respectively. This work also describes novel, high-throughput assays 

developed to understand the relationship between 3D printing parameters such as nozzle 

speed, cartridge pressure, inkjet valve timing, DLP projector crosslinking dosage, and UV 

dye concentration on the resulting resolution and printability of bioprinted constructs within 

each respective printing modality.

We hypothesized that less functionalized gelMA polymer will promote higher cell viability 

and proliferation by possessing fewer non-biodegradable network crosslinks, and that the 

inclusion of β-TCP or HAMA in gelMA compared to gelMA controls would increase each 

bioink’s respective tissue-specific ECM deposition and upregulation of mRNA markers 

by hMSCs for differentiation in both tissue-specific culture medium and mixed media 

environments. Higher additive levels would also decrease hMSC proliferation due to those 

additives lacking the same integrin binding sites as they displace the cell-adhesive gelMA 

base hydrogel with their increasing weight percent. Additionally, we hypothesized that XG 

and NFC would increase low-shear dynamic viscosity and shear-thinning behavior in a dose-

dependent manner, and that increasing these properties would both correspond with stable 

fiber and droplet formation and yield better qualitative 3D printing outcomes as assessed 

by standardized printability trials. Finally, when fabricating tissue engineering constructs 

that encapsulate hMSCs via extrusion, inkjet, or DLP bioprinting, we hypothesized that all 

bioprinting methods will yield constructs with similar encapsulated viability due to tradeoffs 

unique to each bioprinting method, such as how higher cytotoxic shear forces are present 

within nozzle-based inkjet and extrusion printing and how a dose-dependent cytotoxic UV 

absorber compound is utilized within DLP bioink formulations.

2. Materials and Methods

2.1 Materials

Porcine-derived gelatin mathacryloyl or single-functionalized gelatin (SF-gelMA), 

methacrylated hyaluronic acid (HAMA, derived from Streptococcus zooepidemicus), and 

lithium phenyl-(2,4,6-trimethylbenzoyl)phosphinate (LAP) were purchased from Allevi, 

Inc. (Philadelphia, PA). Human-derived gelatin methacryloyl or double-functionalized 

gelatin (DF-gelMA) was purchased from Humabiologics, Inc. (Phoenix, AZ). Non-

modified porcine-derived gelatin was obtained from Nitta (Morrisville, NC). Maxgard 

1800 (benzophenone-9, R1800) was obtained from Lycus (Lycus Ltd., El Dorado, AR). 

Glass-bottomed (#1.5H) 96-well plates were purchased from CellVis (Mountain View, 

CA). Bovine serum albumin (BSA), dexamethasone, ascorbic acid, sodium bicarbonate, 

Dulbecco’s phosphate buffered saline (PBS), transforming growth factor β−3 (TGF-β3), 

Eagle’s minimum essential medium alpha modification (α-MEM), xanthan gum, unsintered 

β-tricalcium phosphate (β-TCP, #13204), proteinase K, iodoacetamide, pepstatin A, von 

Kossa stain kit, acetic acid, hydrofluoric acid, Alcian Blue stain, Nuclear Fast Red 

stain, dimethylmethylene blue reagent (DMMB), and CS-2 CellStack high-volume culture 

chambers were all obtained from Sigma (MilliporeSigma, Burlington, MA). ITS+ Premix 
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Universal Cell Culture Supplement was purchased from Corning, Inc. (Corning, NY). 

Optimal cutting temperature compound, tris-ethylenediaminetetraacetic acid (Tris-EDTA), 

PicoGreen kits, LIVE/DEAD staining kits, TrypLE, and antibiotic-antimycotic were 

purchased from ThermoFisher Scientific (Waltham, MA). Stainless steel beads, RNEasy 

Mini Plus kits, lysis buffers, Qiashredder tissue lyser columns, and RNAprotect tissue 

reagent were purchased from Qiagen (Germantown, MD). iScript cDNA synthesis kit and 

iTaq universal SYBR green supermix were purchased from Bio-Rad Laboratories (Hercules, 

CA). Tapered-flow and needle luer lock extrusion tips were purchased from Nordstrom 

EFD (East Providence, RI). Fetal bovine serum (Benchmark™ FBS) was purchased from 

GeminiBio (West Sacramento, CA). Nanofibrillated cellulose (NFC) was purchased from 

Cellink (Boston, MA). Arsenazo III reagent was purchased from Pointe Scientific (Canton, 

MI). CellTiter-Glo 3D Cell Viability assay and the CellTox Green kit was purchased from 

Promega (Madison, WI). Alizarin Red S stain was purchased from Sciencell (Carlsbad, 

CA). Bone marrow derived mesenchymal stem cells (hMSCs) and their associated expansion 

medium were purchased from ATCC, Inc. (ATCC ® PCS-500–012, Manassas, VA) and 

RoosterBio (Lot #3210264, Sex: Female, Age: 20 yr, CD34 & CD45 antigen: <10% 

positive, CD90 & CD166 antigen: >90% positive, Frederick, MD).

2.2 Expansion of hMSCs

For the encapsulated metabolic activity experiment, bone marrow-derived hMSCs 

(bm-hMSCs) (ATCC, Manassas, VA) were seeded in T-225 flasks according to the 

manufacturer’s recommendation. Cells were expanded in an hMSC growth medium formula 

consisting of α-MEM, 20% FBS, and 1% antibiotic-antimycotic. Cells were passaged 

at ~80–90% confluency and harvested for experiments by passage five. For all other 

cell culture experiments, bm-hMSCs were expanded using RoosterBio high-volume cell 

culture kits and cells. Cells were either cultured in T-225 flasks or CS-2 CellStack 

chambers according to the recommended seeding density and final desired cell count. 

The manufacturer’s cell-specific media with growth factor supplementation was used, with 

media changed every 3 days. Cells were passaged and harvested at 80–90% confluency 

and by passage five for viability experiments or by passage number three for differentiation 

experiments. An incubator set to 95% humidity at 37 °C and 5% CO2 was utilized for all 

cell culturing and expansion. PBS was used to wash away dead cells and TrypLE was used 

to detach cells. To form a pellet for resuspension, cells were centrifuged at 200*g for 5 min. 

To count cell populations, a standard visual hemocytometer was used.

2.3 Cell resuspension and bioink crosslinking for encapsulated viability and proliferation 
studies

Each bioinks’ effects on cell viability and proliferation were studied based on a 

modification to a previously reported high-throughput method [46]. Briefly, upon reaching 

the target confluency and passage number, cells were counted, centrifuged, and resuspended 

thoroughly via pipette in 0.2 mL of cell culture media at 5× final cell density. To 

that microcentrifuge tube, 0.8 mL of 1.2× concentrated bioink was added such that the 

final concentration was 1× when including the cell suspension. After mixing via positive 

displacement pipette, 10 μL of bioink was deposited into a microscopy-suited, glass-bottom 

well plate (n=5). Each droplet was confirmed to not make contact with the well sides and 
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then crosslinked using excess energy with a 405 nm lightguide (Dymax, Torrington, CT) 

for 4 seconds at 1.3 W/cm2, which is 4× the manufacturer recommendation for the gelMA 

materials, to compensate for any commercial batch variability and ensure most reactive sites 

had crosslinked. Afterwards, all samples were washed with PBS to lift any non-encapsulated 

cells, and then 150 μL of growth medium was added and exchanged every 3 days.

To assess viability and proliferation via metabolic activity, adenosine triphosphate ATP 

quantification was used at 2 and 24 hr with a CellTox Green cytotoxicity assay (n=5) [46]. 

Briefly, a vial of CellTiter-Glo 3D Viability assay was fully thawed and applied in 100 μL 

aliquots to all bioink samples after they had been washed for 30 min in PBS and cooled to 

room temperature. The plate was covered in foil, and then incubated for 30 min on an orbital 

shaker to induce lysis an encourage binding of ATP to the reporter. Using a Spectramax 

M2 plate reader (Molecular Devices, San Jose, CA), the luminescent signals were read 

at 15 reads per well. CellTox green was then applied according to the manufacturer’s 

protocols and read for it’s fluorescent signal, which binds to dead cells’ DNA. All signals 

of experimental groups containing combinations of the β-TCP and HAMA additives were 

divided by the signal of an additive-free control group. The control groups were set as 100% 

relative viability/proliferation.

To assess encapsulated viability via assessment of cell death, a modification of a method 

detailing an extended Live/Dead stain was utilized [46]. Briefly, the calcein AM and 

ethidium homodimer-1 solutions were prepared according to the manufacturer’s instructions. 

After soaking all bioink samples in warm PBS for at least 30 min to remove residual cell 

culture medium, 100 μL of the combined stain was applied for 30 min at 2 and 24 hr 

after experiment initiation. Due to the opacity of suspended β-TCP particles precluding 

z-stack scanning through the sample, a confocal fluorescent microscope was used to stitch 

a 9×9 fields of view into a composite image at 10× magnification at least 100 μm above 

the bottom layer of the glass into the cell-laden sample. Live cell signals were captured as 

green fluorescence in the 515 nm emission channel and dead cells were captured as red 

fluorescence within the 635 nm emission channel (Supp. Fig. 1). The composite field of 

view images were exported to Fiji (open-source software, https://imagej.net/software/fiji/), 

which processed the images such that the autofluorescence of the β-TCP particles were 

ignored and only the brightest signals, the cells, were counted (Supp Fig. 2). Viability was 

reported as the number of living cells divided by the total number of living and dead cells 

counted within each sample (n=5).

2.4 Pre-processing of acidic composite bioink components to buffer pH effects

To mitigate the drop in pH observed when mixing the untreated bioink precursors β-TCP 

and gelMA polymers into aqueous PBS solution, two approaches to buffering the pH were 

used, with all associated data shown in Supp. Fig. 3. First, β-TCP was suspended within 

PBS at 0.25% w/v and mixed for 24 hr at 100 RPM at 37 °C. Afterwards, the suspension 

was vacuum filtered, and the filter paper with the adhered ceramic particles was placed in 

a lyophilizer for 24 hr. The dried ceramic material, now aggregated into flakes, was then 

collected into a glass vial and dispersed via sonicating wand at 50% power for 2 min (Q125, 

QSonica, Newtown, CT) [47]. Following this step, the powder was filtered using a 100 μm 
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metal sieve to remove any remaining large aggregates. The buffered material was confirmed 

to maintain a cell-friendly pH of 7.2 ± 0.2 following measurement with a standard pH 

meter after resuspension in PBS. All gelMA bioinks were dissolved at 10% w/v in PBS 

and buffered with 1.25 mg/mL of NaHCO3, which was the minimum mass empirically 

determined to achieve a pH of >7 for a 10% w/v gelMA solution.

2.5 Assessment of hMSC cytotoxicity using bioink leachable molecules

To investigate the cytotoxicity of leachable content, crosslinked hydrogels were soaked 

in medium and exposed to cell monolayers to measure the effect on viability [48]. All 

composite bioink hydrogel components were sterilized via 24 hr of ethylene oxide exposure 

or germicidal UV for at least 6 hr before gel fabrication. Gels were crosslinked with 405 

nm at the same irradiance and intensity within 30 μL Teflon molds, and then incubated 

with serum free growth medium at 1 mL per cm2 of gel surface area (n=4). After 24 hr of 

incubation with α-MEM, that leaching medium was sterile-filtered and stored. Separately, 

bm-hMSCs were expanded using hMSC growth medium and seeded into a black, opaque 

96-well plate at 15,000 cells per well. After reaching ~90% confluency, the medium was 

aspirated, the cell monolayers were washed once in warm PBS, and then the PBS was 

replaced with 1×, 10×, and 100× dilutions of 100 μL of filtered leachables medium (n=5). 

Monolayers for the ‘Live’ and ‘Dead’ control were included, which were exposed to fresh 

serum-free medium. After 2 and 24 hr, the medium was aspirated and replaced with 100 μL 

of warm PBS for 5 min. For the Dead control, 100 μL of 70% ethanol was applied for 5 

min. Then, all wells’ media were replaced with 100 μL of prepared calcein AM/ethidium 

homodimer-1 staining solution.

After 30 min of incubation at room temperature in the dark, wells were measured for 515 

nm (‘Live’) fluorescence and 617 nm (‘Dead’) fluorescence using a BioTek Instruments 

(Winooski, VT) FLx800 fluorescence plate reader. The signal from the Live control group 

was set as 100% relative viability, and the Dead signal of the Dead control group was set as 

100% relative cytotoxicity. The respective Live or Dead signals of each experimental group 

were divided by the average fluorescence value of those control groups.

2.6 Comparison of gelMA polymers via photorheology, characterization of molecular 
weight, and assessment of degree of functionalization

Bioinks’ changes in viscoelastic properties after crosslinking were investigated using broad 

spectrum ultraviolet light on a quartz glass-equipped rheometer (Discovery HR-2, New 

Castle, DE). After enabling automatic z-axis control to compensate for any gel shrinkage, 

non-crosslinked samples that had been warmed to 37 °C in a solution state were subject 

to an initial 30 s equilibration period and then crosslinked in oscillation mode with 1 Hz 

sampling within a 500 μm geometry gap under a 20 mm steel plate at 10 mW/cm2 for 5 min. 

For comparisons of molecular weights, both gelMA polymers were subjected to aqueous gel 

permeation chromatography (GPC) (Waters ACQUITY Advanced Polymer Chromatography 

System, Waters, Milford, MA) and compared to a set of 10–80 kDa poly(ethylene glycol) 

standards. All materials were sterile filtered and dissolved in 0.1 M NaNO3 at 10 mg/mL 

before column injection, and data was analyzed within Empower 3 software (Waters).Here, 

the Mark-Houwink equation was used within the Empower processing software (Waters, 
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Milford, MA) to obtain the universal calibration curve from PEG standards and the exact 

molecular weight of these gelMAs [49–51]. For PEG, constants of K=10.1×10−2 mL/g and 

a=0.58 were used [52]. The constants for both gelMAs were approximated from previously 

reported measurements of bovine gelatin, K=8.4×10−6 mL/g and a = 0.88 [53,54]. For 

determination of relative degrees of methacryl content, a sample of porcine-derived gelatin 

and both gelMA polymers were sterile filtered and dissolved in deuterium oxide with 

0.05 wt% of trimethylsilylpropanoic acid (TMSP) as reference at a concentration of 25 

mg/mL. Then, using 1H Nuclear Magnetic Resonance (1H NMR) spectroscopy at 40 °C, the 

absorbance peaks were analyzed at 600 MHz using Bruker equipment and software (Bruker 

BioSpin spectrometer, Billerica, MA). Peaks were quantified using methods put forward 

specifically for analyzing gelMA, where phenylalanine peaks (7.2–7.5 ppm) were used to 

normalize the integrals of total methacryl content (5.3–6.3 ppm), respectively [24].

2.7 Mass loss and pH study of crosslinked gels incubating in PBS

An enzyme-free 28-day mass loss study was initiated to understand the degree to which the 

CaP additive and non-crosslinked SF-gelMA or DF-gelMA were retained in the hydrogel 

systems. PBS incubating medium was exchanged every 3 days at 37 °C on a 100 RPM 

oscillating table. 90 μL of bioink was pipetted into a 3 mm tall by 6 mm diameter cylindrical 

Teflon mold and fully crosslinked with 405 nm light using the previously described dosage. 

Gels were then placed individually into a 12-well plate, combined with 3 mL of 2% w/v 

antibiotic-antimycotic-containing PBS, covered and sealed inside autoclave bags for added 

sterility, and then allowed to incubate (n=3). The chosen volume of PBS per gel was 2× 

higher than the other in vitro experiments to better maintain a diffusion gradient that leached 

any non-crosslinked material. The pH was measured optically and non-invasively before 

each PBS exchange using an SBI Developer’s Kit (ScientificBio, Pittsburgh, PA). At each 

timepoint, gels were harvested, lyophilized, and measured for their dry mass, which was 

divided by the mass of samples measured immediately after gel fabrication.

2.8 In vitro study of osteogenic and chondrogenic differentiation

Bm-hMSCs were expanded and cell-encapsulating bioinks were prepared according to the 

methods described above. Then, 30 μL of each formulation was aliquoted into 3 mm 

diameter by 1 mm tall Teflon molds and fully crosslinked at 405 nm using the previously 

described energy dosage. Each sample was then individually placed into a 24-well plate and 

filled with 500 μL of either osteogenic medium, chondrogenic medium, or a 50:50 mixture 

of those two media. Chondrogenic medium was formulated as DMEM supplemented with 

1% v/v ITS+ Premix (6.25 μg/mL insulin, 6.25 μg/mL transferrin, 6.25 μg/mL selenous 

acid, 5.35 μg/mL linoleic acid and 1.25 μg/mL bovine serum albumin), 50 mg/L ascorbic 

acid, 10−7 M dexamethasone, 10 ng/mL TGF-β3 with 1% w/v BSA as a carrier protein, 

and 1% v/v antibiotic-antimycotic [55,56]. Osteogenic medium was formulated as α-MEM 

supplemented with 10% v/v FBS, 50 mg/L ascorbic acid, 10−8 M dexamethasone, 10 mM 

β-glycerol 2-phosphate, and 1% v/v antibiotic-antimycotic [55,57]. Medium was exchanged 

1 day after experiment initiation and then every 3–5 days afterwards, with the mixed media 

prepared immediately before exchanges. Acellular samples for every experimental group 

were included and subject to the same culturing conditions to control for any background 

signal that each formulation would cause in response to the biochemical assays below. For 
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the preliminary comparison of mineralization response between 10% w/v solutions of both 

SF-gelMA and DF-gelMA, samples were examined for DNA content and bound Ca2+ via 

Alizarin Red S staining using a plate reader according to kit instructions at 0, 14, and 28 

days (n=4) [42]. Otherwise, samples were assessed in a separate experiment using only 10% 

w/v DF-gelMA at days 0, 7, 21, and 35 according to the following protocols (n=4).

2.9 Hydrogel homogenization for biochemical assays

Following each timepoint, all cell-encapsulating gel constructs were washed in PBS for 

15 min at 37 °C and weighed for wet weight determination. Each was then placed into a 

polystyrene tube and frozen until characterization according to other hydrogel processing 

protocols [55,57,58]. Thawed samples were homogenized in 500 μL of sterile ultrapure H2O 

using a Qiagen TissueLyser II (Hilden, Germany) at 30 s−1 for 5 min. A 60 μL aliquot of 

each suspension was diluted in a 1:1 volume ratio with 1 M acetic acid and incubated 

at room temperature for 16 hr to free Ca2+ ions for quantification using the Arsenazo 

III assay kit. The remaining 440 μL of homogenized sample suspension was diluted in 

a 1:1 volume ratio at 60 °C for 16 hr with an established digestion buffer containing 2 

mg/mL proteinase K, 20 μg/mL pepstatin A, and 370 μg/mL iodoacetamide in tris–EDTA 

solution (12.11 mg/mL tris(hydroxymethyl aminomethane), 0.744 mg/mL EDTA, pH 7.6) to 

free DNA and sGAG content. The DNA and ECM content of the digested samples were 

then quantified using assay kits and the following protocols. Results were taken as two 

technical replicates to generate a mean value for each of the independent samples in each 

experimental group (n=4).

2.10 Biochemical assays of cell-encapsulating bioinks

DNA content was quantified using a Quant-iT PicoGreen dsDNA Assay Kit (Molecular 

Probes, Eugene, OR) and a plate reader (PowerWave x340 Microplate Reader; BioTek 

Instruments) following the manufacturer’s instructions and recent methods [56]. Cell lysates 

were combined with the assay buffer and the PicoGreen dye solution within wells of an 

opaque 96-well assay plate and allowed to incubate for 10 min at room temperature. For 

sGAG deposition analysis, cell lysates were combined with DMMB color reagent at pH 

1 within wells of a clear 96-well assay plate and quantified for absorbance at 520 nm 

[56]. GAG concentrations were determined relative to a chondroitin sulfate standard curve. 

The calcium content was quantified using a colorimetric Arsenazo III assay kit with 0–50 

μg/mL Ca2+ as a standard curve [56]. Samples were combined with the kit reagent and the 

absorbance was measured at 650 nm. Due to the presence of β-TCP within the composite 

gels, samples had to be diluted 1:200 before assay application. All data for biochemical 

assays were subtracted by the acellular group signal within each assay, and then normalized 

to the wet weight of each individual sample. The experimental group average was then 

compared to that of both the day 0 values within each group and the control formulation 

of that cell culture medium condition in order to characterize both significant changes over 

time and significant effect of the bioink additive, respectively.

2.11 Histological analysis of sGAG presence in GAG-based bioinks

After 35 days of incubation within the mixed media and chondrogenic medium 

environments, both acellular and cell-laden HAMA-containing hydrogels were sectioned 
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and histologically stained, as outlined elsewhere [55,56]. Samples were fixed in 1 mL each 

of 10% neutral buffered formaldehyde for 24 hr at 37°C and then dehydrated in 1 mL of 

70% ethanol for 24 hr at room temperature. Samples were then transferred to 10 × 10 × 15 

mm cryomolds and immersed in optimal cutting temperature compound for 24 hr at 4 °C, 

followed by freezing overnight at −20°C. Samples were then processed on a Leica CM1850 

cryotome (Wetzlar, Germany) to create 10 μm thick sections, mounted on glass slides, then 

dried and bound overnight at room temperature. Samples were rehydrated in 70% ethanol 

for 5 min. After tapping the slide dry, 6 N HCl was applied to samples for 30 s, tapped 

dry once more, and then pH 1 Alcian Blue stain was applied for 30 min. Following this, 

6N HCl was applied dropwise via pipette for 20–30 s to de-stain, and then samples were 

washed for 5 min in running deionized water. The stained sections were then imaged using 

a Nikon Eclipse Ti2 (Tokyo, Japan) microscope at 20× magnification stitching a 6×6 field 

of view composite image, using 7 ms exposure and the brightfield auto-white setting at max 

LED intensity. Samples were then rehydrated in distilled water for 5–10 min, tapped dry, 

and covered with 10% v/v acetic acid for 5 min. Nuclear Fast Red stain was applied for 

5 min, and then briefly de-stained with pipetted drops of the same acetic acid solution for 

30 s and washed in deionized water for 5 min. After staining, samples were dehydrated 

in a standard graded ethanol to xylene wash, sealed with coverslips using Cytoseal XYL 

(Thomas Scientific, Swedesboro, NJ), and imaged via the same method.

2.12 Analysis of characteristic mRNA markers of hMSC osteogenic and chondrogenic 
differentiation via real time quantitative polymerase chain reaction (RT-qPCR)

The expression of 5 osteogenic and chondrogenic markers were evaluated according to 

similar RT-qPCR studies [55,56,59–61] (Table 1). To prepare samples for RNA extraction, 

hydrogels were washed in PBS for 15 min at 37°C, transferred to sterilized polystyrene 

tubes each containing a 5 mm stainless steel bead and 2 mL of RNAProtect reagent, 

and immediately frozen at −80°C until characterization. Within 30 days, samples were 

homogenized using a Qiagen TissueLyser II at 30 s−1 for 5 min and then centrifuged at 

16,000*g for 5 min. The supernatant was aspirated, and then gel processing with gDNA and 

RNA columns was conducted according to RNEasy Mini Plus kit instructions.

For primer design, the NCBI primer designing tool was used (ncbi.nlm.nih.gov/tools/primer-

blast/). Results from this tool were screened for amplicon length of ~100 bp or less and for 

their specificity using NCBI Standard Nucleotide BLAST (blast.ncbi.nlm.nih.gov). Primers 

are listed in Table 1 below and were purchased from IDT Technologies (Coralville, IA). 

To troubleshoot primer annealing temperature and quality of chosen primer sequences, 1 

μg of RNA from control samples at 0 days of culture was reverse transcribed using an 

iScript cDNA Synthesis Kit and tested in a temperature gradient experiment from 50–60 °C, 

after which 58.3 °C was determined to be optimal based on melt curve analysis. For gene 

expression via RT-qPCR, 2 μL of a 1:10 dilution of cDNA was analyzed after being obtained 

according to the cDNA synthesis kit instructions with a final primer concentration of 500 

nM. Day 7 and 35 samples were analyzed using the same primer concentration, but with 2 

μL of undiluted cDNA to ensure robust gene expression profiles. RT-qPCR was completed 

using a CFX96 Touch Real-Time PCR Detection System within opaque white, skirted PCR 

plates (Bio-Rad, Hercules, CA). All Cq values were obtained automatically within Bio-Rad 
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CFX Maestro software. Gene expression was normalized to GAPDH expression at the same 

timepoint according to the −2ΔΔCq Livak method, shown below.

Normalized Expression Ratio
= 2− Cqtarget, sample − CqGAPDH, sample − Cqtarget, control − CqGAPDH, control

Negative control samples without the cDNA template were run in parallel to check for 

genomic DNA contamination, and melt-curve analyses were performed at the end of all PCR 

runs to ensure primer specificity [59]. Every RNA sample was analyzed using a Nanodrop 

ND-1000 Spectrophotometer (Thermo Scientific, Waltham, MA) and samples with a 260 

nm/280 nm absorbance over 2.8 were considered contaminated and discarded as a quality 

control step (see Supp. Table 1). All groups were analyzed at n=3–4.

2.13 Rheological assessments of dynamic viscosity and shear-thinning response

To measure dynamic viscosity, samples were tested on a 40 mm parallel plate rheometer in 

flow mode [62]. Viscosity was taken as the average value from the stable, linear region after 

flow initiation during a 2 min experiment at 1 s−1 constant strain rate (n=3). Additionally, 

to assess the relationship between dynamic viscosity and shear rate, the input shear rate was 

ramped from 0.01 to 2000 s−1 (n=3).

2.14 Assessment of droplet surface tension and calculation of inkjet droplet Z-value

An CAM KSV goniometer/tensiometer (Ramé-Hart Instrument Co., New Jersey) was 

employed to measure the surface tension of bioink droplets that had been warmed above 

their gelation point (40 °C). The average surface tension value was measured for 2 min after 

30 s of droplet stabilization and averaged per group (n=3). The Z-value, a dimensionless 

number correlating to droplet behavior, was then calculated using the following equation,

Z = 1
Oℎ = Re

W e = γ ∗ ρ ∗ a
η

where γ is surface tension, η is dynamic viscosity, ρ is density, and a is the characteristic 

length [63,64]. For these bioinks, the density was assumed to be that of water, and the 

characteristic length of the droplet is the diameter of the nozzle opening, 100 μm. Dynamic 

viscosity measurements were gathered according to the method outlined above (n=3).

2.15 Bioprinting

2.15.1 Extrusion and inkjet printability trials—A Stratasys Fortus 450 (Eden 

Prairie, MN) was used to print the extrusion printability artifact that assessed the suitability 

of a bioink to overcome typical challenges in fabricating construct architecture, including 

layer stacking, tight angles, and bridging gaps [65]. All extrusion printing trials were 

performed with this artifact on a BioX (Cellink, Boston, MA). A speed of 2.5 mm/s 

was chosen for the tool head, and the minimum pressure that was able to extrude a 

given formulation was determined via the pressure testing printer function before each 

printing trial. For inkjet printing, a high-throughput assay was designed to quickly determine 

minimum valve cycle time and print pressure needed to deposit the smallest observed 
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continuous line of droplets was seen on the platform according to which obtained these 

values in a single print run (Supp. Fig. 4). All HAMA containing inks were printable at 

ambient temperature, and all β-TCP inks were printed at 35 °C to prevent ceramic particles 

clogging the nozzle. All HAMA inks and all inkjet trials were crosslinked with the printer 

405 nm tool head between layers. For each extrusion print, all groups were binned into one 

of three qualitative categories based on the number of passed trials and the observed degree 

of printing uniformity (see Supp. Fig. 5).

2.15.2 DLP printability trials—All DLP printing was performed on a LumenX 

(Cellink, Boston, MA). The commercial UV absorber benzophenone-9 (R1800) was 

included at 0.5% w/v to block extraneous crosslinking outside of the region of exposed 

light. Since a very thorough analysis of this bioink additive was recently conducted showing 

the effects on DLP printability and in vitro biocompatibility, those investigations will not 

be repeated within this body of work [66]. Two assays were developed to understand the 

relationship between LAP:R1800 ratio and the resulting resolution of the printed construct. 

The first was a single-layer multi-exposure assay, similar to the original window pane tests 

used in early stereolithography [67], and the second was a z-resolution assay, where the 

effect of cumulative dosage over the length of the print can be better observed compared 

to the single-layer test (Supp. Fig. 6). For each ink formulation, the build platform was 

removed and 110 μL of ink was pipetted onto the build area and covered under a 50 × 22 

mm glass slide to yield a 100 μm bioink layer. Then, at 10 mJ intervals the minimum dosage 

that crosslinked the bioink onto the glass slide was used as a starting point to tune the print 

process of the z-resolution assay construct. For the z-assay, 500 μL of ink was necessary 

for printing onto the build platform. From this multi-layer construct, the optimum energy 

within 50% of the dosage level observed to resolve the greatest number of open vertical and 

horizontal channels was then chosen to print the final construct, a 2 cm × 2 cm block with 

raised features in the shape of the Rice University logo. All constructs were designed in 

Autodesk Fusion 360 software (San Rafael, CA).

2.15.3 Bioprinting of cell-laden constructs and assessment of viable cells 
post-printing—hMSCs were expanded and encapsulated at 1 million cells/mL within each 

bioink according to the same methods described above. For all modalities, a 9 × 9 × 2 mm 

crosshatch design was used as the print file. Extrusion and inkjet constructs were printed 

using a 3D Discovery bioprinter within an enclosed, sterilizable biosafety cabinet (RegenHu, 

Villaz-St-Pierre, Switzerland). Constructs were printed in sterile conditions directly into a 

12-well plate and exposed to 3 s of 1000 mW/cm2 405 nm light between layers to fully 

crosslink all material. DLP constructs were individually placed into 12-well plates after a 1 

min PBS wash. All samples received 1 mL of hMSC growth medium. Due to bioink opacity 

precluding optical viability stains, ATP content via a 3D culture-suited assay (CellTiter-3D 

Glo) was used to assess the relative cell proliferation via luminescence at 1 and 7 days 

after printing (n=4), read directly within each well. Non-printed, cellular bioink samples and 

acellular bioink samples were pipetted and crosslinked separately.
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2.16 Presentation of data and statistical analyses

All data are presented as the mean with error bars representing one standard deviation 

from the mean unless otherwise indicated. Within each timepoint or media condition, 

two-way analysis of variance (ANOVA) was performed, followed by either a post-hoc 

Tukey’s honestly significant difference (HSD) comparison of the mean for combinatorial 

experiments, displayed as a letter group, or by a Sidak’s multiple comparisons test 

to individual assess the effect of time and treatment within the differentiation study. 

Differences are treated as statistically significant if the resulting p-value is less than 0.05. 

If two groups do not share a letter, they are significantly different. These analyses were 

performed in Prism 7.0 software (Graphpad Software, Inc., San Diego, CA) and JMP Pro 15 

software (Cary, NC).

3. Results

3.1 Physicochemical comparison of base bioink gelMA polymers

To inform any observed differences in the biocompatibility data between the gelMA 

polymers, their physicochemical characteristics were examined, which is summarized in 

Fig. 1.

The GPC spectrograms shown in Fig. 1a indicate that even though the tail and peak size 

of the overall molecular weight distribution differed, both the number average and weight 

average molecular weights of each polymer as quantified by known PEG standards were 

within 3 kDa of each other, and the polydispersities of both gelMAs were between 1.2–

1.3. The 1H NMR data is shown in Fig. 1b. A higher total degree of methacrylation and 

methacryloylation was indicated by the relative integrals from three peaks present in the 

DF-gelMA spectra compared to that of the two peaks present in the methacryl region for the 

SF-gelMA. The control sample, a separately obtained porcine gelatin polymer, showed no 

peaks in this region. Confirmation of the DF-gelMA’s higher degree of modification is seen 

in the significant reduction in the lysine peak, which is highest in the unmodified porcine 

gelatin control group.

Dynamic viscosity under constant shear and increasing shear rate were measured via 

continuous rheology experiments, summarized in Fig. 1c. The observed viscosity means 

dramatically changed for 20% w/v β-TCP level, but the difference was not significant. The 

inclusion of 20% β-TCP also led to significant decreases of the solutions’ dynamic viscosity 

response to increasing shear rate. Using a power law correlation as given in previous 

extrusion bioprinting literature [62], the n-value exponent was extracted from the linear 

region of the shear sweep plot and used to quantify the shear thinning behavior. Both the 0% 

and 20% β-TCP levels possessed some degree of shear-thinning behavior (coefficient n<1), 

but differences were mainly attributed to β-TCP level, and there were also no significant 

differences between the SF- and DF-gelMA within each β-TCP level.

Using oscillatory photorheology, the UV-crosslinking of each methacryloylated polymer was 

examined, with the results shown in Fig. 1d. The DF-gelMA samples at both β-TCP levels 

had significantly higher crosslinked storage moduli than SF-gelMA samples, indicating 

that the DF-gelMA was more gel-like than the SF-gelMA, which matched the qualitative 
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handling of these gels by forceps shown in the right insets of Fig. 1e. Additionally, the 

DF-gelMA groups achieved 95% of their max storage moduli values more quickly than the 

SF-gelMA groups, taking 92 s compared to 216 s, and it was shown that the inclusion of 20 

wt% β-TCP both significantly decreased the time it took to reach this point and increased 

the terminal storage moduli (Supp. Table 2).

After treating each gel with excess light to ensure full crosslinking has taken place, an 

enzyme-free PBS incubation study was initiated to understand the degree to which the 

composite gels lost mass in normal cell culture conditions over a 28-day period, since 

gelMAs with differing methacrylate and methacrylamide content have different hydrolytic 

stability [68]. The mass loss curves are summarized in Fig. 1e. The changes in lyophilized 

mass showed a significant decrease over time in the SF-gelMA samples within the first 

week of PBS incubation dropping to 14.1 ± 11.0% remaining mass on day 8, whereas the 

DF-gelMA samples’ mass decreased on a much lower magnitude, dropping to 79.8 ± 3.14% 

remaining mass on day 8.

3.2 Effect of composite bioink components on cell viability, proliferation, and 
differentiation

The effects of both candidate gelMA polymers and the inclusion of the two tissue-specific 

additives, β-TCP and HAMA, on osteogenic and chondrogenic tissue-specific hMSC 

differentiation was studied by first characterizing the effects of each additive on cell viability 

and proliferation, which is summarized in Fig. 2.

First, the effect of novel bioink formulations on metabolic activity and viability of 

encapsulated hMSCs was assessed. Increasing HAMA content was shown to significantly 

decrease relative ATP content at 2 hr, but all 24 hr groups were similar to the control. 

No significant differences were observed with increasing HAMA in the cytotoxicity data 

assessed via dead cell DNA content. After troubleshooting a noted acidic effect using virgin 

β-TCP material, which is described in Supp. Fig. 3, a buffered version of the β-TCP reagent 

was characterized and used henceforth as the bone-specific additive within these studies. 

The encapsulated viability experiment showed differences in outcomes associated with 

gelMA polymer and β-TCP content. Combined, most SF- and DF-gelMA groups possessed 

viability greater than 50% at the 2 hr timepoint, including groups containing β-TCP. The 

percent of counted viable cells decreased in a dose-dependent manner relative to buffered 

β-TCP within each gelMA group regardless of gelMA source. The 10% DF-gelMA group 

showed a relative viability at 2 hr of greater than 90%. In the 2 hr timepoint, each 10% w/v 

SF-gelMA group showed a significantly lower mean compared to the 10% w/v DF-gelMA 

at the same β-TCP level. This trend of DF-gelMA possessing the relatively highest viability 

percentage continued into the 24 hr timepoint. Additionally, most groups for both the P- and 

DF-gelMA showed a significant decrease in viability percentage from 2 hr to 24 hr.

Comparisons of the two candidate gelMA polymers continued in a leachables experiment 

and an osteogenic differentiation study. Additionally, leachable compounds were specifically 

investigated to separate the viability effects that may arise from the shear stress-inducing 

process of encapsulation, summarized in Fig. 2b (left). After exposing leached compounds 

to cell monolayers, most groups possessed a % Live signal similar to or significantly 
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higher than the Live control groups at both the 2 hr and 24 hr timepoints. There were not 

any overarching significant trends within either the relationship between leachables media 

dilution and % Live signal or the comparisons made between P- and DF-gelMA at the same 

β-TCP level. From the % Dead signal data, all groups except the Dead control possessed a 

cytotoxic signal that was statistically similar to the Live controls at both timepoints (p<0.05).

A comparative, four-week osteogenic differentiation study was conducted to investigate the 

ability of these two gelMA polymers and buffered β-TCP to support calcium deposition, 

summarized in Fig. 2b (right). The highest DNA content was seen at day 0 for β-TCP-free 

DF-gelMA samples. Decreases in DNA content were associated with addition of β-TCP in 

both gelMA systems, and DNA content also decreased over time. Calcium deposition was 

noted over time in both ceramic-free gelMA samples. DF-gelMA had a higher Ca2+-bound 

Alizarin Red S stain than SF-gelMA after 14 days and higher DNA content at days 0 and 

14. After subtracting the acellular control groups’ signals, no significant increases over time 

were noted in the β-TCP-containing groups.

Due to the double-functionalization of the DF-gelMA, its corresponding maintenance of 

crosslinked gel integrity over multi-week incubation periods, and its favorable viability 

and Ca2+ deposition outcomes, it was chosen as the base bioink backbone polymer for all 

following differentiation and printability studies

3.3. Tissue-specific ECM deposition of encapsulated hMSCs in novel bioink formulations

The β-TCP and HAMA additives were evaluated for their effects on the tissue-specific ECM 

deposition of 10% w/v DF-gelMA-encapsulated, differentiating hMSCs in tissue-specific 

and mixed cell culture media over a 35-day period, which is summarized in Fig. 3. A level 

of 0.5% w/v XG was included in all samples to prevent cell settling during hydrogel mold 

casting.

As shown in Fig. 3a, viable hMSC populations are maintained throughout the duration of the 

35-day study. While most groups showed a significant decrease in DNA content with respect 

to their additive-free control in the same medium conditions, the mixed medium control 

group showed recovery and proliferation by the end of the study. The highest DNA content 

within all groups except for the mixed media control was seen at day 0.

The degree of mineralization via Ca2+ deposition is shown in shown in Fig. 3b. All groups 

containing the β-TCP showed significant Ca2+ deposition over time. The addition of 10% 

w/v β-TCP was shown to significantly increase the deposition of calcium in hMSCs by day 

35 when compared to the additive-free control in the same osteogenic medium conditions. It 

is also notable that in the mixed 1:1 osteogenic:chondrogenic medium environment, bioink 

formulations with β-TCP showed statistically significant Ca2+ deposition over time relative 

to their respective day 0 groups, whereas all groups with HAMA did not.

Deposition data of a cartilage-like matrix through the synthesis and excretion of sulfated 

glycosaminoglycans (sGAGs) are shown in Fig. 3c. All groups containing HAMA showed 

significant increase in sGAG signals over time within separate media groups, indicating the 

support of sGAG deposition. The addition of 0.5% w/v HAMA was shown to significantly 
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increase the deposition of sGAGs in hMSCs by day 21 when compared to the additive-free 

control in the same mixed medium culturing conditions. Although the signals in most groups 

decreased by day 35, histological staining of these same samples with Alcian Blue indicated 

pericellular staining of sGAGs (see Supp. Figs. 7–9).

3.4 Effect of β-TCP and HAMA on osteogenic and chondrogenic markers of differentiation

Characteristic markers for osteogenic and chondrogenic differentiation were also examined 

over the duration of the differentiation study via RT-qPCR, which is summarized in Fig. 4.

In Figs. 4a and 4b, the results for two genetic markers often studied in osteogenic 

differentiation of hMSCs, RUNX2 and OCN, are shown. Within the RUNX2 expression 

data, the only significant difference was noted in the 0.5% w/v HAMA samples at Day 7 

within the mixed media group, which was upregulated compared to the control. Within the 

OCN expression results, 10% w/v β-TCP, 0.5% w/v HAMA, and 2% w/v HAMA at day 

35 in the mixed media group had relatively lower expression compared to the mixed media 

control at that timepoint. In Figs. 4c–4e, the results for three genetic markers often studied 

in chondrogenic differentiation of hMSCs, COL2A1, ACAN, and SOX9, are shown. In Fig. 

4c, the same three groups which had significantly lower day 35 OCN expression, 10% w/v 

β-TCP, 0.5% w/v HAMA, and 2% w/v HAMA, showed signals indicating upregulation 

of COL2A1 at day 7, though these differences were not significant. Within the ACAN 

expression data in Fig. 4d, the same trends were observed as the COL2A1 data, where 

higher means were seen in some mixed media groups, but these differences were not 

significant. When analyzing SOX9 expression data shown in Fig. 4e, all groups containing 

HAMA had means at the day 7 timepoint which were higher than both their respective day 

35 timepoint result and their respective medium control group, though not all comparisons 

were statistically significant. Only 0.5% and 2% w/v HAMA in the mixed medium condition 

significantly upregulated expression SOX9 compared to the control.

3.5 Effect of novel composite bioink components on responses to flow

After studying the effect of β-TCP and HAMA on the tissue-specific hMSC differentiation, 

these additives were studied for their effects on the shear-dependent dynamic viscosity. XG 

and NFC were also investigated as printability additives in these and following experiments, 

since a 37 °C bioink consisting of gelMA alone is above its melting temperature and 

therefore incapable of forming cohesive fibers or inkjet droplets that retain shape on the 

printing substrate. These results are summarized in Fig. 5.

In Figs. 5a and 5b, flow rheology experiments yielded dynamic viscosity data showing that 

concentrations of less than 2% w/v for both XG and NFC dramatically increases both the 

dynamic viscosity at low shear and the degree of shear-thinning in a dose-dependent manner. 

When including increasing concentrations of HAMA and β-TCP on these properties, shown 

in Figs. 5c and 5d, the highest additive levels increased nominal dynamic viscosity at the 

lowest assessed shear rates by a single order of magnitude.
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3.6 Effect of printability additives on bioink printability outcomes

The concentrations of XG and NFC were studied for their effect on each bioprinting 

modality’s printability. A summary of printing trials and formulations that resulted in the 

highest printability out of the tested groups, which are indicated by an asterisk, are shown in 

Fig. 6.

An extrusion printing artifact that subjects novel bioinks to a variety of tests including 

layer stacking, maintenance of open porosity, tight angles, and bridging gaps was chosen to 

qualitatively compare all bioinks. Results were binned into groups whose details are fully 

described in Supp. Fig. 5. As shown in Fig. 6a, increasing NFC to 2% led to formation of a 

more cohesive fiber, uniform printing, and more formulations passing extrusion print trials. 

Above the 1% XG level, however, viscosity was too high, and the printed fiber was either 

non-uniform or the maximum printer hardware pressure was exceeded for both the β-TCP 

and HAMA bioinks.

In Fig. 6b, constructs printed from XG-stabilized inkjet bioinks containing HAMA 

and β-TCP are shown. For inkjet printing, XG and gelMA concentration were tested 

for their effects on the Z-value, which is a measure of jetted droplet printability 

inversely proportional to dynamic viscosity [63,64]. Preliminary trials in gelatin solutions 

that included both XG and NFC yielded non-jettable bioink formulations, so NFC 

supplementation was excluded (Supp. Fig. 10). The highest levels of XG wt% led to the 

highest measured dynamic viscosities and therefore the lowest calculated Z-values, but due 

to the stabilization effect needed to prevent cell and ceramic settling given by at least 0.5% 

w/v XG presence in these gelMA bioinks, this 0.5% w/v XG level was chosen for future cell 

printing experiments (Supp. Fig. 11–12).

In Fig. 6c, constructs printed from XG-stabilized DLP bioinks containing HAMA and 

β-TCP are shown. Supplementation with a UV absorber was necessary to prevent extraneous 

crosslinking, and so addition of R1800 UV absorber along with the printer 405 nm light 

irradiance and intensity settings were studied (Supp. Fig. 6). Similar to the inkjet printing 

data, the addition of XG served to prevent ceramic and cell settling, though its addition here 

at 1% w/v was associated with damage to printed construct features due to viscosity-related 

suction forces inherent to how the platform raises and lowers into the bioink within an 

inverted DLP printing process (Supp. Fig. 13). For this same reason, XG alone was tested 

without NFC, as NFC was shown to even more dramatically increase solution viscosity 

at low weight percentages and would produce similar damage to the construct (Fig. 5). 

Constructs with 0.5% w/v XG both passed the qualitative printability trial by printing with 

intact features and could be removed and handled with integrity.

3.7 Cell-encapsulating extrusion, inkjet, and DLP bioprinting

To further characterize the formulations with the highest observed printability and assess the 

degree to which each ink supports cell growth and proliferation, hMSCs were encapsulated 

and printed within those bioinks, cultured in multi-well plates, and assayed for ATP content 

alongside pipetted, non-printed samples of each formulation up to seven days after printing, 

which is summarized in Fig. 7.
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Extrusion- (Fig. 7a), inkjet- (Fig. 7b), and DLP-printed (Fig. 7c) crosshatch constructs 

measuring 9 mm × 9 mm × 2 mm and composed of either osteogenic or chondrogenic 

bm-hMSC-encapsulating bioinks were printed successfully. In the extrusion groups, the 

relatively lowest ATP concentration signals were observed. Among the inkjet groups, the 

pipetted bioink droplet samples showed an increase in ATP content when comparing day 1 

data to day 7 data, but this change over time was not observed within the inkjet crosshatch 

constructs. The highest ATP content, which is directly correlated to cell number, was seen in 

the HAMA-containing constructs printed via DLP, which significantly increased ~2.4× from 

day 1 to day 7.

4. Discussion

A challenge within osteochondral tissue bioprinting is translating promising, biocompatible 

materials into bioink formulations that can fabricate constructs to further study questions in 

3D space, including those interrogating architecture, spatial heterogeneity, and co-culture 

interactions. Here, we sought to document an approach to this process for two novel 

bioinks by first investigating the effects of gelMA, β-TCP, and HAMA on encapsulated 

cells’ viability and osteochondral differentiation, then by studying the effect of printability 

additives XG and NFC on extrusion, inkjet, and DLP printability, and finally by bioprinting 

cell-laden constructs and examining the ATP content of viable encapsulated bm-hMSCs.

The untreated β-TCP ceramic material had a dramatic cytotoxic effect when used within 

cell-laden bioink cultures (Fig. 1). Once buffered, increasing β-TCP content significantly 

decreased encapsulated cell viability, but did not significantly affect leachables cytotoxicity. 

The use of DF-gelMA significantly increased the mineralization response of encapsulated 

hMSCs at the day 14 timepoint. SF-gelMA gels had lower integrity than those fabricated 

from DF-gelMA within the non-enzymatic PBS incubation study, and it also had less 

total methacryl content (Fig. 2). Using the DF-gelMA as the bioink base polymer for the 

comprehensive differentiation study, the presence of 10% w/v β-TCP increased the degree of 

matrix mineralization in mixed media conditions (Fig. 3). DNA content of all experimental 

groups decreased over time, with the largest decreases were seen in the samples that both 

contained β-TCP and had the highest reported mineralization data. Significant increases in 

the cartilage-specific sGAG content of all HAMA-containing bioinks were seen over time, 

and the presence of 0.5% w/v HAMA increased sGAG content relative to the control in 

mixed media conditions. Although β-TCP had significantly increased encapsulated cells’ 

bone-like ECM deposition, this effect was not mirrored among data from mRNA markers 

of osteogenic differentiation at days 7 and 35 (Fig. 4). The presence of both 10% w/v 

β-TCP and HAMA decreased normalized expression of OCN at day 35 in the mixed media 

conditions. Among the investigated markers of chondrogenic differentiation in hMSCs, 

HAMA significantly upregulation SOX9 expression in both mixed media and chondrogenic 

medium conditions. It was also notable that the SOX9 upregulation caused by inclusion of 

0.5% w/v HAMA in the mixed media conditions was corroborated by the ECM deposition 

data, where the same group also increased sGAG deposition relative to the control.

After completing the rheology and printability experiments, it was shown that inclusion of 

2% w/v NFC increased the viscosity of solutions at low shear by four orders of magnitude 

Bedell et al. Page 18

Biofabrication. Author manuscript; available in PMC 2023 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Fig. 5). XG had a similar effect, increasing viscosity at lowest measured shear rate by 

three orders of magnitude. While the highest level of HAMA inclusion did not significantly 

alter viscosity, 20% w/v β-TCP was the observed threshold where viscosity increased by at 

least an order of magnitude, and also changed the slope of the shear-sweep data, indicating 

an increase in the degree of shear-thinning. These dramatic increases caused by the XG 

and NFC additives yielded printable extrusion and inkjet bioink formulations (Fig. 6). 

For DLP 3D printing, the inclusion of 0.5% w/v XG allowed for a stable suspension of 

ceramic particles to be printed in the 10% w/v β-TCP ink, and it also was able to print 

high-resolution features without damaging the printed construct during printing, unlike the 

1% w/v XG formulations. Among all modalities, DLP printing yielded the highest number 

of viable cells via assessed ATP content (Fig. 7).

One of the strengths of these investigations is the combination of cell-encapsulating and 

monolayer viability experiments for examining the effect of CaP inclusion, since leachables 

viability experiments have a limitation where dead cells from the monolayer may wash 

away. A hypothesis that the shearing, physical interaction of ceramic particles affects cells 

to decrease viability can only be made after performing both experiments, and dilutions of 

leachables from buffered β-TCP did not affect exposed cells’ Live or Dead signals while 

encapsulated viability decreased in a dose-dependent manner (Fig. 1). Additionally, another 

strength was seen in the 35-day differentiation study, which simultaneously investigated 

both the additives and the medium environment. This experimental structure allowed 

for separation of the effects of culture medium and bioink component on the measured 

biological outcomes, whose proposed mechanistic interpretations are outlined below. Since 

multiple cell lineages exist within the osteochondral unit, osteochondral tissue engineering 

studies often use a 1:1 mixture of osteogenic and chondrogenic medium as an experimental 

condition. Finally, by translating both the β-TCP- and HAMA-based bioinks individually 

into printable formulations for extrusion, inkjet, and DLP bioprinting, these experiments 

provide a flexible framework for the adaptation of other hydrogels into novel, printable 

bioinks that can be applied across common biofabrication strategies.

While the effect of CaP inclusion on compressive mechanical properties was measured 

separately (Supp. Fig. 14), the mechanical properties of every single bioink formulation 

were not recorded when assessing the effect of gelMA polymer, printability additives, or 

each bioprinter’s crosslinking method and dosage. The addition of another functionalized 

polymer, HAMA, also likely changed the gelation, swelling, and mechanical properties, 

an effect shown in an experiment conducted to understand HAMA’s differences swelling 

and compressive properties (Supp. Fig. 15). These particular mechanical measurements 

were outside of the scope of these studies, and while the aggregate effect of each variable 

can be seen in the results shown above, it is acknowledged that final matrix mechanical 

properties undoubtedly affect the responses of encapsulated MSCs, and that measurement of 

this bioink property would allow for a more well-rounded context for comparison to other 

cell-encapsulating gelMA hydrogels [69].

Previous studies utilizing β-TCP or similar CaPs within cell-laden hydrogels either obtain 

the commercially available material or synthesize the material de novo for experiments, 

and do not cite a similar acidic, cytotoxic acidic effect [40,42,47,70–77]. However, high-
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concentration calcium phosphate cement studies have shown cell death in regions closest 

to the scaffold after seeding, which may be due to a phase transition followed by ion 

release of the ceramic material [18,78–80]. X-ray diffraction data indicated that the β-TCP 

studied here did not change phase within the week where the majority of cell death occurred 

(Supp. Fig. 16). The results of the initial cell-encapsulation experiment also align with 

studies investigating bioactive glasses, where the material must be pre-conditioned before 

the resulting ion-release and suspension pH are sufficiently biocompatible for in vitro cell 

culture since sudden changes in osmotic pressure and pH are cytotoxic [81]. Similarly, by 

performing both a cell-encapsulating and a monolayer leachables experiment with β-TCP 

composite bioink gels, the PBS conditioning process was demonstrated to sufficiently buffer 

the CaP material and allow for moderate cell viability within the gels (Fig. 1). The decreases 

in viability associated with increasing buffered β-TCP content likely arise from both the 

increased non-hydrogel mass within the solution and increased viscosity (Fig. 5). Even 

though these solutions possess shear-thinning properties (Fig 5.), any cytotoxic shear forces 

potentially induced by the positive displacement pipette mixing method, which was needed 

to prevent aggregation and adequately disperse cells, could have increased cell death [82]. 

This explanation is corroborated by the fact that in the leachables experiment with the same 

β-TCP formulations, where cells were not mixed or encapsulated, non-diluted aliquots of 

the leached content yielded no significant differences in Live or Dead signals of exposed 

cells (Fig. 1). Still, it was noted that more cell death was observed at the periphery of the 

bioink droplet cultures (Supp. Fig. 1). This may be due to the higher degree of free radical 

generation from the dissolved LAP photoinitiator at the edges of the droplet closest to the 

crosslinking light. The wavelength used, 405 nm, is safer then UV light for in vitro cell 

studies, but can still be cytotoxic [83,84].

While each gelMA was similar in molecular weight, the 1H NMR spectra and photorheology 

data clearly explain some of their difference in outcome from the incubation experiment. 

The three peaks present in the DF-gelMA 1H NMR spectra indicate a higher degree 

of methacryl functionalization, often due to an additional methacryloylation step in the 

synthesis of the material [24]. Comparing these results to other studies utilizing gelMA 

backbones in hydrogel or bioink systems that also performed 1H NMR analyses, a single-

functionalized gelMA polymer material appears to be more common [1,21,85–89]. The DF-

gelMA’s increased density of reactive sites likely caused the stiffer, more gel-like properties 

of the DF-gelMA indicated by photorheology, and this stiffness could have encouraged the 

upregulated calcium deposition noted at day 14, a phenomenon observed in other similar 

studies [71,90–92].

The decline in DNA content over time was observed in both the 28-day gelMA osteogenic 

differentiation study and the 35-day comprehensive differentiation study (Fig. 1d). While 

both these data may indicate some degree of cell death after initial encapsulation, it must 

be noted that Ca2+ ions and DNA molecules have opposite charges and may possess 

a significant affinity toward each other. This explanation is supported by an experiment 

varying the sampling method of digested gels where, within the samples containing β-TCP, 

the reported DNA content dropped when sampling only the supernatant (Supp. Fig. 17). 

Homogeneous sampling was used for all data presented here, but this still demonstrates 

that DNA may have more affinity for the CaP particles and mineralized hydrogel than 
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the fluorescent probe, causing an artifact where reported DNA content decreases and 

that the assay is under-reporting the samples. In addition to this interaction, other studies 

investigating the osteogenic differentiation of MSCs over month-long periods also report 

that the proliferation of cells is significantly decreased or that DNA content decreases in 

differentiating MSC populations [55,93].

The presence of 10% w/v β-TCP significantly increasing matrix mineralization in mixed 

media conditions but not osteogenic medium conditions may indicate the importance 

of TGFβ−3 growth factor triggering hMSCs’ mineralization response, a bioactive factor 

included in the chondrogenic medium due to its previously noted chondrogenic effects [94–

100]. The β-TCP-laden gelMA may have resembled the mineralized collagen environment 

of native bone and caused osteoblast-like behavior within the hMSCs. Calcium phosphates 

like β-TCP support osteoblast-like differentiation within osteogenic cell culture conditions 

due to their ability to sequester growth factors, provide surface area, and provide inorganic 

elements necessary for mineralization [19,47,101].

Even though increases in sGAG content were noted over time in the HAMA groups, 

the overall trends of sGAG presence were lower than expected in spite of HyAc’s well-

characterized effects on upregulating markers of chondrogenesis in MSCs [102–107]. 

Histological staining of these samples with Nuclear Fast Red and Alcian Blue at pH 1 

for sulfated GAGs revealed perinuclear blue staining at the day 35 timepoint, which supports 

the biochemical assay data (Supp. Figs. 7–9). It is possible that sGAGs were leached out 

from the hydrogels over time, which has been noted elsewhere [105,108].

β-TCP upregulated mineralization, but its presence did not significantly upregulate the 

investigated osteogenic mRNA markers. Despite this, when interpreting these and other 

RT-qPCR data alongside the ECM deposition data, the increased means of the early markers 

RUNX2 and SOX9 can help explain the increases in sGAG and Ca2+ deposition within 

the mixed media environment samples, which were significant increases relative to the 

cellular control and after acellular sample signal subtraction. RUNX2 is a transcription 

factor for earlymid stage differentiation of hMSCs into osteoblastic lineage, and OCN 

is a transcription factor associated with osteocalcin production, which is secreted in 

late stages of osteogenic differentiation [109–112]. Notably, this was the group with the 

highest reported mineralization, and much like the observed affinity between DNA and 

Ca2+, negatively-charged RNA may also have similar interactions with calcium phosphate-

containing or highly mineralized hydrogel samples. HAMA’s downregulation of OCN 

is a phenomenon noted in chondrogenic differentiation studies [40]. Still, HAMA has 

been noted elsewhere to upregulate OCN expression and other osteogenic markers, and 

its role and mechanisms within osteogenesis is not fully understood [113–115]. Mixed 

media HAMA groups also had nominal calcium deposition signals higher than that of the 

chondrogenic medium groups, and so the same aforementioned hypothesis of deposited 

calcium interfering with assays for genetic material may apply here. All HAMA-containing 

groups possessed group means of upregulated SOX9 expression both greater than their 

day 35 data and respective medium condition controls, however only the mixed media 

comparisons were statistically significant. SOX9 is a gene the encodes the transcription 

factor of the same name which plays a key role in early-/mid-stage differentiation 
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into chondrocytic lineages for hMSCs [116,117]. When studied in vitro with stem cell 

cultures, crosslinked HAMA hydrogels have been shown to interact with CD44 receptors 

of stem cells and possess mechanical properties similar to a cartilage microenvironment, 

including elastic modulus, which both influence stem cell differentiation into chondrocytes 

[102,103,106].

There are two notes of additional context when interpreting this data relative to other 

biomaterials’ effects on differentiating stem cells. Firstly, all the experiments described 

herein, aside from assessing the toxicity of leachable molecules, were examined in a 

cell-encapsulating 3D culture environment, which can change cells’ responses to external 

stimuli when compared to their 2D culture [118–120]. Secondly, much of what has been 

previously reported in the literature utilizes cells from strain-controlled species chosen for 

their suitability for in vitro and in vivo studies, including that of rabbits, rats, pigs, or 

mice. Stem cell species affects measured responses within in vitro culture environments 

[121–123]. The human-sourced cell within this study were screened by the manufacturer for 

cell surface antigens that indicate ‘stemness’, and they were also tested for their tri-lineage 

differentiation (see 2.1 Materials). Additionally, they were derived from a female donor, 

and previous studies have noted differences in biological outcomes when studying the same 

type of stem cells among different donors and different sexes [124–127]. This lack of cell 

source diversity is a limitation of these studies. However, these hMSCs were acquired from 

a reputable source that fully characterizes their donor lots for markers of stemness and the 

ability to differentiate into multiple lineages (see Supp. Table 3 for additional information 

about the hMSC lot characteristics). Also, it should be noted that while the candidate primer 

sequences were verified using Day 0 samples of the same hMSC populations, the lack of 

positive controls for the RT-qPCR analyses is a limitation of these studies.

Both printability additives, NFC and XG, significantly increased viscosity. NFC is well 

characterized for its effect on solution viscosity due to the aggregation of nanometer-scale 

features and fragments of well-dispersed cellulose material [25–28]. XG had a similar effect, 

increasing viscosity at low shear by three orders of magnitude. Employed for this effect 

within the food industry, branched chains of xanthan gum entangle and aggregate at low 

percentages [29–32]. While the highest level of HAMA inclusion did not significantly alter 

viscosity, 20% w/v β-TCP was the observed threshold where viscosity increased by at least 

an order of magnitude, and also changed the slope of the shear-sweep data, indicating a 

change in the degree of shear-thinning. Within this group, a critical concentration of ceramic 

particles is reached where gel-like properties dominate and the solution does not flow at rest 

(Supp. Fig. 18). After examining the printability data with this contextual rheological data 

(Fig. 6), it can be understood that XG and NFC impart a tunability to a bioink’s rheological 

properties that affects its qualitative printing outcomes, but past certain concentration levels, 

such as above 1% w/v XG for extrusion bioinks, the additives’ combined dose-dependent 

effects on viscosity made the gelMA solutions too viscous to print uniformly or without 

damaging the constructs.

Printability has recently been defined as the ability of a material to be printed in a way 

which results in printing outcomes which are desirable for a given application when 

subjected to a certain set of printing conditions [128]. For these experiments, the printing 
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conditions are the limitations of pressure, speed, or light exposure inherent by the printer 

within each printing modality, and the desirable outcome is the ability to resolve features 

of 100 – 500 μm, which is comparable to state-of-the-art 3D printing systems [129]. 

The increases in viscosity supplemented also by the increase in degree of shear-thinning 

provided by the additives helped not only form cohesive fibers and droplets that did 

not spread on the glass substrates, but also flowed smoothly when subject to sufficient 

extruding pressures (Supp. Fig. 5). Additionally, the interaction effect between the positively 

charged β-TCP particles and the anionic xanthan gum polymeric chains may have increased 

viscosity [1,72]. For DLP printing, the NFC additive was not added to formulations 

because its more dramatic effect on increasing viscosity is detrimental to the DLP printing 

process, which relies on free fluid movement to re-coat the build area with non-crosslinked 

photopolymer for the next layer. β-TCP- and HAMA-containing formulations were each 

assessed for their printability using a university logo-based trial with the dye kept at a 

cytocompatible level of 0.5% w/v [66]. The 100 μm resolution features of the β-TCP ink 

is on the order of scaffold resolution found in other recent examples of DLP printing with 

calcium phosphates for bone-tissue engineering applications [130–136]. The print accuracy 

decreased after including the ceramic material, which can be explained both by the light-

scattering effect of particulate additives like β-TCP as well as its previously noted effect on 

increasing crosslinking kinetics (Fig. 2) [137,138]. The 100 μm resolution for the HAMA 

bioink is comparable to other HAMA-containing DLP bioinks [44,139,140]. Xanthan gum 

was included to prevent cell and ceramic settling, and this also increased the ability to 

manipulate the crosslinked gels without fracture (not shown), which was not possible in 

HAMA gels that did not have the XG additive. HyAc is a polymer with molecular weights in 

the millions of Da, so replacing the shorter gelMA polymer backbone with this longer-chain 

polymer may increase the elasticity of the crosslinked construct [102].

The cell-encapsulating bioprinting experiments showed that DLP printing yielded constructs 

with the highest normalized ATP content (Fig. 7), which has been verified previously with 

bone marrow-derived hMSCs and is directly proportional to the number of viable cells and 

amount of double-stranded DNA within a sample [46,141]. One difference in formulation 

is the inclusion of NFC for the extrusion inks, which was shown to dramatically increase 

viscosity by several orders of magnitude. Examining only the printed scaffold groups, this 

result of DLP inks displaying a superior number of viable cells compares favorably to other 

evaluations of printing methods which state that, due to the lack of a nozzle and lower 

viscosity requirements, shear forces are present within DLP printing at a level much lower 

than that of extrusion and inkjet printing, contributing to higher cell survival [1,82,142].

Comparisons among the pipetted samples across modalities can be made to separate 

any confounding effects of each individual 3D printing method. The inkjet and DLP 

formulations only differed in the inclusion of the UV absorber for DLP bioinks, which has 

a noted dose-dependent cytotoxicity that may explain a lack of observed proliferation in the 

DLP pipetted groups [66]. For all extrusion groups, the additional inclusion of 2% w/v NFC 

gave these inks the relatively highest solid material content and greater dynamic viscosity 

and gel-like rheological properties, which can increase the imparted shear forces under flow 

conditions [143,144]. Increasing NFC content in a hydrogel network is associated with 

decreasing its swelling ratio [145]. This change in the network’s water uptake likely created 
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a difference in the ability of the ATP reporter assay to penetrate the network to encapsulated 

cells within the construct, potentially resulting in the relatively low observed signals [146]. 

Elsewhere, NFC has been used successfully as a viable bioink material and characterized 

extensively within other biocompatible hydrogel systems using stains and microscopy 

techniques that were not utilized here, since the relatively high concentration (≥10% w/v) 

of the calcium phosphate additive imparted a high opacity and also autofluoresces in 

the red channel commonly used for fluorescent stains [1,27,143,145,147]. Other methods 

of cell quantification, such as the DNA assay used in the differentiation studies, were 

considered for measuring proliferation, although as previously noted, there is an interaction 

between the DNA and the β-TCP included in half of the printable bioinks as well as the 

fluorescent background issue, and constructs on the centimeter scale included considerably 

more calcium phosphate than the gels used in the differentiation studies. The additional 

additives also significantly blocked transmitted light needed for Live/Dead staining (see 

Supp. Fig. 19). These background signal and affinity limitations were not observed with the 

ATP luminescent reporter assay.

5. Conclusions

In these studies, we investigated the effect of β-TCP and HAMA on the viability and 

differentiation of encapsulated hMSCs within novel gelMA-based composite bioinks, 

and then examined NFC and XG additives and new methods that facilitated their 

cell-encapsulating bioprinting. The DF-gelMA material was shown to be associated 

with significantly higher hMSC viability, mineralization, and gel stability compared 

to SF-gelMA, which was attributed to a higher degree of methacryl functionalization. 

Incorporation of 10% w/v β-TCP significantly increased the hMSC mineralization response 

within a mixed osteogenic and chondrogenic culture medium environment, though 

significant upregulation of osteogenic markers RUNX2 and OCN were not observed. 

The inclusion of HAMA was associated with increased sGAG deposition over time in 

mixed and chondrogenic media, significantly higher sGAG deposition in mixed media, 

and HAMA also significantly upregulated expression of RUNX2 and SOX9 within mixed 

media. The late-stage expression of OCN was decreased in both β-TCP and HAMA-

containing bioinks in mixed media. The dose-dependent increases in dynamic viscosity, 

shear-thinning properties, and crosslinked integrity of bioinks from inclusion of XG and 

NFC facilitated the deposition of uniform extrusion fibers, the formation of cohesive jetted 

droplets, and the construction of intact photocrosslinked constructs within extrusion, inkjet, 

and DLP 3D printing modalities, respectively. Among the formulations with the optimal 

observed printability within each method, HAMA-containing DLP bioink formulations 

yielded the highest number of viable cells. Using these six printable bioink formulations, 

future studies can interrogate other relationships between bioink component additives and 

outcomes important for osteochondral tissue engineering studies, such as the effect of 

printability additives concentration and the bioinks’ crosslinked mechanical properties, or 

the implications of multi-material scaffold architectures. In summary, the characterization 

of these novel bioinks and the chronicling of their print processes provide a platform for 

the adaptation of novel hydrogel systems into a library of printable bioinks and modular 
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additives, capable of fabricating tissue-specific constructs via the three most common 

bioprinting modalities across multiple bioprinting devices.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Aqueous GPC spectrograms with quantified molecular weight for P- and DF-gelMA 

polymers. (b) 1H NMR data comparing unmodified porcine gelatin, SF-gelMA, and 

DF-gelMA with methacryl and lysine data normalized to each polymer’s respective 

phenylalanine region integral (7.2–7.5 ppm). (c) Rheological data comparing 10% w/v P- 

and DF-gelMA polymer solutions. (d) Photorheological data displaying the moduli during 

UV crosslinking of 10% w/v P- and DF-gelMA polymer solutions. (e) Mass loss data from a 
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4-week PBS incubation study, along with images depicting relative loss or retention of initial 

gel crosslinking at day 7 for samples fabricated from each gelMA polymer backbone.
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Figure 2. 
(a) Scheme for examining viability of hMSCs within novel bioink formulations (left) next 

to the viability and proliferation data obtained via luminescent ATP assays, CellTox Green, 

and Live/Dead staining. Letters are the result of a post-hoc Tukey’s HSD test; groups that do 

not share a letter are significantly different (p<0.05). Absence of tick marks indicates 2 hr 

comparisons, one tick mark indicates 24 hr comparisons. # indicates a significant difference 

compared to the 2 hr time point within the same groups. (b) Experiments focusing on the 

differences in biocompatibility outcomes based on gelMA backbone of the bioink. (left) 
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Quantified Live/Dead data from a study investigating the effect of leachable compounds 

obtained from crosslinked gelMA gels which include buffered β-TCP on the viability of 

hMSC monolayers. Letters are the result of a post-hoc Tukey’s HSD test; groups that do 

not share a letter are significantly different (p<0.05). Absence of tick marks indicates 2 hr 

comparisons, one tick mark indicates 24 hr comparisons. # indicates a significant difference 

between 24 hr and 2 hr data within same group. (right) DNA content via PicoGreen 

and Ca2+ deposition data via Alizarin Red S staining from a 28-day hMSC-encapsulating 

osteogenic differentiation study with buffered β-TCP. # indicates a significant difference 

compared to day 0 within same group, and † indicates a significant difference between 

gelMA samples of the same β-TCP level within a timepoint (p<0.05).

Bedell et al. Page 37

Biofabrication. Author manuscript; available in PMC 2023 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
DNA content and ECM deposition data from a 35-day differentiation study. (a) Data 

from a PicoGreen assay data showing the DNA content. (b) Arsenazo III assay data 

showing the Ca2+ content. (c) DMMB assay data showing the sGAG content (values below 

zero resulting from acellular sample subtraction are not shown). The readings from each 

sample were normalized to the wet weight of that hydrogel sample, and the values of the 

corresponding acellular controls have been subtracted. Significant differences are the result 

of separate two-way ANOVAs comparing either across timepoints within an experimental 
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group or comparing each experimental group to its control (p < 0.05). # indicates statistical 

significance between days 7 and 35 of the same group, and † indicates statistical significance 

relative to the culture medium’s additive-free control group (p<0.05).
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Figure 4. 
After normalization to each sample’s relative GAPDH expression, the data above 

summarizes the genetic expression via the Livak method of (a) the early/mid-stage 

osteogenic marker RUNX2; (b) the mid/late-stage osteogenic marker OCN; (c) the mid/late-

stage chondrogenic marker COL2A1; (d) the mid/late-stage chondrogenic marker ACAN; 

(e) the early/mid-stage chondrogenic marker SOX9 of hMSCs encapsulated within novel 

bioink formulations, obtained via RT-qPCR. # indicates statistical significance between days 

7 and 35 of the same group, and † indicates statistical significance relative to the culture 

medium’s additive-free control group (p<0.05).
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Figure 5. 
Flow rheology data showing the effect of additives (a) XG, (b) NFC, (c) HAMA, and (d) 

β-TCP on novel bioink formulations’ dynamic viscosity in response to increasing shear rate. 

Data is presented as the mean ± one standard deviation (n=3). All samples contained 10% 

w/v DF-gelMA.
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Figure 6. 
Summary of printability results after inclusion of varying XG and NFC concentrations. 

From the qualitative printing trials, each row has the optimal tested β-TCP bioink trials 

(left), optimal tested HAMA bioink trial (middle), as well as an overall summary of 

printability trials (right) for (a) extrusion, (b) inkjet, and (c) DLP printing. * indicates the 

formulation chosen for cell-encapsulating bioprinting.
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Figure 7. 
Images of (a) extrusion, (b) inkjet, and (c) DLP bioprinted constructs after being cultured 

in media for seven days, shown above their normalized ATP content data from encapsulated 

hMSCs. Non-printed samples of the same bioink formulations were pipetted into well plates 

and crosslinked separately. # indicates a significant difference over time within the same 

experimental group (p<0.05). Scale bar = 5 mm.
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Table 1:

Primer sequences for RT-PCR experiments.

Primer Forward Sequence (5′ – 3′) Reverse Sequence (5′ – 3′) Amplicon Length

Osteogenic Differentiation Markers

RUNX2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA 101

OCN TGCAGAGTCCAGCAAAGG CCCAGCCATTGATACAGGTAG 93

Chondrogenic Differentiation Markers

ACAN CCCCTGCTATTTCATCGACCC GACACACGGCTCCACTTGAT 90

SOX9 AGCGAACGCACATCAAGAC CTGTAGGCGATCTGTTGGGG 85

COL2A1 CAAACCCAAAGGACCCAAGTA TGTGAGAGGGTGGGATGAA 100

Housekeeping Genetic Marker

GAPDH CTGGGCTACACTGAGCACC AAGTGGTCGTTGAGGGCAATG 101
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