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Abstract

Hydrogels are of interest in cartilage tissue engineering due to their ability to support the 

encapsulation and chondrogenesis of mesenchymal stromal cells (MSCs). However, features such 

as hydrogel crosslink density, which can influence nutrient transport, nascent matrix distribution, 

and the stability of constructs during and after implantation must be considered in hydrogel 

design. Here, we first demonstrate that more loosely crosslinked (i.e., softer, ~2 kPa) norbornene-

modified hyaluronic acid (NorHA) hydrogels support enhanced cartilage formation and maturation 

when compared to more densely crosslinked (i.e., stiffer, ~6–60 kPa) hydrogels, with a >100-

fold increase in compressive modulus after 56 days of culture. While soft NorHA hydrogels 

mature into neocartilage suitable for the repair of articular cartilage, their initial moduli are 

too low for handling and they do not exhibit the requisite stability needed to withstand the 

loading environments of articulating joints. To address this, we reinforced NorHA hydrogels 

with polycaprolactone (PCL) microfibers produced via melt-electrowriting (MEW). Importantly, 

composites fabricated with MEW meshes of 400 μm spacing increased the moduli of soft NorHA 

hydrogels by ~50-fold while preserving the chondrogenic potential of the hydrogels. There 

were minimal differences in chondrogenic gene expression and biochemical content (e.g., DNA, 

GAG, collagen) between hydrogels alone and composites, whereas the composites increased in 

compressive modulus to ~350 kPa after 56 days of culture. Lastly, integration of composites with 

native tissue was assessed ex vivo; MSC-laden composites implanted after 28 days of pre-culture 

exhibited increased integration strengths and contact areas compared to acellular composites. This 

approach has great potential towards the design of cell-laden implants that possess both initial 

mechanical integrity and the ability to support neocartilage formation and integration for cartilage 

repair.
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1. Introduction

Articular cartilage damage is a pervasive problem that significantly inhibits quality of life 

and joint mobility in afflicted patients [1]. Focal defects on the articulating surface of 

joints may form in patients due to trauma, sports injuries, or daily activities associated with 

joint function [2]. Native cartilage unfortunately does not possess significant regenerative 

capacity [3], and these defects may further progress if left untreated, resulting in significant 

pain and dysfunction [4]. To this end, a number of clinical approaches have been 

developed for cartilage defect repair, including microfracture, mosaicplasty, and matrix-

assisted chondrocyte implantation (MACI) [5]. However, despite their promise, these 

surgical procedures often result in repair cartilage with inferior composition and mechanical 

properties when compared to healthy hyaline cartilage [1,6,7]. Thus, there is a continued and 

significant clinical need for the development of new approaches that support the restoration 

of functional cartilage.

Hydrogels have emerged as a promising approach for the encapsulation of cells that 

then synthesize and organize nascent cartilagenous extracellular matrix. A range of 

materials have been used for the formation of neocartilage from cell-laden hydrogels 

[8], and advancements in both hydrogel processing and our ability to incorporate 

physiochemical cues within hydrogels (e.g., patterning of singaling ligands, controlled 

release of biochemical signals) have improved the quality of engineered cartilage in vitro 
[9]. Towards translating these hydrogels into the clinic, biofabrication approaches have 

enabled the fabrication of cell-laden hydrogels with patient-specific geometries and high 

porosity. For instance, the biopen is a handheld device that permits extrusion of bioinks into 

focal cartilage defects intraoperatively, such that cartilage repair can occur in situ within 

defects [10,11]. Other extrusion-based bioprinting techniques have facilitated the expansion 

of candidate bioinks for cartilage tissue engineering [12], while lithographic and new 

tomographic bioprinting approaches have drastically improved the resolution and throughput 

with which cell-laden implants can be engineered [13,14]. Despite these recent advances 

in bioprinting, one of the persistent challenges associated with engineering hydrogels for 

cartilage tissue engineering is the balance of two, opposing design criteria. Specifically, 

hydrogels with large mesh sizes are promising candidates given their ability to maintain cell 

viability and to promote the distribution of deposited matrix, but these hydrogels have much 

lower initial mechanical properties [15,16].

Hydrogels with tunable degradability have been engineered to address this challenge, such 

that higher initial mechanical properties can be achieved while cell-mediated enzymatic 

degradation ensures that the mesh size increases over time, permitting matrix distribution 

and cartilage maturation [17]. Similarly, hydrolytically degradable polyethylene glycol 

(PEG) and hyaluronic acid (HA) hydrogels were designed to improve matrix production 

and distribution by encapsulated chondrocytes and mesenchymal stromal cells (MSCs), 
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respectively, when compared to non-degradable hydrogel controls [18,19]. However, these 

approaches are generally still limited with regards to initial hydrogel mechanics due to cell 

viability concerns and they also require that the rate of hydrogel degradation be carefully 

balanced with the rate of tissue formation and maturation to maintain mechanical properties 

[20].

Alternatively, a range of strategies have been employed to enhance the mechanical 

properties of hydrogels for cartilage repair. Interpenetrating network (IPN) hydrogels, 

which are composed of multiple interdigitating networks, are one approach to engineering 

hydrogels with high toughness. By tuning the properties of combined brittle and ductile 

networks at the molecular scale, non-additive increases in hydrogel moduli can be 

achieved [21]. As an alternative, extruded polycaprolactone (PCL) may be incorporated 

within 3D printed hydrogels (e.g., fibrin-collagen, alginate, agarose, PEG) containing 

encapsulated chondrocytes or MSCs for cartilage formation [22–26]. PCL is a well-

established biomaterial with extended degradation profiles and significantly higher moduli 

than traditional hydrogels, such that its combination with hydrogels results in improved 

mechanical integrity. To this end, electrospun nanofibrous PCL scaffolds have also been 

incorporated into bioprinted hydrogels to improve both the shape fidelity and mechanical 

properties of fabricated constructs [27]. In another approach, IPNs composed of alginate 

and methacryloyl-modified gelatin (GelMA) were reinforced with 3D printed PCL templates 

towards recapitulating the tension-compression non-linearity of native cartilage [28,29]. A 

multi-head printing setup enabled fabrication of these composites with encapsulated MSCs 

and chondrocytes toward the formation of hyaline cartilage [28]. However, while IPNs or 

composite scaffolds containing PCL may improve the mechanical properties of cell-laden 

hydrogels, these approaches can also reduce the relative volume available for the formation 

of new tissue by embedded cells [30].

In response to this design limitation, reinforcement of printed GELMA hydrogels with 

PCL microfibers has been achieved via melt-electrowriting (MEW) [31,32]. MEW is a 

biofabrication process that allows for the controlled deposition of electrically charged 

polymer melt fibers in a layer-by-layer manner [33]. Similar to conventional electrospinning, 

a voltage source is applied to a polymer to extract the material from a spinneret onto a 

collector. However, unlike electrospinning, where large distances between the spinneret and 

collector typically lead to whipping instabilities and unpredictable flow behaviors, MEW 

permits control over a stable polymer jet. The high viscosity of the polymer melt, along with 

a reduced spinneret-to-collector distance and the applied voltage source helps to stabilize 

the flow of polymer melt so that it may be predictably and directly written onto a computer-

controlled collector. After controlled deposition, the rapid cooling of the polymer melt gives 

rise to a stable, fiber structure. Thus, the advantage of MEW over electrospinning is its 

ability to finely control the organization of polymer melt fibers to fabricate user-defined 

geometries. Moreover, highly porous, microfiber meshes can be printed via MEW at even 

submicron resolutions that are not possible via traditional extrusion 3D printing [34].

Hyaluronic acid (HA)-based hydrogels are a specific class of hydrogels that have been 

shown to support the chondrogenesis of MSCs, but exhibit the aforementioned limitations 

with significantly inferior mechanical properties when compared to native cartilage [35]. In 
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consideration of advances in the biofabrication field, the overall aim of this study was to 

introduce MEW reinforcement into engineered HA hydrogels to meet desired design criteria 

for cartilage repair. To do this, we first screened formulations of norbornene-modified 

HA (NorHA) across varied crosslinking densities to identify a hydrogel formulation that 

would be most permissive to the formation of neocartilage. Next, MEW meshes were 

introduced into NorHA hydrogels to increase the initial mechanical properties and stability 

of these soft hydrogels [31]. Last, composites of NorHA and MEW meshes were assessed 

for their integration potential with native cartilage rings. Acellular composites, cell-laden 

composites, and pre-cultured cell-laden composites were press-fit into cartilage rings, and 

their integration within rings was compared to autologous cartilage controls. These studies 

collectively demonstrate that NorHA-MEW composites maximize the chondrogenesis of 

encapsulated MSCs while increasing the mechanical properties of hydrogels, both initially 

and over extended culture periods, suggesting that composites may improve in vivo 
integration and cartilage formation in future studies.

2. Materials and Methods

2.1 Materials

Sodium HA was purchased from Lifecore Biomedical (Chaska, MN) and 

lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was purchased from Colorado 

Photopolymer Solutions (Boulder, CO). Unless otherwise specified, all other reagents and 

materials were purchased from Sigma-Aldrich (St. Louis, MO).

2.2 Hydrogel Fabrication and Characterization

2.2.1 NorHA Synthesis—NorHA was synthesized as previously reported [36]. 

Briefly, sodium HA was first converted into its tetrabutylammonium salt form (HA-

TBA) and then modified with norbornene functional groups via benzotriazole-1-yl-oxy-

tris-(dimethylamino)-phosphonium hexafluorophosphate (BOP) coupling. After dissolving 

sodium HA in distilled water, Dowex 50Wx200 resin was added to the solution in a 3:1 

mass ratio. The solution was then mixed for 30 minutes, and Dowex resin was subsequently 

removed via vacuum filtration. Thereafter, the filtrate was titrated with tetrabutylammonium 

hydroxide solution to a pH of 7.02–7.05, frozen, and lyophilized. The resulting lyophilized 

HA-TBA and 5-norbornene-2-methylamine were then dissolved in anhydrous dimethyl 

sulfoxide (DMSO) under inert nitrogen. BOP was then added to the reaction solution via 

cannulation and the reaction proceeded for 2 hours at room temperature. The reaction was 

quenched with the addition of cold distilled water and subsequently dialyzed for 5 days. 

Any precipitates within the crude product solution were then removed via filtration and 

the solution was dialyzed for an additional 3–5 days. After freezing and lyophilizing the 

synthesized NorHA, the extent of norbornene modification was determined via 1H-NMR to 

be ~22% of the disaccharide repeat units of HA (figure S1).

2.2.2 Hydrogel Fabrication—Lyophilized NorHA macromer was dissolved in 

phosphate buffered saline (PBS) and LAP photoinitiator was added to a final concentration 

of 0.05%. DL-dithiothreitol (DTT) was subsequently added at concentrations of 0.54 mM, 

2.17 mM, 5.71 mM, or 13.58 mM (to obtain compressive moduli of approximately 2, 6, 20, 
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and 60 kPa, respectively). After all precursor materials were thoroughly mixed, hydrogels 

were cast into molds (diameter ~4 mm, thickness ~1 mm) and irradiated with blue light 

(400–500 nm, Omnicure lamp with an affixed collimator, I=10 mW/cm2) for 5 minutes.

2.2.3 Compression Testing—To evaluate the compressive properties of hydrogels, 

samples were subjected to unconfined, uniaxial compressive testing with a constant loading 

rate of 0.2 N/min (Q800 DMA, TA Instruments). The compressive modulus was then 

quantified as the slope of the stress-strain curves between 10–20% strain.

2.3 Cell Culture and Characterization of MSC-laden Constructs

2.3.1 Cell/Tissue Isolation and Culture—Juvenile bovine knee joints were obtained 

(Research 87, Boylston, MA) and dissected under sterile conditions as previously described 

[16]. Femoral bone marrow was extracted and MSCs were isolated via plastic adherence 

during culture in Dulbecco’s modified eagle medium (DMEM) supplemented with 10% 

fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). After expansion, MSCs 

were washed, trypsinized (0.05%), centrifuged, and resuspended in PBS for use. NorHA 

macromer solution with sterile filtered LAP and DTT was prepared as described above 

prior to the suspension and encapsulation of MSCs (P1, 20 × 106 cells/mL) with blue light 

exposure. Constructs (~15 μL gel volume, ~3×105 cells per construct) were subsequently 

cultured in chondrogenic media (1% ITS+; 2.50 μg/mL amphotericin B; 1 × 10−3 M 

sodium pyruvate; 50 μg/mL ascorbic acid 2-phosphate; 40 μg/mL L-proline; 1 × 10−7 M 

dexamethasone; 10 ng/mL TGF-β3) for up to 56 days.

2.3.2 Cell Viability—To evaluate the cytocompatibility of constructs, hydrogels were 

stained with calcein AM and ethidium homodimer (0, 3, 7 days) in accordance with 

manufacturer’s instructions (Invitrogen). Cell viability was quantified via analysis of 

confocal images (Leica SP5) using Image J software. Viability was calculated as the number 

of live cells per total cells within an image (n ≥ 3 hydrogels, 9 images per sample).

2.3.3 Gene Expression Analysis and Biochemical Assays—Each sample was 

immediately placed in 1 mL ice-cold TRIzol (Invitrogen) and stored at −80°C for later 

RNA isolation. Pre-processing of samples was performed by first homogenizing samples 

in TRIzol on ice, subsequently adding 0.2 mL of chloroform, vigorously shaking by 

hand for 15 seconds, and centrifuging for 15 minutes at 4°C. RNA was then isolated by 

collecting and mixing the aqueous layer with equal-parts 70% ethanol via pipetting and 

proceeding with the RNeasy Mini kit (QIAGEN) per manufacturer’s instructions; isolated 

RNA concentrations were then quantified (NanoDrop 1000). RNA was processed with 

DNase to remove any DNA impurities and then reverse-transcribed into cDNA using the 

High Capacity cDNA Reverse Transcription kit (Applied Biosystems). qRT-PCR reactions 

were performed with 10ng cDNA and Taqman probes (Life Technologies, table S1); type I 

collagen (Col1a1), type II collagen (Col2a1), aggrecan (ACAN), and SOX9 were selected as 

targets, with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) used as a housekeeping 

gene. Relative gene expression of experimental samples was determined using the ΔΔCT 

method and MSCs expanded on tissue culture plastic as the control [37].
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To quantify the biochemical content of cell-laden constructs, samples were minced 

and digested via overnight incubation at 60°C in solution containing papain and 

hyaluronidase (0.56 U/mL papain and 750–3000 U/mL hyaluronidase were dissolved in 

buffer containing 0.1 M sodium acetate, 10 M cysteine hydrochloric acid, and 0.05 M 

ethylenediaminetetraacetic acid). The dimethylmethylene blue assay was utilized to quantify 

the sulfated glycosaminoglycan (sGAG) content, the hydroxyproline (OHP) assay was 

performed to determine collagen content (Abcam Hydroxyproline Assay Kit, ab222941), 

and the Picogreen dsDNA assay was performed to measure total DNA content within 

cultured constructs [38].

2.3.4 Histology and Immunohistochemistry—After culture, constructs were fixed 

in 10% formalin for two hours at room temperature and then washed in PBS. Samples were 

then dehydrated, embedded in paraffin, and sectioned (5 μm) prior to staining. Sulfated 

glycosaminoglycan (sGAG) deposition by embedded cells was visualized via Alcian blue 

staining (1%, pH 1.0, Newcomer Supply), while deposition of type I and type II collagen 

were visualized via labeling with anti-collagen type I (COL I, mouse monoclonal anti-

collagen type 1, Millipore Sigma) and anti-collagen type II (COL II, mouse monoclonal 

anti-collagen type II, Developmental Studies Hybridoma Bank) antibodies and staining with 

DAB chromogen (Millipore Sigma). To quantify staining intensity, acquired images were 

converted to 8-bit and then inverted [39]. For each sample section, the mean intensities for 

three separate and randomly selected frames were measured in Image J.

2.4 Composite Fabrication and Characterization

2.4.1 Melt-electrowriting of PCL Meshes—Box-structured meshes (4 × 4 cm2) 

composed of polycaprolactone (Purasorb PC 12, Corbion Inc., Gorinchem, Netherlands) 

were fabricated with 70 layers (1 mm height) of overlaying fibers (layered in orthogonal 

directions) as previously described [40]. A custom-built MEW device equipped with an 

electrical heating system (TR 400, HKEtec, Germany; heating temperature = 90 °C) was 

used to feed PCL polymer melt (feed pressure = 3 bar) through a 23G spinneret charged by 

a high voltage power supply (LNC 10000–5 pos, Heinzinger Electronic GmbH, Rosenheim, 

Germany). Processed PCL fibers (diameter ~20 μm) were then collected on a computer-

controlled collector plate (acceleration voltage=5.5 kV, spinning gap= 3.3 mm, E = 1.3 

kV/mm). Each mesh was fabricated with a 90° lay-down pattern and the spacing between 

deposited fibers was 200μm, 400 μm or 800 μm. Disc-shaped mesh constructs were obtained 

from printed 1 mm thick MEW meshes using a 4 mm biopsy punch.

2.4.2 Composite Fabrication—To create composites combining NorHA hydrogels and 

PCL meshes, lyophilized NorHA macromer and meshes (4 mm diameter, 1 mm height) were 

first sterilized via irradiation with a germicidal lamp in a laminar flow hood. Thereafter, 

NorHA (matching the formulation for 2 kPa hydrogels from above) was dissolved in PBS 

along with sterile filtered LAP and DTT. Juvenile bovine MSCs were then trypsinized 

(0.05%), counted, and suspended in the macromer solution (P1, 20 × 106 cells/mL). This 

solution (100 μL) was then carefully pipetted on top of MEW meshes and allowed to 

fill into the interstitial spaces of the box-structured scaffolds [41]. Meshes were then 

flipped, so that additional macromer could be pipetted on the other side. Finally, macromer 
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was crosslinked within the meshes via photocrosslinking with visible light irradiation 

as described above (~15 μL final gel volume, ~2.8×105 cells per construct). Since the 

MEW meshes incorporated within composites account for ~6% volume fraction, fabricated 

composites contained slightly fewer cells than hydrogels alone [40]; however, the overall 

cell density within both composites and hydrogels was conserved.

Cells and meshes within composites were visualized using CellTracker Red CMTPX dye 

(Invitrogen) and fluorescein isothiocyanate-bovine serum albumin (FITC-BSA, adsorbed 

onto PCL filaments prior to composite fabrication), respectively, and were imaged via 

confocal microscopy. For visualization of hydrogel within composites, FITC-BSA was 

encapsulated within the NorHA hydrogels during photocrosslinking. The density of cells 

within the top 100 μm and bottom 100 μm of composites was calculated by counting 

the total number of cells within randomly placed 600 × 600 μm2 image frames (n ≥ 3 

hydrogels, 9 images per group). Composites were cultured in chondrogenic media for up to 

56 days and characterized for cell viability, gene expression, biochemical content, histology/

immunohistochemistry, and biomechanics as described above and compared to hydrogels 

alone.

2.5 Assessment of Ex Vivo Integration Capacity

2.5.1 Fabrication of Press-Fit Constructs in Cartilage Ring Explants—Juvenile 

bovine joints were dissected in a similar fashion as previously described and osteochondral 

plugs were biopsied from the trochlear groove to obtain cartilage explants for ex vivo 
integration studies. After conditioning osteochondral plugs in serum-free expansion media 

for 1–2 days (DMEM; 1% P/S; 10mM HEPES, 0.1 mM non-essential amino acids; 2.50 

μg/mL amphotericin B; 1 × 10−3 M sodium pyruvate; 50 μg/mL ascorbic acid 2-phosphate; 

40 μg/mL L-proline) [42], cartilage rings were isolated and prepared (8 mm outer diameter, 

4 mm inner diameter, 1 mm thickness) such that acellular composites, cell-laden composites 

(i.e., composites immediately after MSC encapsulation), or cell-laden composites that were 

pre-cultured for 28 days in chondrogenic media (cell-laden+PC, where “PC” refers to the 

pre-culture period of 28 days) could be press-fit into the inner cores of cartilage rings. As 

a control, biopsied autologous cartilage was press-fit back into the inner cores of rings. 

Each of these four different press-fit constructs (i.e., autologous cartilage control, acellular, 

cell-laden, cell-laden+PC) were then cultured within cartilage rings in chondrogenic media 

for 28 days

2.5.2 Push-out Testing—The integration strength (i.e., failure stress) of press-fit 

constructs cultured within explanted cartilage rings was determined via push-out testing 

as previously described [43]. Briefly, an indenter (3.8 mm) was affixed to an Instron 5848 

testing device and used to push out the central core of the cartilage constructs (0.2 mm/s). 

The failure stress was calculated by dividing the load at failure by the lateral surface area of 

press-fit constructs (i.e., interfacial area).

2.5.3 MicroCT and Interfacial Contact Area—To visualize the integration between 

press-fit composites (or autologous cartilage) and the cartilage rings after 28 days of 

culture in chondrogenic media, samples were incubated in Lugol’s solution overnight 

Galarraga et al. Page 7

Biofabrication. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



at room temperature and imaged using a Scanco MicroCT 35 system (Scanco Medical, 

Southeastern, PA, USA; exposure: 300 ms, voltage: 55 kVp, isotropic voxel size: 6 μm). 

MicroCT reconstructions were then created using DragonFly software (Version 2021.1 for 

Windows; Object Research Systems (ORS) Inc, Montreal, Canada, 2021; software available 

at http://www.theobjects.com/dragonfly). MicroCT reconstructions were utilized to quantify 

the interfacial contact area between press-fit composites (or autologous cartilage) and the 

cartilage rings. To measure interfacial contact area, three cross-sections were first identified 

within every sample, such that the middle-cross section and two cross-sections 1 mm 

away in each orthogonal direction revealed the interface. The contact lengths at each of 

these cross-sections was measured, and the interfacial contact area was then calculated by 

assuming that the area could be approximated as the lateral surface area of an oblique 

cylinder.

2.6 Statistical Analysis

All statistical analyses were performed using GraphPad Prism 9 software, data are reported 

as mean ± standard deviation, and significance for all performed analyses was determined 

at p<0.05. Two-way ANOVAs were performed with construct formulation and culture time 

set as independent variables, and multiple comparisons were performed with α=0.05 and 

Tukey’s honestly significant difference (HSD) post-hoc test. Comparisons between just two 

groups were made via student t-tests with two-tailed criteria. For comparisons between 

more than two groups, one-way ANOVAs were performed, with Tukey’s HSD post-hoc test; 

Kruskal–Wallis tests were performed for non-parametric comparisons (normality assessed 

via Shapiro-Wilk test, α=0.05), with multiple comparisons performed via Dunn’s multiple 

comparison test.

3. Results and Discussion

3.1 Influence of Crosslink Density on Cartilage Formation in NorHA Hydrogels

When designing hydrogels for cartilage tissue engineering, consideration must be given to 

the choice of material used as well as the crosslinking chemistry selected. Here we chose 

HA, due to its native presence in cartilage and roles in development, wound healing, and 

natural extracellular matrix (ECM) organization and maintenance [44]. HA possesses innate 

bioactivity, can be readily degraded by hyaluronidases and oxidative species, and can be 

easily modified with pendant functional groups for crosslinking, all of which supports its 

use in tissue engineering applications [45]. In this work, we modified HA with norbornene 

groups for crosslinking via thiol-ene photocrosslinking (figure 1(a)), which enables the 

crosslink density to be easily modulated by the crosslinker concentration used during the 

step-growth crosslinking reaction [46]. Although other modifications are possible (e.g., 

methacrylation or MeHA), it is challenging to modify crosslinking due to the uncontrolled 

radical polymerization used for gelation [16]. Further, the use of NorHA not only allows 

for more modular control of hydrogel crosslinking, but also enables photopatterning with 

signaling ligands (i.e., peptides) of interest [36].

By changing both the macromer concentration and crosslinker concentration, NorHA 

hydrogels ranging from ~2 to 60 kPa (figure 1(b)) were fabricated and are hereafter referred 
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to by their approximate initial compressive moduli (i.e., 2 kPa, 6 kPa, 20 kPa, 60 kPa). Since 

the crosslink density of hydrogels has been previously shown to influence both encapsulated 

cell viability and matrix distribution by encapsulated cells [15], we first aimed to identify 

which hydrogel formulation best supported the viability and chondrogenesis of encapsulated 

MSCs. While softer, more loosely crosslinked hydrogels (i.e., 2 kPa, 6 kPa) exhibited high 

cell viability after 7 days of culture (~90%), more densely crosslinked hydrogels (i.e., 

20 kPa, 60 kPa) resulted in significant loss in cell viability over time (figure S2). Past 

fluorescent recovery after photobleaching (FRAP) studies in NorHA hydrogels suggest that 

the relative diffusivity of macromolecules within these networks decreases with increasing 

crosslink density, which may explain the observed differences in cell viability in these 

hydrogels [47].

To assess the ability of these hydrogel formulations to support MSC chondrogenesis and 

cartilage formation, cell-laden hydrogels were cultured for up to 56 days in chondrogenic 

media and characterized for gene expression, mechanical properties, and biochemical 

content. All hydrogels exhibited increased expression of aggrecan and type II collagen over 

time, both of which are hallmark ECM components of hyaline cartilage and suggest that 

embedded MSCs underwent chondrogenesis (figure 2(a)). Generally, expression of each of 

these genes increased the most within the first week of culture. Importantly, encapsulated 

MSCs also expressed SOX9, a marker of chondrogenesis [48], at early culture times, and 

type I collagen expression was low and decreased over culture time for 2 kPa hydrogels 

(figure S3).

The appearance of each hydrogel formulation noticeably changed over 56 days of culture. 

While more loosely crosslinked hydrogels turned opaque, suggesting the elaboration of 

neotissue by embedded cells, 60 kPa hydrogels remained relatively translucent (figure S4). 

All hydrogels also increased in compressive modulus with culture, although to varying 

extents based on initial crosslinking density (figure 2(b)). 2 kPa NorHA hydrogels resulted 

in the formation of cartilage with the highest compressive properties, reaching a compressive 

modulus of 102.6 ±5.4 kPa after 28 days and 221.4±33.0 kPa after 56 days. No other 

group reached values higher than 100 kPa, even after 56 days of culture, and the 60 kPa 

NorHA hydrogels barely increased in modulus with culture. These observed differences in 

compressive moduli were supported by the relative differences in biochemical content across 

each hydrogel formulation (figure 2(c)). 2 kPa hydrogels resulted in significant increases in 

DNA content with culture, likely due to some degree of cell proliferation, whereas the DNA 

content within 6 kPa hydrogels and higher were much more modest and did not significantly 

change throughout the duration of culture. 60 kPa hydrogels exhibited decreasing DNA 

content over time consistent with the observed reduction in cell viability (figure S2). With 

regards to biochemical content, 2 kPa hydrogels exhibited the largest increases in sulfated 

glycosaminoglycan (sGAG) and collagen (COL) contents with culture. 6 kPa and 20 kPa 

hydrogels similarly showed significant increases in both sGAG and COL content over the 

course of 56 days of culture, albeit with lower total amounts produced when compared to 

the 2 kPa group. Minimal changes in sGAG or COL content swere observed with the 60 kPa 

formulation.
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These results indicate that softer NorHA hydrogels result in neocartilage with improved 

functional properties, and so we next aimed to elucidate the organization of nascent matrix 

within these hydrogels via histology for sGAG and immunohistochemistry for type I and 

type II collagen (figures 3, S5, S6). Alcian blue staining for sGAG revealed that 2 kPa 

hydrogels support increased sGAG deposition and dispersion, as indicated by significant 

increases in staining intensity between 28 and 56 days of culture (figure 3(a)). Moreover, 

2 kPa hydrogels stained much more intensely and uniformly than the other investigated 

formulations, particularly at day 56. These results are consistent with past observations in 

MeHA hydrogels [16] and recent studies that demonstrated that the extent of nascent matrix 

dispersion decreases with increasing NorHA crosslink density [47]. We believe that these 

observed differences can be attributed to the hydrogel network being more permissive to 

matrix dispersion due to its increased mesh size [49], as well as the increased cell viability 

in less crosslinked formulations. Similar trends were observed for type II collagen staining, 

as 2 kPa hydrogels exhibited type II collagen that extended beyond the pericellular space 

of embedded cells and that was more homogenous (figure 3(b)). In contrast, dark staining 

localized around cells was observed in 6 kPa hydrogels after 56 days of culture, and both 

20 kPa and 60 kPa hydrogels exhibited minimal type II collagen staining. Importantly, 

all hydrogels resulted in minimal type I collagen deposition over culture time, suggesting 

that hyaline-like cartilage formed within hydrogels as opposed to fibrocartilage, which is 

composed of more type I collagen (figure S6). Taken together, these results indicate that 

2 kPa NorHA hydrogels support the formation of neocartilage in vitro, likely due to an 

increased mesh size that allows for increased matrix distribution and increased viability. The 

greater than 100-fold increase in compressive modulus achieved in these hydrogels over the 

culture period is particularly promising; however, the application of these soft hydrogels for 

tissue engineering is still limited by their initial mechanical properties, especially in terms of 

handling and stability.

3.2 Reinforcement of NorHA Hydrogels with MEW Meshes

To address the limitations of soft hydrogels, we reinforced the 2 kPa NorHA hydrogels 

with a secondary, microfiber mesh. Since MEW meshes can be readily incorporated within 

hydrogels to increase their compressive properties [31,50], we first demonstrated that 

composites composed of NorHA hydrogels and polycaprolactone (PCL) box-structured 

meshes could be formed by curing NorHA macromer within the interstitial spaces of MEW 

meshes (figure 4(a)). To permit comparisons between composites and hydrogels alone, 

the final dimensions of fabricated composites were matched to the initial dimensions of 

hydrogels alone (4 mm diameter, 1 mm thickness). The spacing between overlaying fibers 

within meshes was tuned between 200 μm and 800 μm to change the overall fiber density 

and porosity of the mesh (figure 4(b)). Interestingly, combinations of NorHA hydrogel 

with PCL meshes led to synergistic increases in compressive moduli, including an ~50-fold 

increase from the initial hydrogel modulus. The increase in mechanics is attributed to the 

ability of the hydrogel to mitigate MEW fiber buckling, which effectively increases the 

load-carrying capacity of MEW meshes since the PCL fibers can resist deformation in 

the transverse direction when loaded in compression [40]. Similarly, the presence of PCL 

fibers surrounding the NorHA hydrogel decreases the rate of water efflux from the hydrogel 

(i.e., syneresis) upon loading, further increasing the mechanical properties of the entire 

Galarraga et al. Page 10

Biofabrication. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



composite. The observed increases in compressive moduli are also consistent with similar 

composite systems that have leveraged MEW meshes to reinforce alternative hydrogels (i.e., 

gelatin, alginate, PEG, fibrin) [31,51,52]. The PCL fibers embedded within composites only 

account for ~6% of the composite’s volume fraction, such that constructs may be engineered 

largely with a cell-laden hydrogel conducive to neotissue formation [40]. As the interfiber 

spacing decreases, the total fiber density within composites increases, giving rise to elevated 

compressive moduli (figures 4(b), S7). However, decreasing the interfiber spacing also 

resulted in misalignment of overlaying fibers. As a result, composites composed of meshes 

with 400 μm spacing were selected and employed for all subsequent studies to maximize the 

compressive properties of formed composites while conserving mesh alignment for optimal 

filling of macromer within the interstitial spaces of the mesh. All subsequent studies were 

also performed with 2 kPa NorHA hydrogel formulations (i.e., 2% NorHA, XDTT=0.1).

3.3 Neocartilage Formation in MEW-Reinforced NorHA Hydrogels

Although the incorporation of MEW meshes within NorHA hydrogels significantly 

improved their compressive properties, it remained unclear how the inclusion of PCL would 

impact embedded MSC chondrogenesis and their ability to synthesize and distribute ECM. 

Thus, chondrogenesis and cartilage formation was evaluated in hydrogels alone (2 kPa 

NorHA) and compared to cell-laden composites containing the same hydrogel within PCL 

meshes (figure 5(a)). Cell viability in composites was high (92.0 ± 2.7%) after one week 

of culture, and homogenous filling of the hydrogel within composites was observed, as 

indicated by comparable cell densities near the top (716 ± 130 cells/mm2) and bottom 

(638 ± 77 cells/mm2) of composites (figure S8). While local heterogeneity within cell-laden 

hydrogels may improve neocartilage formation [53], the observation of homogenous cell 

densities throughout constructs ensures that matrix deposition occurs throughout the full-

thickness of composites. In addition, the presence of spaces between overlaying filaments 

throughout the entire thickness of composites ensures that both cells and deposited ECM 

can permeate through the walls of the PCL box structures over time (figures 4(a), 5(a)). As 

expected, MSCs exhibited significant increases in aggrecan and type II collagen expression 

over 56 days of culture, consistent with chondrogenesis and similar to their differentiation in 

hydrogels alone (figure 5(b)). Similarly, MSCs within both hydrogels alone and composites 

expressed SOX9 and decreasing amounts of type I collagen over culture time (figure S9).

Composites exhibited a higher compressive modulus than hydrogels alone initially and 

continued to increase in their mechanical properties over culture time, possessing a 

significantly higher modulus (367 ± 95 kPa) than hydrogels alone (239 ± 119 kPa) after 56 

days of culture (figure 5(c)). Moreover, the compressive moduli of composites approached 

previously reported values for the Young’s modulus of native articular cartilage (0.1–1.6 

MPa) [54,55]. The observed increases in mechanical properties can be attributed to the 

deposition of ECM by encapsulated MSCs, since acellular hydrogels and composites 

cultured for 56 days exhibited modest decreases in compressive properties over time due 

to degradation (figure S10). While all of the experimental groups exhibited increases in 

DNA content, no significant differences were observed across culture timepoints or between 

hydrogels and composites (figure 5(d)). The sGAG and COL contents for hydrogels and 

composites increased with culture time, with no significant differences between hydrogels 
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or composites observed at the same culture times. Small differences in the absolute amount 

of sGAG or COL between composites and hydrogels alone may be attributed to the volume 

fraction of fibers, which slightly decreases the space available for matrix.

After 28 and 56 days of culture, dense and opaque tissue was macroscopically visible in 

both hydrogels alone and in composites, such that the two were indistinguishable upon 

qualitative observation (figure S11). The distribution of sGAG within both hydrogels 

and composites was comparable, with no significant differences observed in Alcian blue 

staining intensity (figure 6(a)). Similarly, both hydrogels and composites supported the 

deposition of homogenously distributed type II collagen, with no appreciable differences 

in staining intensity over culture time (figure 6(b)). In addition, MSCs in both hydrogels 

and composites deposited minimal amounts of type I collagen, consistent with a hyaline 

cartilage-like phenotype (figure S12). Although the staining intensity for type I collagen 

was significantly higher in composites at day 28 of culture, this may be attributed to the 

presence of additional surfaces along fibers, which may modulate gene expression and local 

mechanosensing of some cells [56,57]. However, no significant differences in type I collagen 

staining intensity between hydrogels and composites were observed after 56 days of culture. 

Importantly, the observed similarities in chondrogenic gene expression, biochemical content, 

and matrix staining between hydrogels and composites suggests that the inclusion of 

PCL meshes within cell-laden NorHA hydrogels does not attenuate the ability of cells to 

synthesize and distribute ECM. Thus, the higher initial mechanical properties and improved 

handling of the composites further motivates additional exploration of their use in cartilage 

repair.

3.4 Integration of Composites Within Cartilage Explants

Towards translating the developed composites for the repair of focal cartilage defects, 

we assessed the ability of composites to integrate with explanted native cartilage ex vivo 
(figure 7(a)). After culture in chondrogenic media for 28 days, the formation of tissue 

resulted in changes in the opacity of press-fit cell-laden and cell-laden+PC composites 

(i.e., cell-laden composites that were pre-cultured for 28 days); specifically, the appearance 

of cell-laden+PC composites started to resemble the autologous cartilage controls (figure 

S13). The integration strength of press-fit constructs was then measured via push-out 

testing (figure S14). While acellular composites were easily displaced from the center of 

cartilage rings, cell-laden composites exhibited a much higher integration strength (113 ± 

74 kPa; figure 7(b, c)). The addition of a pre-culture period and time for nascent matrix 

to form within composites further improved the integration strength of cell-laden+PC 

composites with surrounding cartilage (221 ± 115 kPa), which did not differ significantly 

from autologous tissue controls (272 ± 120 kPa) or previously reported integration strengths 

for autologous controls [43]. Uniaxial compressive testing was performed on central regions 

that were pushed out to confirm that culture within cartilage rings did not significantly 

impede cartilage formation and to compare the compressive moduli of composites with 

native cartilage controls (figure S15).

In addition to push-out testing, microCT was performed on samples to assess the interfacial 

contact area between press-fit composites (or autologous cartilage) and explanted cartilage 
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rings (figures S16, S17). The inclusion of cells within composites and the addition of 

a pre-culture period significantly improved composite integration with surrounding tissue 

(figures 8(a), S18). The contact area between samples and cartilage rings was quantified at 

three different cross sections (figures 8(b), S17) and then normalized to represent a fraction 

of the total possible contact area between each sample and the surrounding cartilage (figure 

8(c)). While the normalized contact area was largest in control samples (0.85 ± 0.06), there 

were no significant differences from either of the cell-laden groups either without (0.66 ± 

0.25) or with (0.78 ± 0.04) pre-culture. Notably, the normalized contact area was different 

between the acellular samples (0.33±0.17) and both the cell-laden+PC samples and the 

autologous cartilage control samples. It is likely that the lack of tissue formation in acellular 

composites over culture time resulted in attenuated interfacial strength, as reflected by the 

displacement of composites and gaps visible between composites and native cartilage in the 

microCT reconstructions (figures 8(a), S18). While these features are also pronounced in 

some cell-laden constructs, cell-laden+PC constructs generally showed intimate contact with 

the surrounding cartilage rings.

To further elucidate the interface of composites and cartilage, we stained constructs for 

sGAG and COLII to visualize local ECM organization (figure 8(a)). Acellular composites 

failed to show sGAG or COLII along the entire perimeter of the interface, consistent 

with our microCT quantification. While cell-laden samples similarly possessed some 

gaps between composites and surrounding cartilage, cell-laden samples also showed 

increased sGAG and COLII staining when compared to acellular samples, suggesting that 

the presence of nascent ECM improved overall integration. While significant changes 

in composite volume were not observed over culture time, the formation of GAGs 

within composites might increase overall composite swelling, which may further improve 

composite integration within cartilage rings. Of the three composite groups, cell-laden+PC 

constructs contained interfaces with the most continuous sGAG and COLII staining and 

most closely resembled autologous cartilage controls. Taken together, these results highlight 

the importance of hydrogel stabilization with MEW composites, as well as composite 

pre-culture towards developing a nascent ECM template that improves tissue integration 

with cartilage ex vivo.

4. Conclusions

In this study we demonstrated that loosely crosslinked NorHA hydrogels support MSC 

chondrogenesis and neocartilage formation with greater properties after culture for 56 

days when compared to more densely crosslinked hydrogels. Specifically, softer NorHA 

hydrogels provided embedded MSCs with a local microenvironment more conducive to 

the production and distribution of ECM consistent with hyaline-like cartilage (i.e., high 

sGAG and COLII contents). To address the low initial mechanical properties and stability of 

these hydrogels, we reinforced the NorHA hydrogels with melt-electrowritten PCL scaffolds 

and showed that this did not inhibit MSC chondrogenesis or neocartilage formation while 

simultaneously providing improved mechanics and handling characteristics. Finally, we 

demonstrated that the chondrogenic pre-culture of NorHA-MEW composites resulted in 

improved tissue integration within explanted cartilage rings relative to acellular controls, 

informing future approaches for the fixation and maturation of cartilage implants within 
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cartilage defects in vivo. Future work will implement these NorHA-MEW composites in the 

repair of articular cartilage defects in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: NorHA hydrogels with varied crosslink densities.
(a) Hyaluronic acid modified with norbornene (NorHA) groups undergoes thiol-ene 

crosslinking in the presence of a dithiol crosslinker (DL-dithiothreitol, DTT), LAP 

photoinitiator, and visible light. (b) The crosslink density and compressive moduli of NorHA 

hydrogels are tuned (i.e., 2–60 kPa) via the polymer concentration (w/v%) and the extent of 

macromer crosslinking (thiol-to-norbornene ratio: XDTT). ****p<0.0001, n=3.
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Figure 2: Influence of NorHA crosslink density on MSC chondrogenesis and neocartilage 
formation.
Mesenchymal stromal cell (MSC)-laden hydrogels are cultured in chondrogenic media 

for up to 56 days and assessed for (a) chondrogenic gene expression (Aggrecan, Type 

II Collagen), (b) compressive moduli, and (c) biochemical content (DNA, sulfated 

glycosaminoglycan (sGAG), and collagen (COL)) after 0 (light gray), 7 (dark gray), 

28 (blue), and 56 (teal) days of culture in chondrogenic media. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, n≥3, individual one-way ANOVAs (20 kPa) or Kruskal–Wallis 

tests (2,6,60 kPa) performed for each hydrogel formulation for qRT-PCR data.
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Figure 3: Influence of NorHA crosslink density on matrix production and distribution.
Representative images and quantification of matrix distribution within NorHA hydrogels 

after 28 and 56 days of culture for (a) sulfated glycosaminoglycans (sGAG) via Alcian 

blue staining or (b) type II collagen (COLII) via immunohistochemistry. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, n=45 images, 5 sections, 3 constructs.
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Figure 4: PCL meshes reinforce soft NorHA hydrogels.
(a) (i) Schematic of the melt-electrowriting process (MEW) employed to fabricate fibrous 

PCL meshes. PCL is heated to form a polymer melt that can be readily extruded though 

a printhead with an attached voltage source to deposit PCL onto a grounded print bed. (ii) 

PCL meshes are then filled with NorHA macromer/crosslinker precursor (2 kPa NorHA 

hydrogel formulation) and exposed to visible light in the presence a photoinitiator to 

form composites. (iii) Images of composites containing PCL MEW meshes (green) and 

2 kPa NorHA hydrogel (blue). (b) Representative images of MEW meshes of varied 

interfiber spacing (800 μm, 400 μm, 200 μm). Compressive moduli of NorHA hydrogel 

alone, PCL MEW meshes of varied interfiber spacing alone, and composites containing 

NorHA hydrogel infused into meshes with varied interfiber spacing. *p<0.05, **p<0.01, 

****p<0.0001, n=5.
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Figure 5: Influence of MEW meshes on MSC chondrogenesis and neocartilage formation.
(a) Representative images of MSC-laden hydrogels and composites (2 kPa NorHA hydrogel 

formulation). Hydrogels and composites are cultured in chondrogenic media for up to 56 

days and assessed for (b) chondrogenic gene expression (Aggrecan, Type II Collagen), 

(b) compressive moduli, and (c) biochemical content (DNA, sulfated glycosaminoglycan 

(sGAG), and collagen (COL)) after 0 (light gray), 7 (dark gray), 28 (blue), and 56 (teal) days 

of culture in chondrogenic media. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, n.s. = 

not significant, n≥3, individual one-way ANOVAs (Aggrecan) or Kruskal–Wallis tests (Type 

II Collagen) performed for each formulation for qRT-PCR data.
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Figure 6: Influence of MEW Meshes on matrix production and distribution.
Representative images and quantification of matrix distribution within NorHA hydrogels 

and composites (2 kPa NorHA hydrogel formulation) after 28 and 56 days of culture for 

(a) sulfated glycosaminoglycans (sGAG) via Alcian blue staining or (b) type II collagen 

(COLII) via immunohistochemistry. n.s. = not significant, n=45 images, 5 sections, 3 

constructs.
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Figure 7: Integration of composites within explanted cartilage rings.
(a) Schematic of integration studies. (i) Osteochondral plugs are isolated from the trochlear 

groove of juvenile bovine knee joints and (ii) defects are created to produce cartilage 

rings with an outer diameter of 8mm and an inner diameter of 4mm. (iii) Autologous 

cartilage or composites (acellular, cell-laden, and cell-laden with 28 days of chondrogenic 

pre-culture (+PC); 2 kPa NorHA hydrogel formulation) are then press-fit into cartilage 

rings, cultured for 28 days, and then subjected to push-out testing. (b) Representative load-

displacement curves generated during push-out testing. (c) Quantification of the integration 

strength of press-fit constructs with surrounding explanted tissue (red data points correspond 
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to respective load-displacement curves in (b)). *p<0.05, **p<0.01, ****p<0.0001, n≥10. 

Created with BioRender.com.
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Figure 8: Characterization of composite-cartilage interfaces.
(a) Representative MicroCT reconstructions, Alcian blue staining, and type II collagen 

(COLII) immunohistochemistry for constructs press-fit and cultured within explanted 

cartilage rings (2 kPa NorHA hydrogel formulation used for all composites). (b) Schematic 

illustrating the three cross-sections (i.e., dashed lines; midplane, and planes 1 mm from the 

midplane in each respective direction) analyzed to determine the interfacial contact area 

(indicated by red boxes). (c) Quantification of normalized contact area between press-fit 

constructs and native cartilage at their interfaces. *p<0.05, n=3.
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