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Abstract

Native articular cartilage has limited capacity to repair itself from focal defects or osteoarthritis. 

Tissue engineering has provided a promising biological treatment strategy that is currently being 

evaluated in clinical trials. However, current approaches in translating these techniques to 

developing large engineered tissues remains a significant challenge. In this study, we present a 

method for developing large-scale engineered cartilage surfaces through modular fabrication. 

Modular Engineered Tissue Surfaces (METS) uses the well-known, but largely under-utilized self-

adhesion properties of de novo tissue to create large scaffolds with nutrient channels. Compressive 

mechanical properties were evaluated throughout METS specimens, and the tensile mechanical 

strength of the bonds between attached constructs was evaluated over time. Raman spectroscopy, 

biochemical assays, and histology were performed to investigate matrix distribution. Results 

showed that by Day 14, stable connections had formed between the constructs in the METS 

samples. By Day 21, bonds were robust enough to form a rigid sheet and continued to increase in 

size and strength over time. Compressive mechanical properties and glycosaminoglycan (GAG) 

content of METS and individual constructs increased significantly over time. The METS 

technique builds on established tissue engineering accomplishments of developing constructs with 

GAG composition and compressive properties approaching native cartilage. This study 

demonstrated that modular fabrication is a viable technique for creating large-scale engineered 

cartilage, which can be broadly applied to many tissue engineering applications and construct 

geometries.
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1. INTRODUCTION

Tissue engineering has provided promising treatments for damaged or degenerated tissues. 

Tissue engineering utilizes a combination of biomaterials, cells, and inductive factors to 

promote de novo tissue growth both in the laboratory and in vivo with favorable results 

towards achieving native mechanical and biochemical properties (Mauck et al. 2000, 

DuRaine et al. 2015, Gadjanski and Vunjak-Novakovic 2015, Makris et al. 2015, Benya and 

Shaffer, 1982, Awada, et al. 2004, Natoli et al. 2009, Bian et al. 2010, Erickson et al. 2012, 

Nims et al. 2017). However, translating these techniques to larger engineered tissues (> 4 

mm diameter) has not been trivial (Bian et al. 2009, O’Connell et al. 2013, Cigan et al. 

2014). Larger scaffolds (~10 mm diameter) have limited tissue growth and inhomogeneous 

matrix deposition due to limited nutrient diffusion into the center of the scaffold. Limited 

nutrient diffusion results in greater matrix deposition and stiffness at the periphery of the 

construct, which is problematic for clinical application (Farrell et al. 2012, Khoshgoftar et 

al. 2013, Nims et al. 2014, Kelly et al. 2006, Bian et al. 2009, Buckley et al. 2012, Nims et 

al. 2015).

Previously used methods for increasing nutrient diffusion in larger engineered cartilage, 

include macrochannels, microchannels, dynamic loading, and perfusion (Chahine et al. 

2009, Eniwumide et al. 2009, Lima et al. 2012, Kock et al. 2014). Macrochannels (e.g. 1 

mm diameter channel) in the center of a larger (10 mm diameter) construct increases nutrient 

availability throughout the construct, resulting in homogenous distribution of matrix 

deposition (Bian et al. 2009. Cigan et al. 2014, Nims et al., 2017, Cigan et al. 2016). An 

alternative approach for increasing nutrient diffusion in larger monolithic engineered 

cartilage with macrochannels is to use a modular fabrication approach, which results in 

channels forming between junctions of smaller constructs initially cultured individually to 

maximize nutrient availability.

Modular tissue engineering is a technique of initially culturing smaller components, which 

are combined at a later time point to create larger surfaces (Nichol and Khademhosseini 

2009). This approach has been used to combine cultured rings into tube-like constructs for 

tracheal reconstruction and to combine pellet cultures into larger sheets of engineered 

cartilage (Bhumiratana et al. 2014, Mori et al. 2014, Dikina et al. 2015, Nover et al. 2017). 

These platforms take advantage of the inherent adhesivity of de novo extracellular matrix. In 

this study, we describe a method to fabricate Modular Engineered Tissues Surfaces (METS) 

by applying the inherent adhesivity of de novo cartilage to a well-established cell-based 

agarose model for cultivating engineered cartilage (Figure 1). The techniques applied here 

are broadly adaptable to other tissues or organs.
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2. METHODS

Chondrocytes were harvested from juvenile bovine knees (age: 3 – 6 weeks, n = 2 – 3 

animals per study), digested, expanded, and encapsulated in agarose with a cell density of 30 

× 106 cells/mL as previously described (O’Connell et al. 2015). Constructs were cored with 

dimensions of 4 mm diameter and 2.34 mm thickness and cultured in chemically-defined 

media (1 – 3 mL of media per construct; hgDMEM with 0.1 μM dexamethasone, 40 mg/mL 

L-proline, 50 mg/mL ascorbate 2-phosphate, 100 mg/mL sodium pyruvate, 1 × ITS+ 

premix, 100 U/mL penicillin, and 100 mg/mL streptomycin and amphotericin B) for 35 days 

and supplemented with 10 ng/mL TGF-β3 for the first 14 days (O’Connell et al. 2014).

Four studies with individual controls were conducted to evaluate the scalability of the METS 

design (4 mm diameter; Table 1). In the first week of culture, individual constructs were 

placed in 3D printed baskets to form METS (Acrylonitrile butadiene styrene, printer 

resolution = 0.5 mm, Dimension 1200es, Stratasys, Eden Prairie, MN; Figure 1). 2×2, 3×3, 

or 5×5 METS were created by placing 4, 9, or 25 constructs, respectively, into 3D printed 

baskets (coverage area: 2×2 ≈ 64 mm2, 3×3 ≈ 144 mm2, 5×5 ≈ 400 mm2; Figure 1C-E).

Additionally, a METS sample with patient-specific geometry was prepared by combining 75 

individual constructs. A high-resolution computed tomography image of a cadaveric human 

tibial plateau was reconstructed into a 3D solid model using cubic spline interpolation 

between 2D image slices (SimVascular; Figure 2A & 2B) (Cohen et al. 1999, Wilson et al. 

2001). The resulting model was used to print a porous-walled culture basket, and individual 

constructs were cultured in the mold for two weeks (Figure 2C-D).

Compressive mechanical properties (i.e. equilibrium and dynamic moduli) were determined 

in the METS at Day 0 and then weekly or biweekly to characterize matrix production (n = 4 

– 5 per group per time point). Equilibrium modulus was measured using an Instron 5943 in 

unconfined compression at 10% strain followed by a sinusoidal ±1% strain at 0.5 Hz to 

measure dynamic modulus. Individual constructs within METS samples were separated after 

culture to measure local properties.

Tensile strength of the bond was evaluated in 2×2 and 5×5 METS by pulling two constructs 

until bond failure (Instron 5943). In the 2×2 METS, the bond tensile strength was assessed 

(1 mm/min) at Days 21 and 28. In 5×5 METS, bond failure was not achievable with a strain 

rate of 1 mm/min due to slippage between the grips and the constructs; therefore, 1 mm/s 

was used (Days 14 and 28). The peak force at failure was recorded. Bond width was 

measured optically. Bond thickness was could not be accurately assessed; therefore, stress 

was not calculated.

After mechanical testing, samples were weighed, lyophilized, and reweighed. On Day 28, 

samples (n = 4 – 5 per group) were digested overnight with proteinase K (Sigma-Aldrich, St. 

Louis, MO). DNA, Glycosaminoglycan (GAG), and collagen content was measured using a 

PicoGreen (Invitrogen, Co.), a 1,9-dimethylmethylene blue (DMMB) and a hydroxyproline 

assay respectively.
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A 3×3 METS sample was prepared for histology (Day 21). Histological slices were stained 

with hematoxylin and eosin to characterize cellular distribution. The patient specific METS 

was also prepared for raman spectroscopy and histology, stained for cellular distribution and 

aggrecan. Raman spectroscopy was used to compare local biochemistry in the bonds to the 

local biochemistry in the bulk construct. Unpolarized Raman spectra were acquired in 

backscattering geometry to provide local information on a broad range of matrix 

constituents (Labram spectrometer, JY-Horiba Scientific, Edison, NJ), equipped with a high-

resolution grating (1800 grooves/mm).

The objective of this study was to demonstrate feasibility; therefore, statistical analyses were 

not performed on mechanical and biochemical properties with respect to location in the 

METS, which would require a high sample size (n = 4 – 5 per group unless stated 

otherwise). A one-way ANOVA and a Student’s t-test was used to compare properties with 

respect to time (significance: p ≤ 0.05). Data are presented as mean ± standard deviation.

3. RESULTS

Stable connections formed between constructs for all METS samples, such that they could 

be removed from the basket on Day 14. Fibrous tissue was optically observed at the bond 

site and cell infiltration was observed through histology (Figure 3A) Raman spectroscopy 

revealed peaks corresponding to collagen (880 cm−1 and 1655 cm−1), GAGs (1060 cm−1), 

and other organic matter (e.g., lipids, proteins, etc.; 1454 cm−1; Figure 3B). A similar 

response was observed for tissue at the bond site and within the construct, but with lower 

signal intensity at the bond site due to lower matrix deposition (Figure 3B – black versus 

grey lines).

The bonds continued to increase in size and strength over time, with formation of rigid 

engineered cartilage sheets by Day 21 that could be handled without visible deformation or 

breaking (2×2 METS: final bond width = 2.2 ± 0.3 mm; p < 0.05, bond strength Day 21 

versus 28; Figure 3C & D). Similarly, for 5×5 METS, there was a 4-fold increase in the 

tensile peak force from 0.15 ± 0.16 N on Day 14 to 0.60 ± 0.13 N on Day 28 and 0.53 ± 0.27 

N on Day 42 (p = 0.04). Macrochannels that formed remained open throughout culture.

Compressive mechanical properties and biochemical composition of all METS groups and 

individual constructs increased with time until Day 28 (ANOVA p < 0.03; 2×2 METS: 

Figure 4). The compressive moduli of all METS groups on Day 28 were on average 5 times 

greater than initial properties (t-test p < 0.03). In 2 × 2 constructs, there was a significant 

decrease in modulus for both METS and control constructs by Day 42, which was attributed 

to issues with the culture rather than the METS technique (p < 0.05). Spatial distribution in 

mechanical and biochemical properties was assessed (Figure 4–6).

The irregular geometry of the patient-specific basket resulted in a METS sample with three-

dimensional contours and topography that matched the cadaveric specimen (Figure 2D). 

Histological staining was positive for aggrecan throughout the engineered cartilage surface, 

suggesting that the patient-specific specimen received sufficient nutrient diffusion for 

continued tissue production (Figure 2E).
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4. DISCUSSION

This study demonstrated that modular fabrication through self-adhesion is a viable technique 

for creating large engineered cartilage. The METS technique is a method using tight-fit 3D 

printed porous baskets to encourage construct attachment among individual constructs into 

larger surfaces and may also act to decrease swelling during de novo tissue development 

from high GAG deposition (Nims et al., 2017). Cells within the bond site continued to 

deposit extracellular matrix throughout the culture period, increasing failure strength and 

overall compressive modulus.

Cell infiltration into the bond site was observed histologically, suggesting that cell migration 

occurred in proximity of neighboring constructs as has been previously seen (Bhumiratana et 

al. 2014, Mori et al. 2014, Dikina et al. 2015). Raman spectroscopy of the bond site and 

construct was similar to spectra for human cartilage (Kunstar et al. 2012, Esmonde-White 

2014, Gamsjaeger et al. 2014). Raman peaks for collagen were lower than those for GAG 

agreeing with biochemical assays and previous work (O’Connell et al. 2013, Cigan et al. 

2014, Mesallati, Buckley, & Kelly, 2017). Future work will focus on determining the 

microstructure, composition, and localized mechanics of the bond.

Biochemical composition and mechanical properties from the outer constructs were 

comparable to properties measured at the center and to individual constructs. We recognize 

that a small sample size precludes a claim of improved spatial distribution of properties. 

However, we saw no indication of a negative impact with increased total size (Figures 5 & 

6). The creation of METS with large patient specific geometry (> 950 mm2) demonstrated 

the potential of the technique to be customized for the specific application, eliminating 

additional steps, material, and time wasted to fit or resize a scaffold to the patient.

Clinically, the METS technique holds good potential as a tissue-engineering analogue to 

mosaicplasty repair, by which a surgeon grafts smaller circular punches of cartilage into a 

large defect. However, it not known whether long-term presence of channels are beneficial. 

Studies using macrochannels showed that channels occlude over time in culture (Bian et al. 

2009). Additional work is needed to optimize the size and longevity requirements of 

channels during METS development.

We recognize the limitations inherent in clinical translation of cell-based approaches that use 

high cell densities to cultivate engineered tissues. Juvenile bovine cells are the ideal animal 

source for proof-of-concept studies, but they are not indicative of the behavior from adult 

human cells. Future work will focus on determining whether METS bonds are stable enough 

to withstand shear loads in vitro and physiological loading in situ.

The METS approach described in this study builds upon established tissue engineering 

techniques of developing constructs with GAG composition and compressive mechanical 

properties towards native cartilage. In conclusion, the METS technique presents a method 

for creating engineered cartilage surfaces on clinically relevant scales by exploiting the well-

known, but underutilized stickiness of de novo tissue.
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Figure 1. 
(A) Side view and (B) top view of 3D printed baskets with spaces for nutrient diffusion. The 

top surface was open for free diffusion of culture media. Representative images from (C) 

2×2 METS, (D) 3×3 METS, and (E) 5×5 METS.
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Figure 2. 
(A) Transverse slice from high-resolution micro-computed tomography (μCT) of a human 

cadaveric tibia plateau. (B) SimVascular was used to manually outline the area in each slice 

and reconstructed to create a steriolithography file (STL), which was imported into 

SolidWorks as a 3D part. (C) The part was modified to include porous walls and created 

using a 3D printer. (D) Patient specific METS was created by combining 75 constructs 

(contact area ~ 950 mm2). (E) Histological staining was positive for aggrecan throughout the 

construct (brown stain) with cells distributed evenly throughout (blue strain represents cell 

nuclei).
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Figure 3. 
(A) Hematoxylin and eosin staining showing tissue formation with cell infiltration at a bond 

site within a METS sample. Inset: (top) Representative 2×2 METS sample identifying 

region of interest and (bottom) bright-field image of fibers observed at the bond site. (B) 

Raman spectra comparing the METS bond and bulk construct. Peaks are attributed to the 

following compounds: collagen - 880 cm−1, GAG - 1060 cm−1, organic content – 1454 

cm−1, collagen – 1655 cm−1 (Esmonde-White 2014). (C) peak load at failure of METS bond 

increased over time (* represents p < 0.05). Data shown from 2×2 METS.
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Figure 4. 
(A) Compressive dynamic modulus of individual constructs increased over time (p < 0.01). 

No significant differences were observed between METS (pooled average for all regions) 

and individual construct controls at Day 21 and Day 28 (p > 0.19). (B) GAG content 

normalized by DNA content (GAG/DNA) of constructs increased over time (p < 0.0001, 

one-way ANOVA with respect to time). * represents significant differences in GAG/DNA 

between METS and individual controls (p < 0.002, Student’s t-test). Data shown from 2×2 

METS.

Ford et al. Page 12

J Biomech. Author manuscript; available in PMC 2019 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Dependence on construct location of (A) equilibrium compressive modulus, (B) dynamic 

modulus, and biochemical properties, including (C) DNA/ww%, (D) GAG/DNA, (E) 

GAG/ww%, and (F) collagen/ww% of individual controls and 3×3 METS (data from 3×3 

METS, Day 28). No significant differences were observed among controls and METS (p > 

0.07, one-way ANOVA).
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Figure 6. 
Dependence on construct location of the (A) equilibrium and (B) dynamic compressive 

moduli of individual constructs and 5×5 METS. (C) DNA/ww%, (D) GAG/DNA, (E) 

GAG/ww%, and (F) collagen/ww% for individual controls and METS (Day 28).
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Table 1

Outline of four studies performed to demonstrate the viability of the METS technique and evaluate location 

dependence of mechanical and biochemical properties in the constructs within the METS samples.

Study Control METS Size (mm2)

1 64

2 144

3 400

4 N/A Patient specific >950
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