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Abstract

Meniscus-related injuries are a common orthopedic challenge with an increasing

incidence in the population. While the preservation of viable meniscal tissue is the

preferred approach in repair strategies, complex or total traumatic lesions may

require alternative therapeutic approaches such as meniscal reconstruction using

allografts or engineered equivalents. Although clinical studies suggest promising out-

comes with the use of acellular implants, further development is needed to improve

their biological and mechanical requirements. Decellularized extracellular matrix

(dECM) derived from menisci is a promising biomaterial for meniscus tissue engineer-

ing due to its recapitulation of the native tissue environment and the maintenance

of tissue-specific cues. However, the associated mechanical limitations of dECM-

derived scaffolds frequently impedes their adoption, requiring additional reinforce-

ment or combining with stiffer biomaterials to increase their load-bearing properties.

In this study, decellularized extracellular matrix was extracted and its fibrillation was

controlled by adjusting both pH and salt concentrations to fabricate mechanically

functional meniscal tissue equivalents. The effect of collagen fibrillation on the

mechanical properties of the dECM constructs was assessed, and porcine-derived

fibrochondrocytes were used to evaluate in vitro biocompatibility. It was also possi-

ble to fabricate meniscus-shaped implants by casting of the dECM and to render the

implants suitable for off-the-shelf use by adopting a freeze-drying preservation

method. Suture pull-out tests were also performed to assess the feasibility of using

existing surgical methods to fix such implants within a damaged meniscus. This study

highlights the potential of utilizing ECM-derived materials for meniscal tissue substi-

tutes that closely mimic the mechanical and biological properties of native tissue.
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1 | INTRODUCTION

The incidence of meniscal-related injuries is estimated to be 60 per

100,000 of the population,1 but their frequency and severity is

expected to increase, likely due to greater sport participation in the

population and the widespread availability of imaging technology.2

The prevailing approach for treating meniscus-related lesions is to pri-

oritize the preservation of viable meniscal tissue,3,4 which provides a

better clinical outcome compared to partial or total meniscectomies

where the nonviable tissue is removed to avoid knee malfunction and

joint degeneration.5 However, in cases of complex or total traumatic

lesions, surgeons rely on alternative therapeutic approaches, in an

attempt to re-establish the functionality of the knee joint and mitigate

degenerative processes, that would otherwise result from poor knee

biomechanics. In those cases, meniscal reconstruction can be per-

formed with the use of either meniscal allograft transplantation or the

use of engineered meniscal scaffolds.6 Commercially and clinically

available meniscus implants include the collagen-based CMI® (Stryker

Corporation, Kalamazoo, MI, USA),7,8 the polyurethane based poly-

meric implant Actifit® (Orteq Ltd., London, UK)9 and the NUsurface

(Active Implants, LLC)10 manufactured from polycarbonate-urethane

(PCU) and reinforced circumferentially with ultra-high-molecular-

weight polyethylene (UHMWPE) fibers.11

Although various clinical studies highlight promising clinical out-

comes from the use of such acellular implants,8,10 further develop-

ment is needed to improve their biological and mechanical

requirements. Developing biomaterial meniscal equivalents with

appropriate biological and mechanical properties could circumvent

some of the limitations and concerns associated with the use of allo-

grafts, such as donor availability, complex processing requirements,

and size-matching issues12,13 and facilitate improved restoration and

integration.14,15

Natural menisci possess a complex three-dimensional structure

with unique biomechanical properties and biological characteristics.

For this reason, identifying an optimal biomaterial for meniscus

replacement is crucial for ensuring the long-term success of

implants.16 The use of decellularized extracellular matrix (dECM) has

shown promising results for meniscus tissue engineering, preserving

the tissue's native environment17 which provides tissue specific cues

for promoting cell proliferation and differentiation.18,19 Nonetheless,

the mechanical limitations of these materials frequently constrain

their use, that could potentially result in suboptimal load distribution

in the joint or structural fractures of the implanted dECM scaffold

leading to a risk of osteoarthritis. By contrast, the native meniscus

exhibits a remarkable ability to withstand high mechanical loads and

resistance to shear forces, primarily attributed to its unique, tightly

packed fiber configuration and distribution.20,21 Therefore, enhancing

the fiber formation of the decellularized extracellular matrix (ECM)

could play a pivotal role in augmenting the mechanical properties and

functional capacity of meniscal implants.22

Several factors have been investigated as methods to control the

formation of fibrillar collagen in vitro, such as salt concentration, pH

level, temperature and the gelation time.23–26 Recently, we

demonstrated that the mechanical properties of solubilized meniscus

dECM-derived constructs could be dramatically improved by modulat-

ing the pH and the concentration of the dECM solution, enabling the

fabrication of mechanically functional meniscal tissue equivalents.27

Here we sought to build on this work, by exploring how adjusting the

pH and salt concentration in the dECM solution prior to crosslinking

regulates collagen fibrillation and hence the mechanical properties of

the resulting scaffold (Figure 1). To render scaffolds suitable as off-

the-shelf implants, a freeze-drying preservation method was explored

and its impact on the microstructure, mechanical performance and

suture retention strength of the constructs was evaluated. Finally, in

vitro biocompatibility was assessed by culturing porcine-derived fibro-

chondrocytes. The findings of this work demonstrate the potential for

using controlled collagen fibrillation in dECM-derived materials to

develop meniscal tissue substitutes with relevant mechanical and bio-

logical properties for their implantation as meniscus substitutes.

2 | MATERIALS AND METHODS

2.1 | Decellularization and solubilization of
meniscus tissue and hydrogel fabrication

Menisci were harvested from 3-month-old porcine donors. Tissues

were minced (1–2 mm) with a scalpel under aseptic conditions

and washed with a solution of Dulbecco's phosphate buffered

saline (PBS) and 2% penicillin/streptomycin (5000 U/mL, Gibco) for

24 h at �4�C under constant rotation. Next, menisci pieces were

freeze-dried using a freeze dryer (FreeZone Triad, Labconco, KC,

USA) for 24 h at �10�C and cryomilled (Spex SamplePrep 6770

Freezer/Mill) to obtain a fine powder. For decellularization, cryo-

milled ECM was immersed in 10 mM Tris–HCl buffer (20 mL of

solution per 200 mg of powder) followed by freeze–thaw cycles

of freezing at �80�C and heating to 37�C. Three cycles were per-

formed in total, followed by centrifugation at 2500g with the

buffer changed for each cycle. After the last cycle, 1% triton-x100

solution (Sigma-Aldrich, Ireland) in PBS was added to the powder

and incubated for 24 h under rotation at room temperature (RT).

A washing step with ultra-pure water was performed to remove

the triton and the tissue was incubated for 24 h at RT in 10 mM

Tris–HCl, containing 0.15 M NaCl, 2 mM MgCl2 and 50 U/mL

DNase (Sigma-Aldrich, Ireland) with gentle agitation. Two freeze–

thaw cycles (from �80�C to 37�C) were performed in 50 mM

Tris–HCl buffer with a buffer change after every cycle and a final

washing step with ultra-pure water performed.

Decellularized tissue was solubilized in a solution of 0.5 M acetic

acid containing 1500 U/mL of pepsin (Sigma-Aldrich, Ireland), under

rotation at RT. After 24 h, the solution was centrifuged at 2500g for

1 h and the solubilized supernatant was transferred into a dialysis

membrane (MWCO 12–14 kDa, Spectrum™ Labs Spectra/Por™) and

dialyzed against deionized water (5 L) for 48 h with three water

changes before being freeze-dried. The obtained dry decellularized

ECM (dECM) was stored at �80�C until required.
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To create hydrogels, dECM was used at a concentration of 90 or

70 mg/mL. The desired amount of material was weighed and solubi-

lized in 0.5 M of acetic acid containing the appropriate NaCl concen-

tration (0, 50 150, 250 and 300 mM), maintained at 4�C for 48 h.

Before use, the pH of the gel was raised to pH 5, pH 7, pH 9 or

pH 11, by dropwise addition of a solution of NaOH 10 M, while mix-

ing at 4�C. To ensure proper homogenization of the gel and monitor-

ing of pH changes, phenol red dye was added to the solutions.

2.2 | Characterization of dECM material

Biochemical analyses were performed to quantify sGAG and collagen.

Briefly, dECM samples (10 mg) were enzymatically digested in 500 μL

of papain (125 μg/mL papain in 0.1 M sodium phosphate with 5 mM

Na2-EDTA and 5 mM cysteine-HCl at pH 6.5) for 18 h at 60�C under

rotation. Once digested, sGAG was quantified using a dimethylmethy-

lene blue (DMMB) assay, while the total collagen content was

assessed indirectly using a chloramine-T assay, by quantifying the

presence of hydroxyproline amino acid within the collagen protein

sequence and assuming a hydroxyproline to collagen ratio of 1:7.69.28

Fourier transform infrared (FT-IR) spectroscopy was used to investi-

gate the degree of collagen denaturation. The transmittance infrared

spectrum of dECM, dry meniscus and gelatin Type A were determined

from the wavenumber range of 650 to 4000 cm�1, with 64 repeated

scans acquired per pixel.

2.3 | Mechanical characterization

Custom-made polydimethylsiloxane (PDMS, SYLGARD™ 184 Silicone

Elastomer Kit, Sigma-Aldrich, Ireland) molds were utilized to create

cylinders (5 mm � 2 mm) and dog bone specimens for compression

and tensile characterization, respectively, from solubilized dECM at

the appropriate pH and NaCl concentration. Constructs were incu-

bated at 37�C for 4 h prior to demolding and subsequent crosslinking

with 0.5% glutaraldehyde (GA, Sigma-Aldrich, Ireland) in deionized

(DI) water with 0, 50, 150, 250 or 300 mM of NaCl at pH 11. After an

overnight incubation at RT, the cylinders were rinsed with PBS and

washed thoroughly for 4 days.

2.3.1 | Unconfined compression test

Samples were mechanically tested in unconfined compression using a

standard materials testing machine with a 10 N load cell (Zwick Z005,

Roell, Germany). All tests were performed in a PBS bath at RT. A pre-

load of 0.1N was applied to ensure contact with the impermeable

loading platens and to ascertain the height of the specimens.

Stress-relaxation tests consisted of a ramp and hold cycle with a ramp

displacement of 0.02 mm/min until 10% strain was attained and main-

tained until equilibrium was reached (�30 min). Dynamic tests were

performed immediately after the stress-relaxation cycle whereby the

strain was maintained at 10% and a cyclic strain of 1% at 1 Hz was

applied for five cycles. Young's modulus was calculated as the slope of

the linear region of the stress–strain plot. Within the relaxation phase,

the equilibrium modulus was estimated as the equilibrium force

divided by the sample's cross-sectional area and the applied strain.

Lastly, the dynamic modulus was calculated through the ratio of the

determined stress amplitude to the applied strain amplitude.

2.3.2 | Uniaxial tensile test

To determine the tensile properties, dog bone specimens were

clamped in custom grips and tested in uniaxial tension. A preload of

0.01N was applied before inducing a displacement of 1 mm/min until

failure. Elongation at break was determined as the change in length

F IGURE 1 Overview of the fabrication process to create decellularized extracellular matrix (dECM) meniscal equivalents. Meniscus tissue was
harvested, decellularized, solubilized and pH and salt concentrations were adjusted. Solubilized dECM was cast into a meniscus shaped mold,
followed by thermal and chemical crosslinking, to obtain the final meniscus implant. To render implants suitable for off-the-shelf availability, an
additional freeze-drying process can be employed.
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relative to the original length at which the sample failed, ultimate ten-

sile strength (UTS) was determined as the maximum stress at failure

and the tensile modulus was calculated as the slope of the stress–

strain plots.

2.4 | Characterization of the microstructure by
using scanning electron microscopy

Morphology of dECM samples was assessed by scanning electron

microscopy (SEM, Zeiss ULTRA plus). dECM samples were submerged

in liquid nitrogen, fractured and freeze dried. Samples were sputter

coated with a gold/palladium ratio of 60:40 prior to imaging. High res-

olution and topographical details of the samples were captured with a

Zeiss ULTRA SEM equipment, operating at 5 kV and equipped with

a SE2 detector. Images of the microstructure were captured, and pore

size was analyzed using Image-J software with magnified regions of

SEM images employed to quantitatively assess fiber width.

2.5 | Freeze-drying preservation method

To render the scaffolds suitable for off-the-shelf use a freeze-drying

preservation method was employed. Briefly, samples were placed on

the cooling shelf of a laboratory grade freeze dryer (FreeZone Triad,

Labconco, KC, USA) and cooled to a final freezing temperature

(�30�C) using a constant cooling rate (1�C/min) to allow ice crystalli-

zation and finally sublimated under vacuum (0.1 mBar) for 18 h at a

temperature of �10�C to create the porous network. Constructs sub-

jected to the freeze-drying process were subsequently rehydrated

before performing mechanical tests to better represent physiological

conditions.

2.6 | Casting of dECM geometrically shaped
meniscal implants

An idealized 3D meniscus geometry was created using SOLIDWORKS®.

The selected shape and size recreated an average adult native human

medial meniscus, consisting of a c-shape of 46 mm length, 24 mm wide

and 9.5 mm height.29 A model was printed using a clear resin and a For-

mlabs Form 3 stereolithography printer (Formlabs Inc., Somerville, MA,

USA). From the positive 3D printed meniscus shape, a negative PDMS

mold (SYLGARD™ 184 Silicone Elastomer Kit, Sigma-Aldrich) was

formed and thermally cured. For casting, dECM (70 mg/mL) was

weighed and solubilized in 0.5 M of acetic acid containing NaCl

(150 mM). The solution was rotated at 4�C for 48 h to ensure complete

dissolution. Before use, the pH of the slurry was raised to pH 11 by

dropwise addition of a solution of NaOH (10 M) at 4�C. Phenol red dye

was added to ensure proper homogenization of the gel and monitoring

of pH changes. The dECM solution was poured into the negative PDMS

mold and subjected to a degassing process by application of a high

vacuum for 5 min, with a subsequent incubation for 4 h at 37�C.

After demolding, chemical crosslinking was performed using a solution

of 0.5% GA in deionized water with a salt concentration of 150 mM

and pH 11. After 24 h of incubation at RT, the meniscus shaped implant

was rinsed with PBS and washed thoroughly for 4 days.

2.7 | Histological characterization of the dECM
geometrically shaped meniscal implants

For histological evaluation, meniscal implants were paraffin wax

embedded and sectioned at 7 μm using a microtome (Leica,

Germany). Sections were stained with picrosirius red for collagen and

immunohistochemistry was performed to detect collagen type I

(Abcam, ab138492, 1:400) and collagen type II (Scbt, sc52658, 1:400)

as previously described.30

2.8 | Evaluation of implant response to suturing

Braided non-absorbable polyester sutures 2-0 (ETIBOND EXCEL®) were

used and vertical and horizontal suturing tests were performed. For ver-

tical suturing assessment, perpendicular sutures to the length of the

scaffold were placed within the middle of 15 mm wide geometrically

shaped meniscal equivalents, 5 mm distance from the outer rim. For the

horizontal suturing tests, sutures were placed aligned with the length of

the construct, 5 mm from the outer rim. Sutured specimens were

mounted in a custom-made device adapted to the mechanical testing

machine, where the free ends of the sutures were gripped by the

upper tensile clamp, while the samples were situated on the other

side of a retaining horizontal plate allowing the application of per-

pendicular forces to the implant. A pre-load of 0.1N was applied to

the sutures for 100 s, before applying a load-to-failure test at a

rate of 30 mm/min. Load to failure was determined as the first

peak defining loss of specimen integrity.

2.9 | In vitro analysis

2.9.1 | Cell isolation and expansion

Under sterile conditions, menisci (medial and lateral) were harvested

from 4-month-old porcine donors and rinsed with PBS, containing

100 U/mL penicillin and 100 μg/mL streptomycin. Tissues were

minced (1–2 mm) and incubated in pronase (500 U/L) at 37�C for

30 min followed by digestion using a collagenase solution

(Collagenase type I, Gibco, 900 U/mL) for 3 h at 37�C under constant

agitation. After filtration through a 40 μm cell strainer, the digested

material was centrifuged and resuspended in standard culture media

(XPAN) consisting of high glucose Dulbecco's modified Eagle's

medium (hgDMEM) supplemented with 10% v/v fetal bovine serum

(FBS), 100 U/mL penicillin, 100 μg/mL streptomycin and 2.5 μg/mL

amphotericin B (all Gibco, Biosciences, Ireland). Separated cells were

counted and expanded in monolayer to passage 3.

362 SALINAS-FERNANDEZ ET AL.

 15524965, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.a.37634 by L
ibrary O

f T
rinity C

ollege, W
iley O

nline L
ibrary on [02/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2.9.2 | Scaffold preparation, cell seeding and
viability assessment

dECM cylindrical constructs were formed as described earlier. After

rinsing several times with PBS to lower the pH, any remaining GA res-

idues were quenched with glycine 10% and freeze dried as described

in Section 2.5. Dried scaffolds were sterilized with 70% ethanol,

washed five times with cell media and seeded with fibrochondrocytes

at a density of 40,000 cells per construct. Constructs were cultured in

XPAN medium at 37�C, and 5% O2. Cell viability was assessed using

the LIVE/DEAD® viability/cytotoxicity assay kit (Invitrogen, Biosci-

ences, Ireland) after 1, 3 and 7 days of cell culture. Briefly, samples

were washed with PBS and incubated in a live/dead solution contain-

ing 2 μM of calcein AM (live cell membrane, abs/em = 494/517 nm)

and 4 μM of ethidium homodimer-1 (dead cell DNA, ex/em = 528/

617 nm; both from Cambridge Bioscience, Cambridge, UK) in PBS for

1 h. Samples were then washed in PBS, imaged with a Leica SP8 scan-

ning confocal microscope at 515 and 615 nm channels and assessed

using the Leica Application Suite X (LAS X) Software (Version

3.5.5.19976).

2.10 | Statistical analysis

Statistical analysis was performed using GraphPad Prism (version 9).

Raw data was tested for normality using a Shapiro–Wilk test and

mean and standard deviations were calculated. Assuming a Gaussian

distribution, a one-way ANOVA was applied, followed by a Tukey's

multiple comparison test between groups. For comparing two groups,

unpaired two-tailed Student's t-test were performed. Numerical and

graphical results are displayed as mean ± SD and significance was

accepted at a level of p < .05.

3 | RESULTS

3.1 | Decellularization process and
characterization of dECM

Native menisci were harvested, minced, washed, dried and further pro-

cessed to yield a final product termed dECM with a loose fiber net-

work. (Figure 2A). The dry weight collagen content of the final dECM

product was 710 ± 20 μg of collagen per mg of dry sample (μg/mg).

Furthermore, the GAG content (dry weight) of dECM was 2.2

± 0.6 μg/mg. An analysis of the secondary structure of the solubilized

dECM material by FTIR was performed to assess its possible denatur-

ation and compared to spectra for native meniscus tissue and gelatin

type A (Figure 2B). In general, comparable profiles were observed, with

the dECM displaying lower transmittances. The absorption band of the

dECM included the characteristic peaks of the Amide A (associated

with N–H stretching) at 3299 cm�1 and Amide B at 2923 cm�1. In the

Amide A (i), a much broader spectrum was observed for the gelatin, in

comparison to the native meniscus and the dECM. A closer inspection

of the Amide I band (ii) showed that the gelatin type A included two

distinct peaks at 1632 and 1627 cm�1, whereas the dry meniscus and

the solubilized dECM spectra exhibited only one peak each, at 1361

and 1634 cm�1 respectively. The calculation of the wavenumber differ-

ence (Δν, in cm�1) between the Amide I (ii) and Amide II (iii) (ascribable

to N–H stretching mode of the peptide bond) by using the formula Δν

(νii-νiii), was used to assess the maintenance of the triple helical struc-

ture within the collagen and is valid for result values <100 cm�1,31

where νii is the wavenumber value, in cm�1 of the Amide I peak and νiii
is the wavenumber value, in cm�1 of the Amide II peak. The triple heli-

cal structure was verified for the dry meniscus samples, with a Δν value

of 97 cm�1 (where νii = 1631 cm�1, and νiii = 1534 cm�1) and the

dECM with a Δν of 86 cm�1 (where νii = 1634 cm�1, and

νiii = 1548 cm�1). However, the gelatin showed a Δν of 101 cm�1

(where νii = 1632 cm�1, and νiii = 1531 cm�1) thus indicating the pres-

ence of denatured collagen. Finally, the Amide III bands (iv), related to

CN stretching and NH and are involved with the triple helical structure

of collagen, were characterized by three differentiable peaks, associ-

ated with type I collagen. All three peaks were more pronounced for

the dECM, at 1282, 1237 and 1203 cm�1 (Figure 2B).

3.2 | Enhancing the mechanical performance of
the constructs by tuning fibrillation parameters

Solubilized dECM-derived hydrogels formed at pH 5, pH 7 and pH 9

exhibited comparable compressive moduli. In contrast, a significant

increase in compressive modulus (sixfold) was observed for constructs

formed at pH 11 with increases also observed for the equilibrium

(threefold) and dynamic modulus (sixfold increase) relative to con-

structs formed at pH 5 (Figure 3).

In terms of the effect different concentrations of NaCl salt (0, 50,

150, 250 and 350 mM; Figure 4A), results showed a bell-shaped dis-

tribution for all compression tests, where the highest value corre-

sponded to the 150 mM salt concentration for compressive,

equilibrium and dynamic modulus. Furthermore, tensile tests were

performed on dECM dog bone specimens that were formed using the

same pH and salt conditions. No significant differences were

observed, with all samples displaying comparable elongation at break

values of �20%, a tensile modulus of �700 kPa and a dynamic modu-

lus of �140 kPa (Figure 4B).

To help explain the mechanical testing results, the internal cross-

sectional microstructure of constructs formed at pH 11 and different

salt concentrations were assessed using SEM (Figure 5). All constructs

showed a homogeneously distributed, highly porous network with

interconnected pores. The 0 and 350 mM gels exhibited larger pores,

whereas the interior of the 150 mM gels contained much smaller

pores, although not significantly different from the 50 and 250 mM

gels. Pore size was quantified using Image J software, confirming the

results observed. Moreover, fiber distribution was assessed, where

thicker fibers were observed for 150 mM, that showed significant dif-

ferences with respect to the thinner fibers measured for the 0 and

350 mM salt concentration.
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F IGURE 2 (A) Harvested meniscus tissue, and different stages of the solubilization process to produce dECM, scale bar = 10 mm. (B) Comparison
of FTIR spectra obtained for dried meniscus tissue, solubilized dECM and gelatin type A. Amide A (i), Amide I (ii), Amide II (iii) and Amide III (iiii).

F IGURE 3 Compressive, equilibrium and dynamic moduli of dECM constructs (90 mg/mL), with 150 mM NaCl concentration and different pH
levels. Number of replicates, n = 3. *, *** and **** indicate significant differences between groups (p < .05, p < .001 and p < .0001, respectively).
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3.3 | Influence of freeze-drying on the mechanical
properties of dECM constructs

In an attempt to render meniscal constructs suitable for off the shelf

availability, a freeze-drying (FD) process was employed (Figure 6A).

This was performed for constructs fabricated using two different con-

centrations of dECM (70 and 90 mg/mL). Preliminary results indicated

that 90 mg/mL constructs were prone to fracture when handled,

motivating the additional testing of a lower dECM concentration

(70 mg/mL) in an attempt to enhance elongation properties. As

expected, higher dECM concentrations led to higher compressive

mechanical properties (90 mg/mL: 90.6 ± 13.8 kPa; 70 mg/mL: 53.6

± 7.2 kPa). The FD process had a more pronounced effect at higher

concentrations of dECM, but in general reduced the compressive and

dynamic properties (but not the equilibrium modulus) compared to

the pre-FD controls (Figure 6B). For the pre-FD constructs, both ten-

sile modulus and UTS decreased when lowering the concentration

from 90 to 70 mg/mL, with no obvious change in the elongation at

break strength (Figure 6C). The FD process also negatively affected

both the tensile modulus and UTS, especially for the higher concen-

tration tested. In contrast, the elongation at break strength increased

�2-fold for the 70 mg/mL constructs (Figure 6C).

F IGURE 4 Effect of NaCl salt concentration on compressive and tensile properties of dECM constructs (90 mg/mL). (A) Compressive,
equilibrium and dynamic moduli of dECM constructs at pH 11 and different NaCl concentrations. (B) Elongation at break, tensile modulus, and
ultimate tensile strength of dECM constructs at pH 11 and different NaCl concentrations (0, 50, 150, 250 and 350 mM). Number of replicates,
n = 4. *, **, *** and **** indicate significant differences between groups (p < .05, p < .01, p < .001 and p < .0001, respectively).
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3.4 | Analysis of an idealized meniscus implant

A full-scale meniscus implant equivalent was cast using a negative

PDMS mold. Formed implants maintained their size and shape. Histo-

logical analysis revealed a homogeneous distribution of collagen

throughout the implant structure (Figure 7A). Post-FD constructs

revealed a distinct pore structure, with predominantly elongated pores

present. The immunohistochemical staining for collagen type I and

collagen type II revealed the uniform presence of both types of colla-

gen within the menisci structures (Figure 7B).

Sutured meniscal implants were assessed using a custom-made

device adapted to the mechanical testing machine (Figure 8A). Pre-

and post-FD samples were sutured following two different types of

suturing regime, vertical (Figure 8B) and horizontal (Figure 8C). Over-

all, vertical suture strength was higher than horizontal for both pre-

and post-FD implants. Pre-FD samples exhibited significantly higher

load to failure values for both vertical and horizontal sutures com-

pared to post FD implants (Figure 8C).

3.5 | In vitro biocompatibility of meniscal implants

Freeze-dried meniscus constructs were seeded with fibrochondro-

cytes and cultured for 7 days. Cells were found to be distributed

F IGURE 5 (A) SEM images of dECM gels formed with different salt concentrations (scale bar = 40 μm). (B) Higher magnification images of 0,
150 and 350 mM (scale bar = 4 μm). (C) Pore size (μm2) and fiber width (μm). Number of replicates, n = 4. *, **, *** and **** indicate significant
differences between groups (p < .05, p < .01, p < .001 and p < .0001, respectively).
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homogenously across the scaffolds, predominantly situated both on

the surface within the exterior pores, as observed using confocal

microscopy. After day 1 of culture, cells were mostly rounded exhibit-

ing �75% cell viability. After 3 and 7 days of culture, viability

increased to 90% and cells exhibited an elongated morphology

(Figure 9).

4 | DISCUSSION

In an attempt to better replicate the native meniscus properties in

meniscus replacements, the overall goal of this study was to fabricate

an ECM-derived meniscus implant that (i) had appropriate mechanical

properties, (ii) could be easily stored for off-the-shelf use to facilitate

F IGURE 6 Effect of dECM concentration and the freeze-drying process on the internal structure and mechanical performance of dECM
constructs, formed at pH 11 and 150 mM NaCl. (A) Constructs stained with picrosirius red before and after the freeze-drying process (Pre FD and
Post FD). Scale bar = 1 mm. (B) Compressive, equilibrium and dynamic moduli of dECM constructs formed at 90 and 70 mg/mL pre- and post-
freeze drying. (C) Elongation at break, tensile modulus, and ultimate tensile strength of dECM constructs formed at 90 and 70 mg/mL pre- and
post-freeze drying. Number of replicates, n = 4. *, **, *** and **** indicate significant differences between groups (p < .05, p < .01, p < .001 and
p < .0001, respectively).
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manufacturing and clinical translation and (iii) exhibited biocompatibil-

ity. To achieve this, porcine meniscus tissue was treated and

solubilized using an optimized protocol that avoided collagen denatur-

ation. After the solubilization process, ECM content was found to be

F IGURE 7 Idealized d-ECM
meniscus equivalent was fabricated
and subjected to a freeze-drying
process for off-the-shelf
availability. (A) Top and front view
of a cast dECM meniscus implant.
(B) Sections of the meniscus
implant stained with picrosirius red
and immunohistochemically

stained for collagen types I and
II. Scale bar = 2 mm.

F IGURE 8 Suture pull-out testing. (A) Custom-made device adapted to the mechanical testing machine to assess suture pull out strength.
(B) stitched suture in a vertical configuration (vertical suture). (C) Stitched suture in a horizontal configuration (horizontal suture). (D) Maximum
load to failure of constructs for vertical and horizontal sutures for both pre- and post-FD implants. Number of replicates, n = 4. ** and ****
indicate significant differences between groups (p < .01 and p < .0001, respectively).
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predominantly collagenous in nature, with a loss in GAG content dur-

ing the extraction process possibly due to the high solubility of GAGs

in water.32 The use of acidic or alkaline treatments can induce several

conformational changes in collagenous materials under thermal

exposure,33 compromising bioactivity and stability.34 To investigate

any potential denaturation of the collagen chains, FTIR analysis was

performed on solubilized dECM and compared with the FTIR spectra

of dry meniscus and gelatin type A. The dECM spectra were consis-

tent with expected collagen profiles35 and showed a higher intensity,

suggesting a greater collagen concentration in the dECM sample.36

The observation of the different bands confirmed the maintenance of

the triple helical structure in the collagen obtained from the dECM,

and the absence of denatured collagen in the extracted material. In

fact, in the Amide A, broader peaks have been related to the existence

of gelatin in samples extracted at high temperatures,37 such as the

one observed in the FTIR band for gelatin type A (in comparison to

the dry meniscus and the extracted dECM profiles). Moreover, the

absence of two peaks within the amide I in both dECM and dried

meniscus, which are present in the gelatin, verified the stability of the

collagen molecular chain within the dECM.38 Three distinguishable

peaks of the Amide III band were present for both dECM and native

type I collagen. When examining the spectrum, it is apparent that both

dry meniscus and extracted dECM have sharper peaks compared to

the less pronounced peaks observed in the gelatin spectra. Typically,

wider and less defined peaks at the higher and lower wavelengths

indicates that collagen has undergone thermal denaturation.39 Based

on the FTIR results, the decellularization protocol employed success-

fully preserved the inherent collagen properties in the dECM, which is

crucial for maintaining protein fibrillation. Further FTIR assessments

on the final casted structures to ensure the non-degradation of colla-

gen on the final dECM implants warrants further investigation.

The next stage entailed regulating the formation of collagen fibers

in solubilized meniscus dECM-derived hydrogels. The process of colla-

gen fibrillation depends on electrostatic interactions and alterations to

environmental factors such as pH, ionic strength, molecular structure

and concentration which can affect the final fiber size, shape and

arrangement40 and ultimately alter the microstructure of collagen

gels.41 Additional crosslinking is normally necessary to enhance the

mechanical properties after fibrillogenesis.42 Therefore, after adjusting

the pH of the solution, both thermal and further chemical crosslinking

with glutaraldehyde were employed to enhance the mechanical prop-

erties. dECM constructs crosslinked at pH 11 exhibited compressive

F IGURE 9 (A) Cell viability of fibrochondrocytes seeded on top of freeze-dried meniscus constructs. Live (green) and dead (red) staining of
cells after 1, 3 or 7 days of cell seeding. Scale bar = 200 μm. (B) Semi-quantitative analysis of cell viability at 1-, 3- and 7-day post-seeding.
Number of replicates, n = 3. *Significant differences between groups (p < .05).
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modulus values comparable to those of native menisci, which have

been reported to be in the range of 32.8–137.6 kPa in unconfined

compression axial testing, and 40–102 kPa in a radial direction.43

Constructs exhibited a threefold higher modulus relative to pH 5,

pH 7 and pH 9, for the compressive modulus and dynamic modulus,

and a twofold increase in the equilibrium modulus, respectively. The

large increase of the overall compressive properties at pH 11 can be

linked to changes in collagen fibrillation. At a higher pH, the amino

acid side chains of collagen become deprotonated, increasing the neg-

ative charge of the protein, which enhances the electrostatic interac-

tions. This leads to the formation of thinner and more densely packed

fibers24,44–47 with smaller pore sizes.48

The highest menisci implant tensile modulus measured was

�700 kPa. In the native human menisci, however, the tensile modulus

ranges from 150 to 200 MPa,49 which is significantly higher than

achieved in this work. Replicating the tensile characteristics of the

human meniscus poses a significant challenge primarily due to

the unique organization of collagen fibers. Our examination of

implants using SEM revealed that the introduction of NaCl had a nota-

ble effect on the width of the fibers but did not alter the 3D spatial

arrangement of the fibers. As such, different concentrations of NaCl

did not appear to affect the tensile properties of these constructs.

The highest compressive properties were observed at 150 mM, with

the lowest values observed at 0 and 350 mM. These results may be

explained by considering the influence of hydrophobic and electro-

static forces on collagen fiber formation. Lower ionic strength has

been reported to increase electrostatic and hydrophobic interactions,

thereby promoting fibril precipitation and restricting lateral aggrega-

tion, resulting in thinner fibrils.44 In contrast, at 150 mM, electrostatic

forces favor the formation of unipolar spindle-shaped D-banded colla-

gen type I fibers, which subsequently merge and mature collectively,

leading to the development of wider and structurally organized colla-

gen bundles.24 In addition to the variation in fiber formation resulting

from altered pH and the addition of NaCl, the SEM analysis also sug-

gests that the observed changes in pore size and fiber width can influ-

ence mechanical properties. Specifically, at 0 and 350 mM, there was

an increase in pore size along with a significant reduction in fiber

width, and this combined effect may lead to a decrease in the overall

stiffness of the construct.

Following modulation of the construct mechanical properties, we

next sought to determine if dry implants more amenable to long-term

storage could be produced by freeze-drying of the dECM hydrogels.

Meniscal implants have to retain their complex structural physical and

biological properties upon implantation, meaning that the preservation

method selected for the meniscal implants is key for the desired out-

come of the final product.13,50 For the scope of this project, a freeze-

drying process was selected as a preservation method for the dECM

meniscal equivalent. Idealized implants were subjected to a freeze

drying process to retain their bioactivity and tissue regeneration

capacity.51–53 Moreover, by selecting the freeze-drying parameters,

the pore structure can be tailored to impart interconnected pores of

desired size and shape.54,55 The freeze-drying protocol performed

in this work introduced large pores, with approximately 50%

porosity measured. As expected, introducing changes into the micro-

structure through freeze drying lowered the compressive and tensile

mechanical properties of the final constructs. However, the freeze-

drying process did result in enhanced elongation at break properties

for the 70 mg/mL constructs. Envisioning the further use of these

implants into a clinical environment, where it is important to consider

both the mechanical properties and the practical aspects of handling

the scaffolds, the 70 mg/mL constructs were selected for further

experiments. While the 90 mg/mL scaffolds exhibited superior

mechanical properties, they were prone to fracture when handled,

which would be unsuitable for clinical use within the knee joint. By

reducing the concentration to 70 mg/mL, we observed an improve-

ment in the elongation properties rendering them more suitable for

handling. A full-scale idealized meniscal implant was fabricated as a

proof of principle. The homogeneous distribution of the collagen dif-

fered from the highly organized and compact collagen bundles

observed in stained native menisci.21,56 We observed the presence of

both collagen types I and II in our d-ECM meniscus equivalent

implants, with stronger staining observed for collagen type I. Precise

characterization of the ratio of collagen types I and II using ELISAs

may provide deeper insights into how material processing of meniscus

tissue affects the final material composition and warrants further

investigation. In addition, the suture failure loads observed were much

lower in comparison to the high load that native meniscus tissue can

support, particularly when using vertical sutures, where strength has

been found to reach 200 N.57,58 For vertical and horizontal sutures in

native menisci, the collagen fiber alignment plays an important role in

determining the differences in the final load to failure. In the case of

the dECM off-the-shelf menisci, the fibers are not highly organized,

which perhaps explains the overall decrease in load to failure both in

vertical and horizontal sutures. Fabricated implants demonstrated

non-cytotoxicity in vitro, promoting cell adhesion and spreading of

fibrochondrocytes within the surface pores of the implant. Due to the

high density of the material, there were challenges during the cell

seeding process with the majority of cells attaching to the surface and

external pores of the scaffold, and cell migration was not observed

into the interior regions of the implant. However, in an in vivo sce-

nario, where the implant will be subjected to mechanical forces, fluid

flow and enzymatic activity influencing material degradation, it is

anticipated that the cells could penetrate more readily into the

implants over time. Considering the eventual use of these acellular

implants, longer experimental time points to gain insights into cell

migration and additional in vivo studies could better facilitate the

assessment of the tissue–scaffold interactions, in terms of bioactivity

and immunogenicity.

5 | CONCLUSION

This work demonstrates that control over the formation of collagen

fibers within a dECM matrix can be achieved by adjusting pH and salt

concentration to fabricate off-the-shelf mechanically functional

meniscal tissue equivalents. By optimizing fibrillation parameters, we
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have successfully generated idealized meniscal implants composed

entirely of decellularized meniscus extracellular matrix that display

promising mechanical properties and biocompatibility. To render

implants suitable for long-term storage and hence off-the-shelf avail-

ability, a freeze-drying process can be utilized, with the additional

benefit of creating a porous structure to facilitate cellular interactions.

These findings highlight the potential of utilizing ECM-derived mate-

rials for meniscal tissue substitutes that closely mimic the mechanical

and biological properties of the native tissue.
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