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Objective: To analyze the characteristics of menicus microstructure and to reconstruct a microstructure-mimicing 3D
model of the menicus.

Methods: Human and sheep meniscus were collected and prepared for this study. Hematoxylin—eosin staining
(HE) and Masson staining were conducted for histological analysis of the meniscus. For submicroscopic structure
analysis, the meniscus was first freeze-dried and then scanned by scanning electron microscopy (SEM). The porosity
of the meniscus was determined according to SEM images. A micro-MRI was used to scan each meniscus, immersed
in distilled water, and a 3D digital model was reconstructed afterwards. A three-dimensional (3D) resin model was
printed out based on the digital model. Before high-resolution micro-CT scanning, each meniscus was freeze-dried.
Then, micro-scale two-dimensional (2D) CT projection images were obtained. The porosity of the meniscus was calcu-
lated according to micro-CT images. With micro-CT, multiple 2D projection images were collected. A 3D digital model
based on 2D CT pictures was also reconstructed. The 3D digital model was exported as STL format. A 3D resin model
was printed by 3D printer based on the 3D digital model.

Results: As revealed in the HE and Masson images, a meniscus is mostly composed of collagen, with a few cells dis-
seminated between the collagen fiber bundles at the micro-scale. The SEM image clearly shows the path of highly
cross-linked collagen fibers, and massive pores exist between the fibers. According to the SEM images, the porosity of
the meniscus was 34.1% (34.1% + 0.032%) and the diameters of the collagen fibers were varied. In addition, the
cross-linking pattern of the fibers was irregular. The scanning accuracy of micro-MRI was 50 pm. The micro-MRI dem-
onstrated the outline of the meniscus, but the microstructure was obscure. The micro-CT clearly displayed microfibers
in the meniscus with a voxel size of 11.4 um. The surface layer, lamellar layer, circumferential fibers, and radial fibers
could be identified. The mean porosity of the meniscus according to micro-CT images was 33.92% (33.92% + 0.03%).
Moreover, a 3D model of the microstructure based on the micro-CT images was built. The microscale fibers could be
displayed in the micro-CT image and the reconstructed 3D digital model. In addition, a 3D resin model was printed out
based on the 3D digital model.

Conclusion: It is extremely difficult to artificially simulate the microstructure of the meniscus because of the irregular-
ity of the diameter and cross-linking pattern of fibers. The micro-MRI images failed to demonstrate the meniscus
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MICROSTRUCTURE RECONSTRUCTION OF A MENISCUS

microstructure. Freeze-drying and micro-CT scanning are effective methods for 3D microstructure reconstruction of the
meniscus, which is an important step towards mechanically functional 3D-printed meniscus grafts.
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Introduction
As a semilunar fibrocartilaginous tissue between the femo-
ral condyle and tibial plateau, the meniscus assists in load
bearing and transmission, joint stabilization, and shock absorp-
tion" °. It is well known that a torn meniscus and/or surgical
removal of the meniscus will result in early articular cartilage
damage and, eventually, early osteoarthritis’. Thus, preserva-
tion of the function of the meniscus is of great interest for doc-
tors and researchers. Due to limited blood supply of the
meniscus, meniscus suture or repair can result in non-healing
or secondary surgery. Therefore, meniscal allograft transplanta-
tion has been considered for the preservation of meniscal tis-
sue. However, concerns over limited availability, disease
transmission, immune rejection, and anatomical mismatching
adversely influence its application®. In addition, although the
initial mechanics are appropriate, dense tissue is not well suited
for cellular infiltration and remodeling, resulting in poor and
inconsistent long-term outcomes’. Hence, it is important to
develop new strategies for meniscus transplantation.

To overcome these limitations, different kinds of tissue-
engineered scaffolds have been developed®” 7, including using
biomaterials to fabricate porous scaffolds, seeding cells on the
scaffold, and adding growth factors for cell proliferation and
differentiation®. A functional, tissue-engineered scaffold should
mimic the biomechanical structure of the meniscus and have
appropriate mechanical properties to bear stress from different
directions’. Traditional methods for scaffold fabrication, such
as lyophilization, solvent casting, phase separation, and
electrospinning, cannot meet these requirementsm.

Three-dimensional (3D) printing can be used to manu-
facture objects with a desired size and structure and has been
applied in meniscus scaffold fabrication for many years. The
main steps of 3D printing meniscus scaffolds include the prep-
aration of bioink, reconstruction of the 3D digital model of the
meniscus, and 3D printing“. Most studies have used MRI or
CT scanning to obtain 3D digital models of a meniscus. Some
researchers have used computer-aided design (CAD) to design
a digital scaffold based on a 3D digital meniscus, then printed
the scaffold and added other matrix and culture bioactive cells
to the scaffold'> '*. Some studies have printed a hollow scaf-
fold with a relatively closed surface and added the matrix to
the hollow scaffold'®. Several studies have used bioink to
directly print the meniscus based on a digital model"> '°.

The microstructure of the meniscus is extremely compli-
cated due to the complexity of the mechanical environment
within the knee. Electron microscopy imaging studies have rev-
ealed three distinct layers of the collagen sheets in a meniscal
cross-section: a superficial network that covers the surfaces by
a meshwork of very thin fibrils (30 nm); a lamellar layer

beneath the superficial network, represented by a layer of
lamellae of collagen fibrils (150-200 nm); and a central main
portion, composed of predominantly circular-oriented bundles
of collagen fibrils with occasional radial-tie fibers'’. The
mechanical properties are the most important features of these
materials and are the first to be considered in regenerative
medicine and tissue engineering'®. Unfortunately, the scaffolds
mentioned above barely mimic the microstructure of the
meniscus and, therefore, do not obtain the same initial or
long-term mechanical properties as an intact meniscus. One of
the most important reasons is that these studies did not obtain
a 3D printer readable microscale 3D digital model. Jeffrey
et al'* printed a meniscus 3D injection mold and injected a
mix of cells, alginate, and CaSO4 into the mold. After a few
weeks of culture, the tissue was engineered. The construction
can reach the highest equilibrium modulus at 60 kPa, which is
50% of native tissue. Several studies'®~>* have used 3D printed
PCL scaffold meniscal regeneration, which has a compressive
modulus in the range of 10-54 MPa and a tensile modulus in
the range of 40-80 MPa; the tensile modulus of these scaffolds
is almost significantly lower than that of human menisci
(78-125 MPa). These PCL scaffolds were designed by CAD
according to a 3D digital meniscus model. It can be concluded
that the mechanical properties of these scaffolds are far from
those of native tissue. One of the most important reasons may
be that the scaffold did not mimic the microstructure of the
meniscus fibers. More specifically, the 3D microscale digital
model is still lacking in resolution.

Therefore, it is urgent to develop a method to effi-
ciently reconstruct a 3D-printer readable and microstructure
mimicing meniscus model. The aim of this study is: (i) to
explore the characteristics of meniscus microstructure; (ii) to
reconstruct the meniscus microstructure; and (iii) to print a
3D model of the meniscus based on the digital model.

In this study, we used hematoxylin and eosin (HE) and
Masson staining to analyze the histological features of the
meniscus. Scanning electron microscopy (SEM) was used to
help understand the meniscus microstructure. Menisci were
acquired and scanned by high-resolution micro-MRI and
micro-CT. We hypothesize that micro-MRI and micro-CT
two-dimensional (2D) images can display the microstructure
as the SEM does and that a microscale 3D digital model can
be reconstructed based on the micro-MRI or micro-CT file.

Methods
I experimental protocols were approved by the
Zhujiang Hospital of Southern Medical University
Review Board. Informed consent was obtained from all
subjects.
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Specimen Preparation

Four menisci were removed from four TKA human knees
(two men, two women; mean age, 56.5 = 7.5 [standard devi-
ation]) years without gross meniscal tears. One mature sheep
meniscus was purchased from a butcher. The menisci were
washed with phosphate-buffered saline (Sigma-Aldrich,
St. Louis, MO, USA).

Histological Analysis
A human meniscus was fixed in 10% (v/v) buffered formalin,
dehydrated with a series of graded alcohols, and embedded
in paraffin. Tissue sections (4-pm thick) were stained with
HE for morphologic analysis and Masson’s trichrome** for
cross-linked collagen.

Preparation of Freeze-Dried Menisci

The freeze-drying protocol was documented in our previous
publication®. Briefly, A human meniscus (4.7 cm X 4.3 cm)
was frozen at —60°C overnight and transferred to a freeze-
drying machine (Alpha 2-4 LSCplus, Martin Christ
Gefriertrocknungsanlagen, Germany), in which the water
inside the frozen meniscus was sublimated under a pressure
of 0.105 Pa and at a temperature of —40°C. The freeze-
drying process lasted for 5 days.

Scanning Electron Microscopy

A small section of freeze-dried human meniscus was cut into
thin slices. Samples were sputter-coated with gold prior to
SEM observation. The samples were then imaged using SEM
(JSM- 7600F, JEOL, Japan).

MICROSTRUCTURE RECONSTRUCTION OF A MENISCUS

Micro-MRI Scanning

A human meniscus sample (4.7 cm X 3.2 cm) was placed in
the bottom of the scanning tube, and the tube was filled with
distilled water. After sample preparation, the tube was placed
into the head coil of the micro-MRI (M3; Aspect Imaging,
Jerusalem, Israel) and scanned in the T2 phase. Each sample
underwent continuous scanning with a scanning accuracy of
50 pm (slice thickness, 1 mm; interslice gap, 0.1 mm; hori-
zontal field of view, 12 mm; vertical field of view, 25 mm;
pixel size, 0.05 mm). After scanning, the 2D images were
exported as DICOM files*®.

Micro-CT scanning

The freeze-dried human meniscus was scanned in a pCT
50 compact cabinet micro-CT scanner (SCANCO Medical
AG, Bassersdorf, Zurich, Switzerland). The scanning settings
were as follows: energy/intensity, 55 kVp, 109 pA, 6 W; filter,
0.1 mm Al; calibration, 55 kVp, 0.1 mm Al; integration time,
1500 ms; average data, 3; FOV/diameter, 35.2 mm; voxel
size, 11.4 pm. The images were saved as DICOM (Digital
Imaging and Communications in Medicine).

Three-Dimensional Printing

A sheep meniscus sample (2.7 cm X 2.0 cm) was freeze-dried
and scanned by micro-CT as described above. MATLAB 2015a
(The MathWorks, Natick, MA) was used on a computer with
an i7-4790K CPU and 16.0 GB memory to analyze the images.
A 3D voxel model was reconstructed from the data, converted
to STL format, and printed by resin with an enlarged size
because of the limited accuracy of the 3D printer”.

Fig. 1 Hematoxylin—eosin (HE) and
Masson staining of the meniscus. A
freshly harvested human meniscus was
submitted to histological analysis by using
HE and Masson staining. Histological
analyses showed that the meniscus was
mostly composed of collagen, with a few
cells disseminated in the collagen.
Masson staining displayed aligned
collagen fiber bundles (yellow arrow, D)
and circumferential fibers (red arrow, D). A
and B are HE staining. C and D are
Masson staining.
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Fig. 2 Scanning electron microscopy (SEM) images of freeze-dried meniscus. A freeze-dried human meniscus was submitted to SEM. (A) In the SEM
images, massive aligned fibers are clearly visible. At a higher level of magnification (B), varied diameters of fibers can be distinguished, and the
fibers are highly cross-linked with numerus pores. The porosity of the meniscus according to SEM images was 34.1% (34.1% + 0.032%).

Fig. 3 Micro-MRI based three-dimensional
(3D) reconstruction. A freshly harvested
meniscus was immersed in distilled water and
scanned by micro-MRI with a resolution of

50 pm. The outline of the meniscus is clear in
micro-MRI two-dimensional images, but the
microstructure is obscure (A, B). A voxel model
of the meniscus was reconstructed (C). A resin
3D model was printed based on the voxel
model (D).

o~ 4 1 rh | lh Nl ‘liiM‘

Porosity Measurement Porosity gives biomaterials the ability to allow tissue infiltra-
Porosity is defined as the ratio of the volume of pores to the | tion and integration. It is usually the main factor taken into
volume of bulk rock and is usually expressed as a percentage. | account during the design and synthesis of a biomaterial. SEM
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images and micro-CT images of the meniscus were submitted
to porosity measurement using Image J (version 1.47 for Win-
dows, 64 bit, free software, National Institutes of Health,
Bethesda, MD, USA). Briefly, the images were opened with
image J. After thresholding was done, the porosity was deter-
mined by using the image volume method to sum up porosity
pixels of all analyzed images and by dividing that value by the
sum of the areas observed on these images. Then this obtained
value was multiplied by 100%.

.

MICROSTRUCTURE RECONSTRUCTION OF A MENISCUS

Results

Histological Characteristics

Hematoxylin-eosin  staining and Masson staining
showed that the meniscus was mostly composed of colla-
gen, with a few cells disseminated between the collagen
bundles (Fig. 1). Moreover, Masson staining revealed
aligned collagen fiber bundles and circumferential fibers
(Fig. 1D).

Fig. 4 Freeze-drying of a human
meniscus. The shape of the freshly
harvested human meniscus was freeze-
dried. The fresh human meniscus (A) and
freeze-dried meniscus (B) are almost

the same.

Fig. 5 Micro-CT scanning of freeze-dried
meniscus.T he freeze-dried meniscus was
scanned by the micro-CT with a resolution
of 11.4 pm. From the sagittal section of
the micro-CT images (A, B), we can
distinguish the surface layer (blue arrow,
A), lamellar layer (red arrow, A),
circumferential fibers (green arrow, A), and
radial fibers (yellow arrow, A). (B) The
sagittal section of another portion of the
same meniscus. (C) The transverse
section of meniscus micro-CT images.
(D) The transverse section of the
reconstructed model clearly displayed the
route of a single fiber. The mean porosity
of the meniscus according to micro-CT
images was 33.92% (33.92% + 0.03%).
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Scanning Electron Microscopy Analysis

In SEM images, massive aligned fibers are present (Fig. 2A).
At a higher level of magnification (Fig. 2B), varied diameters
of fibers can be found, and the fibers are highly cross-linked
with numerus pores. The diameters of the collagen fibers are
varied and the cross-linking pattern of the fibers is irregular.
The porosity of the meniscus according to SEM images was
34.1% (34.1% =+ 0.032%).

Micro-MRI-Based Reconstruction

The outline of the meniscus is clear in micro-MRI images.
Because of the limited diameter of the scanning container,
the model seems to be twisted. The microstructure is obscure
(Fig. 3A, B). Figure 3C displays a voxel model of the menis-
cus. A resin 3D model was printed based on the voxel model
(Fig. 3D).

Micro-CT-Based Reconstruction

Figure 4A and B show a human meniscus before and after
freeze-drying, respectively. The freeze-dried sample was sub-
jected to micro-CT scanning. In the sagittal section of the
micro-CT images (Fig. 5A), the surface layer (blue arrow),
lamellar layer (red arrow), circumferential fibers (green
arrow), and radial fibers (yellow arrow) are distinct.
Figure 5B showed the sagittal section of another portion of
the same meniscus. The path of the collagen fibers was
clearly displayed in the transverse section (Fig. 5C). Even in
the reconstructed digital model, the collagen fibers were dis-
tinct in the transverse section (Fig. 5D). The mean porosity
of the meniscus according to micro-CT images was 33.92%
(33.92% = 0.03%).

A 3D digital model of a sheep meniscus was
reconstructed from the micro-CT files, and based on this
digital model, an enlarged resin 3D meniscus model was
printed (Fig. 6).

Discussion
hree-dimensinonal printed meniscus grafts are an
emerging and promising innovation for meniscus

Fig. 6 Micro-CT-based three-dimensional
(3D) reconstruction. A sheep meniscus
was harvested and freeze-dried and
scanned by micro-CT. A 3D voxel model of
a sheep meniscus was reconstructed
based on the micro-CT images(A). A 3D
resin model of a sheep meniscus was
printed out based on the digital model (B).

MICROSTRUCTURE RECONSTRUCTION OF A MENISCUS

transplantation. However, current 3D-printed meniscus
grafts are barely mechanically functional, primarily because
these grafts poorly mimic the original microstructure of a
meniscus. In this study, a histological method and SEM were
used to analyze the characteristics of the meniscus micro-
structure. The highly cross-linked fibers and massive micro-
pores indicate the difficulty in reconstructing the compli-
cated microsturcture of the meniscus. Micro-MRI and
micro-CT were used to scan the meniscus. Compared to
micro-MRI, the freeze-drying and micro-CT strategy is bet-
ter in displaying the microstructure and reconstructing the
printer-readable meniscus digital model.

Microstructure Analysis of the Meniscus

Of all the functions of the meniscus, load bearing and stabi-
lizing are the most important. Under normal circumstances,
the meniscus suffers from compressive and shear forces from
different flexion angles. To withstand these forces, the menis-
cus has a unique structure and composition.

Specifically, the meniscus is composed of water, cells,
and extracellular matrix. The extracellular matrix includes
collagen, proteoglycans, and adhesion glycoproteins®’. As is
evident from the HE and Masson staining, a few cells are
disseminated between a large number of fibers.

According to SEM, the fibrous structure of the menis-
cus can be divided into three layers. The superficial layer,
which contacts the tibial and femoral surface, is composed of
a meshwork of thin fibrils. Beneath the superficial layer is
the lamellar layer, which is a layer of lamellae of collagen
fibrils on the tibial and femoral surfaces. The central layer,
which is the main portion of the meniscus collagen fibrils, is
located in the central region between the femoral and tibial
surface layers. It contains radially aligned collagen fiber bun-
dles and circumferential fibers.

The lamellar, circumferential, and radial fibers form a
complex network within the meniscus that helps it to with-
stand the varied forces (e.g. shear, tension, and compression)
to which it is exposed. The lamellar layer is known to serve as
an envelope for the circumferentially-oriented fiber bundles in
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the central main portion of the meniscus and is well suited to
facilitate surface-to-surface motion. Choi et al. found that the
normal lamellar layer plays a considerable role in the resistance
to a compressive load, especially at the contact surfaces
between the articular cartilage and meniscus®®. The large and
thick C-shaped bending fibers help resist tension and transfer
the knee joint load for the meniscus. Moreover, radially
scattered fibers (e.g., the “rope”), which strengthen the menis-
cus, prevent longitudinal tears caused by excessive pressure.
Overall, the extremely complicated microstructure of the
meniscus ensures its intricate mechanical function. In the SEM
image of our study, we can see that the diameter of the fibers
is varied. In addition, fibers are highly cross-linked, and
between the fibers are numerous pores, which are suitable for
cell migration. Considering the complicated fiber structure and
the crosslinking of the fibers, it is almost impossible to fabri-
cate a scaffold mimicking the meniscus using traditional
methods. Therefore, 3D printing has become a promising
approach to solve this problem. Theoretically, only if an origi-
nal 3D printer readable digital model is obtained can any
object be printed using the additive method of 3D printing.

Reconstruction and Three-Dimensional Printing of
Meniscus Microstructure

To reconstruct the digital model, we used micro-MRI to scan
the meniscus. The healthy meniscus tissue has a short T2 on
MRI, which means these tissues exhibit low intensity on conven-
tional MR images. In our study, the meniscus sample showed
low intensity on MRI. The meniscus microstructure could not
be discriminated on the MR image. However, the outline was
obvious. A 3D digital model was reconstructed based on the
MR images, and a resin 3D meniscus model was printed.
Because the diameter of the container that holds the meniscus
sample was limited, the sample was twisted in the container,
resulting in a distorted 3D model. However, the shape was pre-
cise. Our result was comparable to published studies that used
MR images to reconstruct the model'> *'. Choi et al. used ultra-
short echo time MR images to display the lamellar layer, which
may be a future direction of meniscus MR imaging®®.

As a result, micro-CT was taken into consideration. How-
ever, soft tissue cannot be viewed clearly on micro-CT because
it has a high water content™. To improve the contrast of biolog-
ical tissue in micro-CT imaging, many contrast agents have been
used to label the target tissue and to image the microstructure

MICROSTRUCTURE RECONSTRUCTION OF A MENISCUS

more clearly’® >, Unfortunately, the resulting images and 3D
microstructures of these digital models are insufficient to allow
3D printing. Researchers have used micro-CT to scan rough
menisci. The outline can be reconstructed, but the microstruc-
ture is obscure'® >, Freeze-drying is a sublimation process that
removes moisture from materials at low temperatures while
maintaining their structure, bioactivity, and other properties.
We freeze-dried the meniscus before micro-CT scanning. Sur-
prisingly, the CT image not only showed a precise outline but
also displayed a relatively clear microstructure of the meniscus.
From the transverse CT image, the surface layer, lamella layer,
circumferential fibers, and radial fibers could be identified.
Moreover, a resin 3D model was printed based on the micro-
CT files, which clarified that this microscale 3D digital model
was printable. Chen et al*> (2018) used 3D micro-printing to
fabricate freestanding polymer 3D nanostructures. Combined
with our study, we believe that a biomimic micro-printed
meniscus is achievable in the near future.

Limitations

Our study has some limitations. First, limited by the resolu-
tion of the micro-CT we used, the exact path of the inner
fibers was not as clear as in the SEM images. Second, few 3D
printer and printing materials could match the nano-scale
printing accuracy, which limited the precision of the 3D
model of the meniscus. In addition, the regional variation of
the fiber path was not fully analyzed in this study. The pre-
sent study was the first attempt to reconstruct the micro-
structure of a meniscus using a freeze-drying and micro-CT
strategy. In future study, we will reconstruct more accurate
models and analyze the microstructure more systemically.

Conclusion

The most important findings of our study are that a lyophi-
lized meniscus can be scanned by micro-CT, the micro-CT
image clearly displays the microstructure of the meniscus,
and a reconstructed microscale 3D digital model is printable.
This study provides a new strategy to reconstruct the micro-
structure of the meniscus, providing a crucial step towards
the completely biomimicked 3D printing of the meniscus.
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