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Recently, meniscus tissue engineering offers a promising management for meniscus regeneration.
Although rarely reported, the microarchitectures of scaffolds can deeply influence the behaviors of
endogenous or exogenous stem/progenitor cells and subsequent tissue formation in meniscus tissue
engineering. Herein, a series of three-dimensional (3D) poly(e-caprolactone) (PCL) scaffolds with three
distinct mean pore sizes (i.e., 215, 320, and 515 lm) were fabricated via fused deposition modeling.
The scaffold with the mean pore size of 215 lm significantly improved both the proliferation and extra-
cellular matrix (ECM) production/deposition of mesenchymal stem cells compared to all other groups
in vitro. Moreover, scaffolds with mean pore size of 215 lm exhibited the greatest tensile and compres-
sive moduli in all the acellular and cellular studies. In addition, the relatively better results of fibrocarti-
laginous tissue formation and chondroprotection were observed in the 215 lm scaffold group after
substituting the rabbit medial meniscectomy for 12 weeks. Overall, the mean pore size of 3D-printed
PCL scaffold could affect cell behavior, ECM production, biomechanics, and repair effect significantly.
The PCL scaffold with mean pore size of 215 lmpresented superior results both in vitro and in vivo, which
could be an alternative for meniscus tissue engineering.

Statement of Significance

Meniscus tissue engineering provides a promising strategy for meniscus regeneration. In this regard, the
microarchitectures (e.g., mean pore size) of scaffolds remarkably impact the behaviors of cells and sub-
sequent tissue formation, which has been rarely reported. Herein, three three-dimensional poly(e-
caprolactone) scaffolds with different mean pore sizes (i.e., 215, 320, and 515 lm) were fabricated via
fused deposition modeling. The results suggested that the mean pore size significantly affected the
behaviors of endogenous or exogenous stem/progenitor cells and subsequent tissue formation. This study
furthers our understanding of the cell-scaffold interaction in meniscus tissue engineering, which provides
unique insight into the design of meniscus scaffolds for future clinical application.

� 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Meniscus plays a crucial role in load absorption, lubrication, and
maintaining stability of the knee joint. Meniscal tear is one of the
most frequently recorded sports medicine injuries with mean inci-
dence of 66/100,000 in the United States [1]. As a usual surgical
option, either partial or total meniscectomy would increase the
stress on articular cartilage, even leading to knee damage and
osteoarthritis [2]. Various surgical attempts to repair the torn
meniscus have been used but are only effective in the vascular
zone and often associated with a re-rupture rate of 30% [3]. Menis-
cus tissue engineering, which aims to regenerate the damaged tis-
sue, offers a potential solution strategy to facilitate traditional
repair or meniscectomy [4]. However, there still remains an unmet
need for optimal biomaterials with both appropriate framework
and sufficient mechanical strength to support the behaviors of
endogenous or exogenous stem/progenitor cells for regeneration
of meniscus.

The microarchitectures of biomaterials have been shown to sig-
nificantly affect the behaviors of cells both in vitro and in vivo [5,6].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2016.07.050&domain=pdf
http://dx.doi.org/10.1016/j.actbio.2016.07.050
mailto:yujiakuo@126.com
mailto:jxding@ciac.ac.cn
http://dx.doi.org/10.1016/j.actbio.2016.07.050
http://www.sciencedirect.com/science/journal/17427061
http://www.elsevier.com/locate/actabiomat


Z.-Z. Zhang et al. / Acta Biomaterialia 43 (2016) 314–326 315
In particular, the mean pore size of scaffold can modulate cell-
matrix interaction effectively [7,8]. It has been demonstrated that
larger pores of scaffolds facilitate cell diffusion and migration,
while smaller ones provide a higher surface area of scaffold for cell
adhesion [9]. The subsequent cell proliferation, differentiation, and
matrix deposition may contribute to the biochemical and mechan-
ical properties of regenerated constructs [6,7]. Therefore, the
understanding of mechanisms, by which scaffold architecture
(e.g., mean pore size) affects cell behavior and subsequent tissue
formation, is a prerequisite for successful meniscus tissue
engineering.

So far, few studies have investigated the optimal mean pore
sizes of scaffolds for resembling tissue engineered meniscus
[10,11]. As a typical example, Mandal et al. designed a multilayered
silk scaffold composed of three individual layers with different
pore sizes (i.e., 350–400, 500–600, and 60–80 lm) and orienta-
tions. Although the implanted seed cells could migrate though
the large pores and the smaller pores improved the deposition of
extracellular matrix (ECM), the whole platform exhibited inferior
mechanical property compared to native meniscus [11]. When
generating the tissue engineered meniscus as a weight-bearing
construct, attention should also be paid to the mechanical proper-
ties of the biomaterial itself, which interact with the microarchi-
tecture [4,12].

In this context, we utilized fused deposition modeling (FDM) to
fabricate a series of three-dimensional (3D) poly(e-caprolactone)
(PCL) scaffolds with three distinct mean pore sizes (i.e., 215, 320,
and 515 lm). The above mean pore sizes were selected based on
the previously reported results that the selected ones have positive
effects on tissue formation [7,12–14]. The purpose of the present
research was to investigate the influences of various mean pore
sizes of scaffold on (1) in vitro proliferation, differentiation, and
matrix production and deposition of mesenchymal stem cells
(MSCs), which has been widely used as the seed cells for meniscus
tissue engineering; (2) in vivo tissue regeneration (i.e., cellular infil-
tration, vascularization, and fibrocartilaginous tissue formation)
and the chondroprotection in a rabbit model (Fig. 1). The results
of present study might verify the effect of mean pore size on out-
come of the 3D-printed PCL scaffold used for meniscus tissue engi-
neering and further offer unique insight into meniscus
regeneration.
2. Materials and methods

2.1. Fabrication of 3D PCL scaffolds

Medical grade PCL (number-average molecular weight (Mn)
= 74,600 g mol�1 and melting point (MP) = 52.9 �C) was granted
by Changchun SinoBiomaterials Co., Ltd. (Changchun, PR China).
During the fabrication process, PCL was melted and extruded
through a heated metal nozzle. The nozzle, which was controlled
by computer-aided manufacturing software (Delta Tau Data Sys-
tems Inc., Chatsworth, CA, USA), could be moved both vertically
and horizontally. As listed in Supplementary Table S1, the process-
ing parameters were set to fabricate three distinct scaffolds with
different mean pore sizes of 215, 320, and 515 lm, and a specifica-
tion of 10 mm-diameter and 1.5 mm-thick. The surface morpholo-
gies of PCL scaffolds were observed under an S-4800 scanning
electron microscope (SEM; Hitachi, Japan) operated at an accelera-
tion voltage of 15.0 kV (Fig. S1A–C, Supplementary data). Mean
pore sizes and road widths were measured with Image-Pro Plus
6.0 software (Media Cybernetics, Silver Spring, MD, USA; Supple-
mentary Fig. S1D–I). Porosities were determined according to the
previous reported approach [15]. The detail operation and equation
were shown in Supplementary data.
2.2. Characterization of PCL scaffolds with various mean pore sizes

The surface wettability of all scaffolds was determined by mea-
suring water contact angle (WCA) using the sessile drop method
according to the previously reported protocol [16]. The degrada-
tion properties of scaffolds were assessed using mass loss ratio
and water absorption ratio. The above values were calculated as
shown in Supplementary data.

The surface area per unit volume (SA/V) was estimated using a
previously described Eq. (1) [9]. It means a sufficiently high specific
surface provided for a critical number of cells attached to the scaf-
fold [7].

SA=V ¼ 3:65
l

�
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q�
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In Eq. (1), l is the edge length of tetrakaidecahedron, q⁄ is the
density of PCL scaffold, and qs is the density of raw PCL. Zein
et al. have demonstrated that FDM process did not result in a sig-
nificant change of PCL molecular weight and crystallinity fraction
[17], the relative density (i.e., q⁄/qs) of PCL scaffold is 1. Based on
the previous assumption that the pore diameter can be calculated
from the edge length by d = 2.78l [9], we calculated that SA/V of
PCL scaffold used in this study is inversely related to the mean pore
size (i.e., d) by Eq. (2).

SA=V ¼ 10:15
d

ð2Þ
2.3. Harvest, culture, and implantation of MSCs

All experimental protocols of animals were approved by the
local Institutional Animal Care and Use Committee complied with
the ‘‘Guide for the Care and Use of Laboratory Animals” published
by the National Academy Press (NIH Publication No. 85-23, revised
1996). Bone marrow-derived MSCs were isolated from 3-month-
old New Zealand White rabbits with average weight of approxi-
mately 3.0 kg. Isolation, cultivation, and tri-lineage differentiation
potential assays of MSCs were performed according to a previously
described protocol [18]. The tri-lineage differentiation potential
results of MSCs were shown in Supplementary data. MSCs were
seeded between the second and third passage using centrifugal
method [19]. Briefly, the scaffold was placed at the bottom of
1.5 mL centrifugal tube, and 50.0 lL of concentrated cell solution
(2.5 � 105 cells/scaffold) was added. The tube was centrifuged at
500 rpm for 1 min and then turned over as one loop. The process
was repeated three consecutive times. For in vitro differentiation,
the scaffolds were cultured under chemically defined Dulbecco’s
modified Eagle’s medium (DMEM supplemented with 0.1 lM dex-
amethasone, 50.0 lg mL�1 ascorbate 2-phosphate, 40.0 lg mL�1

L-
proline, 100.0 lg mL�1 sodium pyruvate, and its supplements
(6.25 lg mL�1 insulin, 6.25 lg mL�1 transferrin, and 6.25 ng mL�1

selenous acid) with 10 ng mL�1 transforming growth factor-b3
(TGF-b3); Cyagen Biosciences Inc., Santa Clara, CA, USA).

2.4. Initial cell adhesion assessment

The initial cell adhesion in the scaffolds with different mean
pore sizes was determined by initial adhesion number [16]. Briefly,
MSCs seeded on different scaffolds were incubated for 1, 3, 5, or
7 h. At each time point, the cell-loaded scaffolds were washed with
phosphate-buffered saline (PBS) and then incubated in 0.25% (W/V)
trypsin-EDTA (EDTA, ethylenediaminetetraacetic acid; Gibco BRL
Co. Ltd., Gaithersburg, MD, USA) for 10 min to detach cells from
the scaffolds. Cell number was detected using an automated cell
counter (ScepterTM, Merck Millipore Co., USA).



Fig. 1. Schematic illustration for regeneration of tissue engineered meniscus. In vitro and in vivo evaluation of PCL scaffolds with different mean pore sizes.
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2.5. Cell viability and proliferation measurement

The viabilities of cells in the scaffolds with different mean pore
sizes were evaluated with a LIVE/DEAD viability/cytotoxicity kit
assay (Invitrogen, Carlsbad, CA, USA) after 24 h culture as
described previously [19]. LeicaTCS-SP 5 confocal microscopy
(Leica, Nussloch, Germany) was used for image capture. The num-
bers of live and dead cells were quantified, and then the percentage
of live cells was calculated using Image-Pro Plus software. To
investigate the effects of various mean pore sizes on cell prolifera-
tion, the metabolic activity of cells was determined using a Cell
Counting Kit-8 (CCK-8) assay (Dojindo Laboratories, Kamimashiki
Gun, Kumamoto, Japan) according to the manufacture protocol.
2.6. Biochemical assessment

The samples were digested in a pre-prepared papain solution
(containing 0.5 M EDTA, 0.05 M cysteine hydrochloride, and
1 mg mL�1 papain enzyme) (Sigma, St. Louis, MO, USA) at 60 �C
overnight. The contents of deoxyribonucleic acid (DNA), gly-
cosaminoglycans (GAG), and type I and type II collagen (Col I and
Col II) were determined using fluorometry [16], 1,9-
dimethylmethylene blue (DMMB) dye-binding assay [20], and
enzyme-linked immunosorbent assay (ELISA) kit (Chondrex Inc.,
WA, USA) [21], respectively. The detail operation protocol was
shown in Supplementary data.
2.7. Gene expression analyses

Real-time reverse transcription polymerase chain reaction (RT-
PCR) was performed to determine gene expression. The fibrochon-
drogenesis (Col II, aggrecan (AGC), and Col I), osteogenesis (alkaline
phosphatase (ALP) and hypertrophy (Col X)), and adhesion gene
markers (integrin b1 (ITGB1)) were assessed. The procedure and
the PCR primers were shown in Supplementary data.
2.8. Immunofluorescence staining

After culture for two weeks, the deposition of Col I and Col II
was visualized through immunofluorescence. The detail operation
protocol was shown in Supplementary data. The cytoskeleton of
cells in the scaffolds was also stained with rhodamine phalloidin
(100.0 nM; Cytoskeleton Inc., Denver, CO, USA), and then the sam-
ples were observed by confocal laser scanning microscopy (CLSM;
Leica TCS-SP8, Leica Microsystems, Nussloch, Germany).

By using Imaris software (Version 7.4.2; Bitplane, Zurich,
Switzerland), the volume data were used to create 3D renderings
of the seeded scaffolds, thus the areas of MSC colonization and
Col II deposition could be quantitatively assessed. The capture of
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3D structure and area measurement were performed using a previ-
ous reported protocol [19]. Briefly, the 3D structure graphs were
reconstructed using Imaris software, and then the areas-creation
algorithm was utilized to locate MSC colonization (green fluores-
cence in LIVE/DEAD images) and Col II deposition (red fluorescence
in Col II immunofluorescence images). The voxel intensity data
were exchanged to area coordinate data to quantitatively analyze
the areas of MSC colonization and Col II deposition.

2.9. Biomechanical analyses

The biomechanical properties of specimens were assessed using
a material testing machine (AG-IS, Shimadzu, Japan) [22]. For ten-
sile modulus, the rectangular-shaped specimens of 1.5 mm thick
were cut from the samples, which were tested to ultimate failure
at a rate of 0.5 mmmin�1 [23]. For compressive modulus, the
cylindrical disks of 6 mm diameter and 1.5 mm thickness were
cut using trephine from the constructs [24]. Subsequently, the
samples were compressed at a constant stress rate of
0.1 mmmin�1. The elastic modulus was analyzed from the linear
portion of stress-strain curve [25]. The tensile and compressive
moduli were also detected on cell-loaded constructs after 28 days
of culture to investigate whether the synthesized ECM would have
an influence on the biomechanical properties of scaffolds.

2.10. Animal surgery procedure

Twenty-four New Zealand white rabbits weighing 3.0 kg
(3 months-old, n = 6 for each group) were used for animal experi-
ments. The implantation procedure was performed according to a
previously described proposal [26]. Briefly, after anesthesia and
routine preparation, the right knee was approached through a
medial parapatellar incision. A total meniscectomy was performed
by resecting medial meniscus sharply along the periphery and
detached from its anterior and posterior junction without injuring
the medial collateral ligament. The acellular scaffold was shaped
into semilunar disk using the removed meniscus as a template
and then sutured to the adjacent synovium and ligamentous struc-
tures with nonresorbable No. 4-0 suture (Ethicon, Somerville, NJ,
USA). The joint capsule, subcutaneous tissue, and skin were closed
with No. 3-0 Vicryl suture (Ethicon). Only total resection of the
medial meniscus in right knee was performed as Meni group
(n = 6), while the left knee with sham operation involving exposure
of the medial joint and closure in layers was considered as a posi-
tive control (n = 6). After the operation, the animals were allowed
unlimited movement. The antibiotic prophylaxis was continued
for 3 days. Six rabbits of each group were killed with pentobarbital
sodium at week 12 after the operation.

2.11. Evaluation of joints and menisci

Knee joints were excised, and then the tibial surface with the
implants in place and the exposed femoral condyles were pho-
tographed. The joints and menisci were grossly evaluated by Gross
Assessment of Joint Changes Score [27] and Gross Evaluation of
Meniscus Implant Score [28], respectively. Then the implant was
dissected from the tibia. The osteochondral specimens and
explants were fixed in 10% (V/V) neutral buffered formalin (Sigma
Diagnostics, St. Louis, MO, USA) and decalcified in 10% ethylenedi-
aminetetraacetic acid (Titriplex� III, Merck, Darmstadt, Germany)
for 3 weeks. The osteochondral specimens were sectioned in the
axial plane at the midpoint of the medial femoral condyle and in
the coronal plane at the midpoint of the tibial plateau as described
previously [26]. The implants were cut to produce blocks allowing
histological sections that showed outer and inner regions, and
superior and inferior surfaces of the regenerated menisci. The
samples were then dehydrated and embedded in paraffin. Serial
6-lm thick sections were cut and stained with hematoxylin and
eosin (H&E), toluidine blue (TB, as a label for proteoglycans), and
picric-sirius red (PSR, i.e., staining for distinguishing Col I and Col
III). In addition, sections of explants were treated by an immuno-
histochemistry procedure with labeling of Col I and Col II
(Calbiochem, Novabiochem, Boston, MA, USA). The sections were
analyzed blindly according to the meniscus histology scoring
system [28]. Moreover, immunohistochemical analyses were
employed to study the differences of collagen contents within
the implants. Integrated optical density (IOD) value of each
microimage was measured with Image-Pro Plus 6.0 software,
which was used for semiquantitative analyses.

2.12. Evaluation of joints cartilages

For assessments of chondroprotective effects of the scaffolds,
the cartilages of femur and tibia were macroscopically evaluated
blindly according to the criteria of the International Cartilage
Repair Society (ICRS) cartilage lesion classification [29]. In addition,
slides of femur and tibia were stained with H&E and TB, and graded
blindly according to Mankin grading system [30].

2.13. Statistical analyses

All statistical data were expressed as mean ± standard deviation
(SD)/standard error of mean (SEM). All experiments were repeated
at least three times. Significances of the results were analyzed with
ANOVA test and repeated measure tests with Bonferroni correc-
tion. All datum analyses were performed using SPSS statistical soft-
ware (Version 15.0; SPSS Inc., Chicago, IL, USA). P < 0.05 was
considered statistically significant, and P < 0.01 and P < 0.001 were
considered highly significant.
3. Results

3.1. Effect of scaffold mean pore size on specific surface area

As summarized in Table 1 and Supplementary Fig. S2, no signif-
icant difference in surface wettability and degradation ratio was
found in all three PCL scaffolds (P > 0.05). Moreover, their specific
surface areas were also investigated by SA/V, which means a suffi-
ciently high specific surface provided for a critical number of cells
attached to the scaffold [7,31]. As was consistent with the previous
work [9], the SA/V was inversely proportional to the mean pore
diameter (d) according to Eq. (2).

3.2. Effect of scaffold mean pore size on initial cell attachment,
viability, and proliferation

A growing tendency was found with cell adhesion in all three
groups during the culture period of 1–7 h (Fig. S3A, Supplementary
data). The cells attached on both the 215 and 320 lm scaffolds
were more than those on the 515 lm scaffold at each time point.
These results indicated the effect of pore architecture on the initial
cell attachment.

In terms of cell viability, the scaffolds with various mean pore
sizes were confirmed to support cell activity (Fig. S3C, Supplemen-
tary data), and the 320 lm scaffold sustained the greatest percent-
age of live cells in all three groups (Fig. S3B, Supplementary data).
Lots of dead cells were detected in the scaffold with pore size of
215 lm, which might be explained by inadequate nutrient supply
to the interior of the smallest pore within 24 h.

In CCK-8 assay, the MSCs in all the three groups showed an
increasing proliferative tendency during the culture period



Table 1
Summary of different FDM conditions used to alter parameters of PCL scaffolds.

Code 215 lm 320 lm 515 lm

Pore size (lm) 215 ± 23 320 ± 25 515 ± 21
Road width (lm) [17] 304 ± 21 315 ± 10 328 ± 15
Space (lm) 200 300 500
Porosity (%) 61.5 63.1 64.2
SA/V (lm�1) 0.0472 0.0317 0.0197
WCA (�) 78.3 ± 2.0 77.2 ± 8.1 76.5 ± 7.0
Mass loss (%) 4th week 0.92 ± 0.06 0.93 ± 0.05 0.95 ± 0.04

8th week 1.0 ± 0.09 0.98 ± 0.03 1.0 ± 0.05
12th week 1.1 ± 0.02 1.1 ± 0.08 1.1 ± 0.03

Water absorption (%) 4th week 8.5 ± 0.3 8.7 ± 0.3 8.8 ± 0.5
8th week 9.0 ± 0.5 9.1 ± 0.5 9.1 ± 0.4
12th week 9.5 ± 0.2 9.4 ± 0.6 9.3 ± 0.7
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(Fig. S3D, Supplementary data). Consistent with the above data, the
optical density (OD) values in the 515 lm scaffold group were sig-
nificantly lower than those in the other groups. Although the mean
pore size had different effects on the survival of seeded cells in the
215 and 320 lm scaffolds for 24 h (Fig. S3B, Supplementary data),
they did not affect the proliferation of MSCs after 7 days in culture.
Similar to the cell proliferation assay, the 515 lm scaffold group
was also shown the lowest cell number compared with the other
two groups through DNA content assays (Fig. S3E, Supplementary
data).
3.3. Effect of scaffold mean pore size on MSC gene expression and
synthesis of ECM

The GAG and collagen contents were used as a criterion of fibro-
cartilaginous matrix production by MSCs in differentiation culture.
The GAG content in all three groups showed an increasing ten-
dency during culture for 14 days. On day 7, there was approximate
5-fold higher GAG content in the 215 and 320 lm scaffold groups
than that in the 515 lm scaffold group (Fig. S4A). By day 14, there
were still significantly higher GAG contents in the former two
groups than that in the 515 lm scaffold group. According to ELISA
assay of the syntheses of Col I and Col II in these constructs, the
scaffolds with mean pore sizes of 215 and 320 lm also produced
significantly more Col II than the 515 lm scaffold after 14-day cul-
ture (Fig. S4C, Supplementary data). However, there was a rela-
tively less Col I contrast to Col II after 2 weeks culture in vitro,
and no significant difference of Col I production was shown in var-
ious pore size groups (Fig. S4B, Supplementary data).

In support of the ECM production assays, the increased expres-
sion of fibrochondrogenesis-specific genes (i.e., Col II and AGC) was
observed in all three groups after a 2-week culture. However,
higher gene expression levels exhibited in the scaffolds with mean
pore sizes of 215 and 320 lm compared with those of 515 lm scaf-
fold group in 2-week culture (Fig. S4D, Supplementary data). Col I
gene expression was still relatively low and not significantly chan-
ged during in vitro culture. This might be due to that the chemically
defined medium mainly induced chondrogenic differentiation of
MSCs with more Col II and AGC gene expression. Moreover, there
were no significant change in the expression of hypertrophic mar-
ker (Col X) and osteogenic gene (ALP) in all three groups (P > 0.05).
No significant change was found with the expression of an adhe-
sion marker (i.e., ITGB1) between those on day 7 and 14 in all three
groups (P > 0.05), which suggested that the physicochemical
parameters of PCL scaffolds might not influence the behaviors of
seed cells. The above results indicated the importance of the
microarchitectures, especially mean pore size, on the MSC fibro-
chondrogenesis gene expression and the synthesis of ECM.

The microimage of Col II immunofluorescence was matched
with the result of ELISA assay and relative mRNA expression. The
synthesized Col II was presented in all three groups after 14 days
of culture (Fig. S5, Supplementary data). The scaffold with the lar-
gest mean pore size of 515 lm had the lowest content of Col II in
comparison to the scaffolds with mean pore size of 215 and
320 lm. However, little Col I was synthesized in all three groups
and almost undetectable (data not shown).

3.4. Effect of scaffold mean pore size on MSC colonization and Col II
deposition

According to the results of quantitative assessment, the surface
area covered by live MSCs on the 215 lm scaffold was 1.6 times
higher than that of the 320 lm scaffold group and 3.58 times
higher than that on the 515 lm scaffold (P < 0.05; Fig. 2A–C).
Moreover, in cytoskeleton immunostaining microimages, MSCs
seeded on the 215 lm scaffold showed 3D colonization and
bridged neighboring fibers, while those on the 515 lm scaffold
were isolated (Fig. 2D and F). In terms of the Col II deposition, a lar-
ger area of synthesized matrix around the pore in the 215 lm scaf-
fold was shown than those in the other two groups (P < 0.05;
Fig. 2G–I). In addition, there was a strong linear relationship
between SA/V, and the areas of MSC colonization and Col II depo-
sition (P < 0.05; Fig. 2J–K). These results indicated the effect of
the scaffold mean pore size on MSC colonization and Col II deposi-
tion, and a greater value was found with the 215 lm scaffold
group.

3.5. Effect of mean pore size on scaffold biomechanical properties

Before cell seeding, the tensile modulus of the scaffold with a
mean pore size of 215 lm was 32.49 MPa, which was significantly
higher than those of the other two groups (320 lm: 11.33 MPa,
515 lm: 5.99 MPa). Similarly, greater compressive modulus of
the 215 lm scaffold group (20.42 MPa) was shown compared to
those of the other two groups (320 lm: 9.31 MPa, 500 lm:
3.48 MPa). After 28 days culture in vitro, with the effect of synthe-
sized matrix, the tensile and compressive moduli of all groups
were increased, with significance in the compressive moduli of
320 lm scaffold group (P < 0.01; Fig. 3).

3.6. Evaluation of joint and meniscus implant

All the rabbits restored normal gait patterns in 2 weeks
postoperatively. No complications and significant weight change
were seen. There were no sign of inflammation and swelling in
the joint, and the synovial fluid was clear postmortem. The
macroscopic observation of the operated joints was showed in
Fig. 4, and the joint gross assessment results were summarized
in Fig. 5 and Supplementary Table S2. In the positive control
group, the meniscus was intact in the control knee joint with
no sign of degradation, while various degrees of cartilage
damage were observed in the other operated joints. Specially,
significantly lower joint degeneration was observed in the
215 lm scaffold group when compared to those of the other
groups (P < 0.05; Fig. 5A).

After 12 weeks of transplantation, all the scaffolds formed
meniscus-like tissue in vivo (Fig. 4iii, vi, and ix). The surface of
215 lm scaffold became smoother and better integrated to the
joint with no sign of disruption or gap formation. This neomeniscus
maintained the original scaffold shape and size approximately,
while it was slightly larger than the origin construct. The shape
and size of original scaffold with mean pore size of 320 lm was
observed obviously collapse, especially in the posterior horn. The
shape of 515 lm scaffold was also obviously deformed. Moreover,
some of them were not discontinuous and distinguishable. The
gross evaluation scores were shown in Supplementary Table S3.



Fig. 2. Effect of scaffold mean pore size on MSC colonization and Col II deposition. Representative 3D microimages of MSC colonization and Col II deposition in scaffolds with
various mean pore sizes (A–C). The surface area covered by live MSCs was the greatest on the 215 lm scaffold in all three groups. Green fluorescence marked live MSCs. Scale
bar represented 300 lm. MSCs colonized and bridged neighboring fibers in the former group, while those placed on the latter were isolated (D–F). Red fluorescence dyed
cytoskeleton, and blue fluorescence stained nuclei. Scale bar represented 50 lm. The largest areas of synthesized matrices around the pores were shown in the 215 lm
scaffold compared with the other two scaffolds (G–I). Red fluorescence marked Col II. Scale bar represented 300 lm. Effect of specific surface area on areas of MSC
colonization (J) or Col II deposition (K) in scaffolds with various mean pore sizes (n = 3; R2 = 0.99, P < 0.05). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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There were significant differences in total scores (P < 0.05; Fig. 5B),
and better results in implant integration and tear were shown with
the 215 lm scaffold (P < 0.05).
According to the histopathological evaluation of implants
(Figs. 6–9; Supplementary Table S4), there was no significant
inflammatory cell infiltration in the implants. The foreign body



Fig. 3. Biomechanical properties. Tensile modulus of 215 lm scaffold was the highest in all three groups before and after 28-day culture (A; n = 3; ***P < 0.001). The
compressive modulus of 215 lm scaffold also showed the greatest values (B; n = 3; ***P < 0.001). Moreover, there was a significant increase in compressive modulus in the
320 lm scaffold group after in vitro culture (n = 3; **P < 0.01).

Fig. 4. Macroscopic observations of joints and implants at postoperative 12 weeks. Scale bar represented 10 mm.
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response consisting of mononuclear cell infiltration with the resid-
ual scaffold was presented in almost all the implants, which was
more evident in the hypocellularity area. More vascularization
was detected in outer regions of the neomenisci (Fig. 6). For the
215 lm scaffold group, the scaffold was surrounded by peripheral
synovial cells that incorporated into the pores of implant. Similar



Fig. 5. Joint and implant gross assessment scores. Based on joint gross assessment score (A), a significantly lower joint degeneration was observed in the 215 lm scaffold
group as compared to those of the other groups. In implant gross assessment score (B), better implant appearance was observed in the group of 215 lm scaffold. (n = 6;
*P < 0.05, **P < 0.01, ***P < 0.001).

Fig. 6. Representative H&E microimages of regenerated and native menisci. Fibrochondrocyte-like cells marked by black arrows were observed in the implants at 12 weeks,
especially in the 215 lm scaffold group. White void spaces (⁄) represented the dissolved scaffolds. Scale bar represented 100 lm.
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to native meniscus, the fibrocartilage differentiation was detected
with fibrochondrocyte-like phenotype surrounded by ECM with
abundant Col I and Col II antibody labeling and TB staining. In addi-
tion, more Col I was demonstrated in the 215 lm scaffold group by
PSR staining. On the other hand, poor synovial cell infiltration and
subsequent weak metachromatic staining of tissue were observed
for the other groups (Figs. 7 and 8). According to the semiquantita-
tive analysis of collagen content, the increasing matrix staining
with Col I and Col II was more apparent in the 215 lm implant
(P < 0.05; Fig. 9).
3.7. Evaluation of articular cartilage

In histological evaluation (Fig. 10), the femoral condyle and tib-
ial plateau showed complete disorganization of the cartilage com-
bination with severe reduction of TB staining in total
meniscectomy (Meni) group. Although with less severe cartilage
damage than that of the Meni group, the 320 or 525 lm scaffold
groups revealed clefts to the transitional or radial zone and diffuse
chondrocyte cloning with slight reduction of TB staining. Com-
pared to the above groups, the situation of the 215 lm scaffold



Fig. 7. Representative PSR and immunohistochemical staining for Col I of regenerated and native menisci. Crassi red fiber represented Col I noted by white arrows. Scale bar
represented 100 lm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Representative TB and immunohistochemical staining for Col II of regenerated and native menisci. Scale bar represented 100 lm.
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group was significantly better and only pannus or surface irregu-
larities with diffuse hypercellularity were displayed.

The ICRS and Mankin scores are shown in Fig. 11, and Supple-
mentary Tables S5 and S7, and all of the joint cartilages were dam-
aged, especially in medial tibial plateau. A relatively better
chondroprotection was found with the 215 lm scaffold in both
femur and tibia side (P < 0.05). However, there was no significant
difference of the ICRS scores between the 320/515 lm scaffold
group and the Meni group (P > 0.05), while the better results of
320/515 lm scaffold group were shown of the Mankin scores
except for 515 lm scaffold group in tibial plateau.
4. Discussion

The overall goal of this study is to investigate the influences of
various mean pore sizes of FDM-printed PCL scaffolds on
meniscus regeneration. By altering FDM processing condition,
the PCL scaffolds with three distinct mean pore sizes of 215,
325, and 515 lm possess decreasing specific surface areas. The
results demonstrated the role of the mean pore size of PCL
scaffold in the behaviors of endogenous or exogenous stem/
progenitor cells, and subsequent tissue formation both in vitro
and in vivo, thus highlighting the importance of scaffold



Fig. 9. Immunohistochemical analyses of native meniscus and implants. The largest integrated optical density (IOD) values of Col I (A) and Col II (B) were observed in the
215 lm implant group than the other implant ones, similar to the native meniscus (n = 6; **P < 0.01, ***P < 0.001).

Fig. 10. H&E and TB staining of articular cartilage surfaces in femoral condyle and tibial plateau. Most insignificant joint degeneration was observed in the 215 lm scaffold
group. Scale bar represented 100 lm.
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architecture in the development of biomaterials for meniscus
tissue engineering.

According to the results on the adhesion and proliferation of
MSCs in vitro, the scaffold with the largest mean pore size had
the significantly lowest number of cells than those with the rela-
tive smaller mean pore sizes of 215 and 325 lm. In spite of no dif-
ference between the latter two groups in initial cell attachment
analyses, a strong linear relationship between SA/V and the
area of MSC colonization was found for the first time (Fig. 2J).
Furthermore, the scaffold with the smallest mean pore size
provides the largest area for cell colonization and subsequently
the greatest proliferation, which may have potential downstream
effect, such as differentiation and matrix deposition. The little
differences of cell attachment and proliferation analyses between
the two groups of 215 and 325 lmmight be explained by the effect
of the too small mean pore size on the nutrition diffusion and seed
cell migration [32,33], which was shown in the LIVE/DEAD
microimages and the percentage of live cells (Fig. S3B and S3C,



Fig. 11. ICRS and Mankin scores. The implantation of 215 lm scaffold provided the greatest chondroprotection in both femur and tibia based on ICRS (A) and Mankin scores
(B) (n = 6; *P < 0.05, **P < 0.01, ***P < 0.001).
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Supplementary data). As reported previously, larger interconnec-
tive pores (250–500 lm) in the scaffold could benefit effective
nutrient supply and metabolic waste removal, while smaller pores
(50–200 lm) did the opposite, resulting in inferior matrix produc-
tions [13]. Thus the 215 lm might be a favorable lower limit of the
mean pore size of the scaffolds, and the pore sizes smaller than
215 lm would not be included in this research.

Another notable result from the study is that the mean pore size
of scaffold would influence fibrochondrogenic differentiation and
matrix production/deposition of MSCs both in vitro and in vivo.
MSCs are promising cell source for meniscus tissue engineering
due to its multipotent differentiation and immunoregulatory
capacities [34]. By now, there has been still no acknowledged pro-
tocol for fibrocartilaginous differentiation of MSCs. The differenti-
ation medium of MSCs used in the present study was previous
described in other meniscus research [35], which might mainly
induce chondrogenic differentiation of MSCs [36]. Although there
was a relatively low level of Col I contrast to Col II in both gene
and biochemical analyses after 2 weeks in vitro culture, higher
AGC and Col II gene expression was stimulated in the 215 and
325 lm scaffolds than in the 515 lm scaffold. The potential reason
is that the scaffolds with above microarchitectures possess suffi-
cient areas for cell adhesion and proliferation, which may affect
the subsequent cell differentiation and tissue formation. In addi-
tion, immunofluorescence staining of the cytoskeleton on the dis-
tinct scaffold variants reveals another interesting insight. It was
known that the difference in cell behavior may be partly attributed
to their shape and colonization [5,37]. In the present study, the
smallest mean pore size scaffold with the greatest specific surface
area facilitates 3D cell colonization and the bridge of neighboring
fibers (Fig. 2D–F), which result in superior potential in differentia-
tion. The positive correlation between SA/V and the area of Col II
deposition indicated the role of mean pore size on tissue formation
(Fig. 2K).

Theoretically, meniscal-derived fibrochondrocytes might be the
optimal seeding cells for tissue engineering meniscus. However,
dedifferentiation and senescence were detected with the time in
our early research (data not shown), and the number of primary
and passaged meniscus cells could not meet desired requirements.
As widely used seeding cells in tissue engineering, MSCs have been
confirmed to be with strong proliferation andmulti-differentiation,
and thus were utilized in the present study. By now, it is still a con-
troversial issue about how to induce MSCs into fibrochondrocytes
in vitro, thus MSCs in the present study were differentiated in
the chondrogenic culture condition, thus inducing more Col II
and GAG production which was far from the native meniscus his-
tological structure. Furthermore, native meniscus is an anisotropic
fibrocartilaginous tissue, in which Col I is dominantly distributed
in the outer zone but both Col I and Col II plus GAG can be identi-
fied in the inner zone [34]. Thus the in vitro cultured cell-scaffold
constructs of the present study seemed histologically closer to
hyaline cartilage or inner part of the native meniscus. However,
it was interested that the fibrocartilaginous tissue formation was
observed after 12 weeks implantation in vivo, especially in the
215 lm scaffold group (Fig. 7). In fact, all the reported inducing
conditions in vitro by now had few effect on fibrocartilaginous for-
mation compared to the in vivo results. The study focused on sim-
ulation of the in vivo biochemical and biomechanical
microenvironments might be necessary to construct with ECM
and biomechanics close to the native meniscus. In addition, further
study is needed to investigate the effect of mean pore size on the
other fibrocartilage-like cell differentiation protocol [38].

The scaffolds for tissue engineering should possess sufficient
mechanical strength to withstand the stress generated by cells
and load in vivo. As tissue-engineered meniscus plays a key role
in joint load distribution similarly with the native meniscus, the
requirement of biomechanical property should also be kept in
mind especially for the case in vivo. Unfortunately, few scaffolds
have been comparable to the tensile modulus of native meniscus
up to now [38]. In this study, FDM were utilized to fabricate the
PCL scaffold for regeneration of tissue-engineered meniscus.
Firstly, compared with the other natural materials or synthetic
polymers used in meniscus tissue engineering, PCL would be a
promising material because of its superior mechanical characters,
bioactivity, and processability [4,34]. Moreover, compared to the
traditional processing methods, such as lyophilization [39] and
electrospinning [35], FDM is a rapid prototyping technique that
can produce 3D architectures with complete control of the geomet-
rical parameters, such as pore size, porosity, and pore interconnec-
tion size [40], which have an effect on the mechanical properties of
porous scaffolds [17]. In this study, both the acellular and cellular
scaffolds with mean pore size of 215 lm exhibited the greatest
tensile and compressive moduli in the three groups. There was
indeed no significant difference of the tensile and compressive
moduli of 215 lm scaffolds on day 0 and 28. In spite of the secre-
tion of Col II and GAG by the seeded MSCs after cultivation, the
increase of biomechanics in vitro was still difficult for the existing
technique and might need much more cell, matrix, and time.

With stronger biomechanics than the other groups, the 215 lm
scaffold might become more resistive to the tensile and compres-
sive loads after implantation, which was confirmed by the results
in vivo. As anticipated, the grafted 215 lm scaffold provided the
greatest protection of articular cartilage in both femur and tibia.
Although polymer fiber degradation may reduce the mechanical
properties of implants, the tissue ingrowth and adequate ECM
can compensate to maintain the mechanical strength [4]. More
importantly, the fibrocartilaginous tissue formation was also sig-
nificantly more frequent in the 215 lm construct. Thus the superi-
ority of 215 lm scaffold in the chondroprotective effect might
become more obvious with time. The scaffolds with larger pore
sizes (i.e., 515 lm) were damaged due to the mechanical weakness.
In fact, this performance resulted from initial mechanical property
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and following tissue ingrowth, which were closely related to pore
size.

The present study is a primary exploration about the mean pore
sizes of FDM-printed PCL scaffolds, which are rarely reported but
might be a crucial factor for tissue engineering meniscus. However,
different material scaffolds with diverse mean pore sizes should
also been investigated in the future. The present results also indi-
cated that FDM might provide a rapid and repeatable method to
direct the formation of an anatomic meniscus construct with
architecture-dependent properties for the partial or total replace-
ment of the knee meniscus, which should be evaluated though a
long-term study in vivo.

In contrast to cell transplantation, the present study reported
the generation of a functional meniscus in a rabbit model with
strategy of endogenous regeneration. Regeneration by cell homing
is a one-step procedure, which provides a promising alternative to
cell transplantation [6,41]. However, how the recruited endoge-
nous cells (i.e., stem/progenitor cells) interacted with scaffold in
microenvironment has not been investigated completely [42].
The stem/progenitor cells for meniscus regeneration in the present
study might be derived from synovium [43] or peripheral blood in
the wound [18]. Furthermore, the age of animal model should also
be taken into research consideration in this research. The juvenile
rabbits were selected for its skeletal maturity with the joint match-
ing of the implant. In addition, this age group might have less effect
on the degradation of cartilage and risk of postoperative complica-
tions compared to older issues. The comparison of animal in differ-
ent ages in one-step procedure might be needed in the future.

Furthermore, processing scaffold with smaller pore size
requests more-refined road width and spacing, which exceed the
threshold parameters. Only three distinct mean pore sizes (i.e.,
215, 320, and 515 lm) were evaluated, and the scaffolds with
extending mean pore sizes will be further investigated. Moreover,
the mechanical properties of scaffold were still inferior to those of
native meniscus (75–150 MPa), the architecture of scaffold should
be modified by the regulation of processing condition. Besides, the
long-term in vivo evaluation is needed in the future in spite of the
promising results after implantation for 12 weeks.
5. Conclusions

In this study, the mean pore size of 3D-printed PCL scaffold was
confirmed to affect cell behavior, ECM production, biomechanics,
and rehabilitation. The 3D-printed PCL scaffold with mean pore
size of 215 lm demonstrated optimal cell behaviors, ECM produc-
tion and deposition, and resultant mechanical properties both
in vitro and in vivo, providing an alternative for meniscus tissue
engineering. The results also further the understanding of the
cell-scaffold interaction in the researches of meniscus tissue engi-
neering, which provides deep insight into the design of meniscal
scaffold in the future.
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