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Abstract
Due to limited intrinsic healing capacity of the meniscus, meniscal injuries pose a significant
clinical challenge. The most common method for treatment of damaged meniscal tissues,
meniscectomy, leads to improper loading within the knee joint, which can increase the risk of
osteoarthritis. Thus, there is a clinical need for the development of constructs for meniscal repair
that better replicate meniscal tissue organization to improve load distributions and function over
time. Advanced three-
dimensional bioprinting technologies such as suspension bath bioprinting provide some key
advantages, such as the ability to support the fabrication of complex structures using non-viscous
bioinks. In this work, the suspension bath printing process is utilized to print anisotropic
constructs with a unique bioink that contains embedded hydrogel fibers that align via shear stresses
during printing. Constructs with and without fibers are printed and then cultured for up to 56 d
in vitro in a custom clamping system. Printed constructs with fibers demonstrate increased cell and
collagen alignment, as well as enhanced tensile moduli when compared to constructs printed
without fibers. This work advances the use of biofabrication to develop anisotropic constructs that
can be utilized for the repair of meniscal tissue.

1. Introduction

The meniscus is a fibrocartilaginous tissue that
provides key functions in healthy knee joints, includ-
ing transmitting loads, increasing congruency, and
improving joint stability [1, 2]. The proper func-
tion of the meniscus depends on the specific tis-
sue microarchitecture, particularly the organization
of collagen fibers. Due to the low vascularity and
limited cell proliferation in adult tissues, the menis-
cus has a poor healing capacity [3–5]. Injury of the
meniscus can lead to improper loading in the joint,
which increases the risk of osteoarthritis over time
[5]. Current treatment methods, such as partial men-
iscectomy or meniscal allograft transplantation, have

numerous drawbacks.While meniscectomies provide
initial symptomatic relief, these procedures result in
altered loading in the joint [3, 5]. Meniscal allograft
transplantations provide promising outcomes but are
limited in the supply of allograft tissue and the poten-
tial for disease transmission [5]. Thus, there is a clear
need for improved approaches to repair damaged
meniscal tissues.

Acellular scaffold-based strategies such as the col-
lagen meniscus implant (CMI) or the Actifit poly-
urethane scaffold, indicated for use in patients with
segmentalmeniscus defects, have improved cell infilt-
ration, function, and pain relief when compared to
partial meniscectomy treatment [6, 7]; however, these
treatments are limited by implant shrinkage and
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Figure 1. Schematic of embedded bioprinting processes to fabricate meniscal constructs. (A) Traditional embedded bioprinting
(denoted ‘No Fibers’) where a bioink (gelatin methacrylamide (GelMA) with meniscal fibrochondrocytes (MFCs)) is extruded
from a printer into an agarose suspension bath and then crosslinked with light. If a cell-degradable material is used as a bioink
(e.g. GelMA), cells may degrade the bioink and spread in a random orientation. (B) In our multiscale embedded bioprinting
approach (denoted ‘Fibers’), microfibers (e.g. crosslinked hyaluronic acid (HA)) within the bioink align in the direction of the
printed filament during printing due to shear forces and then are secured in an agarose suspension bath and then crosslinked with
light. In this scenario, cell-mediated degradation of the bioink allows spreading, which is guided through the aligned microfibers.

the unorganized matrix deposition that occurs with
their use, suggesting decreased mechanical function
over time [7, 8]. To improve outcomes, cells have
been introduced with the CMI prior to implantation;
yet, histological and immunohistochemical analyses
still show a disorganized distribution of extracellular
matrix (ECM) components, with limited replica-
tion of native meniscal architecture [9]. Mimick-
ing this native architecture is key towards restor-
ing the biomechanical function of the meniscus, and
as such, other tissue engineering approaches have
focused on structurally motivated strategies for men-
iscal repair [10–13].

Towards this end, electrospun scaffolds of aligned
fibers have shown great promise, in which scaffolds of
aligned nanofibers provide directional cues to seeded
cells for alignment and anisotropic deposition of
ECM [10, 14–16]. While this approach has improved
matrix organization and overall construct mechan-
ics, limitations include a lack of uniform cell dis-
tribution due to issues with cell seeding methods
[15–17]. Other methods towards improving mat-
rix organization include mechanical anchoring of
cell-laden collagen constructs, which has decreased
scaffold shrinkage during culture, and resulted in
aligned fiber bundles ranging in 10–350 µm in dia-
meter and moduli ranging from ∼0.04 to 1 MPa
after 4 to 6 weeks of culture [18–20]. While these
methods offer an exciting advance, the ability to
tailor alignment throughout scaffolds is limited and
the decoupled tuning of collagen properties can be
difficult (e.g. fiber density, pore size and hydrogel
stiffness) [21].

Our previous work demonstrates a method to
address these concerns, by aligning synthetic fibers

with shear forces during extrusion printing to direct
cell alignment in three-dimensional (3D) constructs
[22, 23]. Modified norbornene-functionalized hya-
luronic acid (NorHA) microfibers were fabricated
with tunable properties (i.e. degree of modification,
lengths) and were embedded in a cell-degradable
bioink (gelatin methacrylamide (GelMA)) [22].
GelMA was chosen as a bioink component for its
ease of use with bioprinting technologies, its ability
to be degraded by cells to allow for spreading, and its
capacity for further light-mediated stabilization of the
aligned fibers after printing with light [24–27]. HA
was chosen for the fabrication of microfibers as it is a
common component of the meniscus ECM, it is eas-
ily modified, and it provides high cytocompatibility
[4, 27, 28]. This study relies on important biofabric-
ation tools, including the suspension bath used for
printing, as well as the bioprinting approach used to
guide fiber alignment during printing. Bioprinting
also allows for the study of various implant sizes and
shapes due to the flexibility in the printing process,
in this case with cells.

In this current study, this method is now applied
to meniscal tissue engineering through the exten-
ded culture of meniscal fibrochondrocyte (MFC)
laden constructs in a chemically defined chondro-
genic medium (figure 1). Over time, the impact of
aligned fibers on neo-meniscus formation is assessed
through the analysis of cell alignment, matrix con-
tent and organization, and bulk construct mechan-
ics. The overall goal of this study is to engineer aniso-
tropic constructs that could be used for the treatment
of meniscal tears, rather than the engineering of full
meniscal tissues; however, this work provides a step
towards these more advanced approaches.
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2. Materials andmethods

2.1. Material synthesis and NorHAmicrofiber
fabrication
Materials used in this work were either synthes-
ized as previously described or purchased as doc-
umented. Synthesis of NorHA was completed as
previously described [22, 29]. Briefly, HA was con-
verted to its tetrabutylammonium salt (HA-TBA)
through the use of Dowex 50 W proton exchange
resin, then frozen and lyophilized. Subsequently,
HA-TBA was modified with norbornene groups
via esterification with 5-norbornene -2-carboxylic
acid (3 equivalent), 4-(dimethylamino)pyridine (1.5
equivalent) and ditert-butyl-decarbonate (0.4 equi-
valent) for 20 h at 45 ◦C under nitrogen. Next, the
reaction was quenched with water and dialyzed with
0.25 g NaCl/L DiH2O for 7 d at room temperat-
ure. Subsequently, the product was lyophilized. 1H-
NMR (nuclear magnetic resonance) was performed
and the degree of modification was determined as
18.8% (figure S1).

Fiber mats were prepared as previously described
[22, 23]. Briefly, 3.5 wt% NorHA, 2.5 wt%
poly(ethylene oxide) (PEO) (900 kDA), 0.05 (v/v)%
I2959, 4 mg ml−1 fluorescein isothiocyanate-dextran
(2 MDa) and 0.25 stoichiometric ratio of dithio-
threitol to norbornene groups were mixed at 150 rpm
for 20 h in deionized (DI) H2O protected from light.
Formulations of 4 wt% PEO (900 kDa) were also
mixed in DI H2O for 20 h. 100 µl of the PEO formu-
lation was then electrospun onto a strip of aluminum
foil on a rotating mandrel (∼350 RPM) to create a
base layer. Settings of 15%–30% humidity, 28–30 kV
applied voltage, 4 kV deflector voltage, ∼5 kV col-
lector voltage, 18 cm distance of needle to collector,
18-gauge needle diameter and a 0.7 ml h−1 flow rate
were used for the PEO formulation. Subsequently,
the formulation with NorHA was then loaded and
electrospun with the same settings used for the PEO
formulation but with a 19 cm distance of needle to
collector instead of 18 cm. After electrospinning, fiber
mats were immediately crosslinked in a dry state with
10 mW cm−2 UV light for 2 h under inert nitrogen
atmosphere.

Microfibers were fabricated as previously
described under aseptic conditions [22, 23]. Briefly,
fiber mats were cut into approximately 1 mm3

sections and hydrated for 30 min in phosphate
buffered saline (PBS). Next, fibers were repeatedly
sheared (40×) with successively smaller needle dia-
meters (18, 21, 23, 30 gauge). Subsequently, solutions
were filtered through a 40 µm cell filter (Falcon® cell
strainer, Corning, 352340), followed by a 5 µm plur-
istrainer ® (Pluriselect 43-50005-13). Fibers were
then again repeatedly sheared (40×) with a 34 gauge
needle and then filtered through a 5 µm pluristrainer
®. After filtration, solutionswere centrifuged at 18 000
relative centrifugal force (RCF) and stored at 4 ◦C for

up to two months, while protected from light. Fibers
were imaged with an Olympus BX51 microscope
and average fiber lengths were determined through
ImageJ software analysis, while fiber concentration
was estimated with a hemocytometer.

2.2. Cell isolation
For meniscus fibrochondrocyte (MFC) isolation,
medial menisci were harvested from juvenile bovine
knee joints (Research 87, 2–3 months old, Boyle,
MA). Menisci were cut into approximately 1 mm3

sections, then incubated at 37 ◦C in Dulbecco’s mod-
ified eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS) and 1% P/S over a culture period of
2 weeks to allow cells time to emerge from tissue
sections. MFCs at passage 3 or lower were used for all
experiments. After expansion,MFCswere trypsinized
(0.05%) and resuspended in PBS for use.

2.3. Bioink and suspension bath formulations
GelMA (Allevi by 3D Systems, GMA) was sterilized
via germicidal lamp radiation in a laminar flow hood
for 30 min prior to dissolving in sterile solutions of
PBS. Solutions were heated at 37 ◦C for 1 h to dissolve
GelMA, then photoinitiator (LAP, Colorado Photo-
polymer Solutions, TPO-Pi), fibers, and cells were
mixed into the solution for final concentrations of
5 wt% GelMA, 0.05 wt% LAP, 450 × 106 ml−1 fibers
and 20× 106 ml−1 cells. The solution was then intro-
duced into a 3 ml syringe (BD, 309657) and loaded
into the printer.

Agarose suspension baths were formulated as
described previously [30, 31]. Briefly, 0.5 wt%
agarose (SeaKem® LE Agarose, VWR 12002-102) was
added to DI H2O and autoclaved at 120 ◦C for 1 h on
a liquid cycle. Directly after autoclaving, the solution
was sheared at 700 rpm on a stir plate and allowed
to cool to room temperature (25 ◦C). Solutions were
then stored at 4 ◦C for up to 3 months. Prior to
use in bioprinting studies, solutions were diluted to
0.25 wt%with sterile PBS, briefly centrifuged at 500 g
for 5 min, and used within 24 h of diluting.

2.4. Viability and fiber, actin, and nuclei
orientation analysis
Viability was determined through staining with
Hoechst 3342 (Life Technologies H3570) and eth-
idium homodimer-1 (Thermo Fisher E1169) at 0, 28,
and 56 d of culture. Viability was calculated as (total
cells − dead cells)/total cells within a single confocal
stack. For actin and nuclei imaging, samples were first
fixed in 4% formalin, followed by staining of fila-
mentous actin (Alexa fluor 647 phalloidin, thermo
fisher) and nuclei were labeled. Confocal images of
samples (Leica SP5) were then taken and assessed
with ImageJ software. For fiber, actin and nuclei
organization, confocal stacks were analyzed with a
modified python version of FiberFit software. For
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all quantification of confocal images, n ⩾ 3 distinct
biological samples were used.

2.5. Fabrication of clamping system for 3D cultures
Clamping system designs were created in Solidworks
(figure 2, video S1, file S2–S5). Systems were designed
to provide mechanical anchoring of constructs to
minimize construct contraction and folding during
culture.Designswere exported as STL files and loaded
on a Lumen Alpha DLP bioprinter (Volumetric
Inc. by 3D Systems). Poly(ethylene glycol) diacrylate
(PEGDA) Start Photoink (Cellink, D1611002260)
was dispensed into the polydimethylsiloxane (PDMS)
vat (Cellink, D16110020872) and processed using
crosslink settings suggested by the ink manufac-
turer (20 mW cm−2 intensity, 100 µm layer height,
2 s exposure time, 3× 1st layer time scale factor).
After printing was finished, constructs were care-
fully removed from the build platform with a spatula
(18001017, smartSpatula® 210 mm, Fisher Scientific)
and washed with PBS to remove the uncured resin.
All printing was completed under aseptic conditions.
Clamps were stored in sterile containers with PBS at
room temperature and used within two weeks of fab-
rication. Prior to use in culture studies, clamps were
briefly washed in 70% ethanol and then three times
in sterile PBS.

2.6. Printing and culture of 3D constructs
Print designs were created in SolidWorks (files S5–
S6). Designs were exported and uploaded to Repetier
Host to create G-code files via Slic3r. Custom modi-
fications to files were made for unidirectional fiber
deposition over multiple layers. These files were then
loaded to Allevi by 3D systems bioprinting software
for printing. Syringes and bioinks were placed in an
Allevi 2 bioprinter (Allevi by 3D Systems) with cus-
tom fittings for 3 ml syringes to minimize dead space
(fittings printed by University of Pennsylvania Lib-
raries’ Biotech Commons). All prints were completed
at extruder temperatures of 25 ◦C under aseptic
conditions.

After constructs were printed into baths,
they were exposed to 10 mW cm−2 blue light
(400–500 nm, Omnicure lamp) for 5 min. Imme-
diately after crosslinking, constructs were released
from agarose suspension baths through a series of
washing steps (3× sterile PBS). Subsequently, con-
structs were gently placed into the bottom divets
in culture clamps. Next, the top clamps were slid
into place on top of the constructs, and secured
with screws (92196A077, 18-8 stainless steel socket
head screw, Mcmaster-Carr) that had been previ-
ously sterilized by soaking in 70% ethanol. These
systems were cultured in 8-well plates with PDMS
molds. Constructs were cultured for a period of
up to 56 d in a chemically defined serum-free
chondrogenic media as previously described (high-
glucose DMEM, 1% penicillin/streptomycin, 0.1 µM

dexamethasone, 50 µg ml−1 ascorbate 2-phosphate,
40 µg ml−1 L-proline, 100 µg ml−1 sodium pyruvate,
1.25 mg ml−1 bovine serum albumin, 1% ITS+,
10 ng ml−1 TGFβ3) [32, 33].

2.7. Construct mechanical characterization
To determine the compressive moduli of samples,
mechanical testing was conducted on a DMA Q800
(TA Instruments) after 0, 28, and 56 d of culture.
Hydrogels were first secured in place via a 0.01 N
pre-load, and then were compressed at a rate of
0.5 N min−1. Compressive moduli were calculated at
a slope from 10%–20% strain.

For tensile testing, samples were loaded in
uniaxial tension (Instron 5542, 5 N load cell,
3 mm min−1). The nominal stress was determined
as the force on the deformed construct divided by
the cross-sectional area of the undeformed con-
struct. The stretchwas defined as the deformed length
divided by the undeformed length of the construct.
The tensile modulus was calculated as the slope from
10% to 20% strain. The yield point was determined
from the divergence of the stress–strain curve from a
linear fit (r ⩽ 0.97). Resilience was calculated as the
integral of the stress–strain curve until the yield point.
Constructs commonly fractured at sample grips, lim-
iting the calculation of work of fracture, toughness,
and ultimate tensile strength [34].

2.8. Construct biochemical characterization
After 0, 28, and 56 d of culture, sections of con-
structs were evaluated for biochemical composition.
Wet weights of sections were recorded, then samples
were frozen at−80 ◦C and lyophilized. Subsequently,
samples were homogenized with the use of disrup-
tion beads (Research Products International disrup-
tion beads, chrome steel, 2.3 mm) and then diges-
ted in 200 µg ml−1 proteinase K with 1 mg ml−1

hyaluronidase for 20 h. Dimethylmethylene blue,
PicoGreen (Picogreen assay kit, Invitrogen P7589)
and hydroxyproline assays (Abcam hydroxyproline
assay kit, Abcam, ab222941) were then performed to
quantify sulfated glycosaminoglycan (sGAG), DNA,
and collagen (COL) contents, respectively.

2.9. Construct histological characterization
Constructs were first fixed in 4% formalin at 4 ◦C
for 24 h, then embedded in paraffin. Embedded
samples were sectioned (5 µm) and stained with
Alcian Blue (1%, pH 1.0, 1005A, Newcomer supply)
or Picrosirius red (Sirius Red, 0.1% in saturated picric
acid, Rowley Biochemical, F-357-2). Quantification
of staining intensity was carried out in ImageJ as pre-
viously described [35, 36]. Alignment index calcu-
lations were calculated as previously described [37].
Briefly, equation (1) was used where θm is the direc-
tion of filament deposition (defined at 0◦ in images
and histograms) and I is the frequency distribution
at a specific angle,
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AI=

´ θm+20◦

θm−20◦ I∂θ

40◦

180◦ x
´ 90◦
−90◦ I∂θ

. (1)

2.10. Statistical analysis
Circular statistics were performed with R package
‘circular’ [38]. Comparisons for circular data were
analyzed with either the Watson two-test or the
Watson-Wheeler test. All other statistic analyses were
performed using GraphPad Prism 9 software. Data
are reported as mean± standard deviation and n⩾ 3
unless specified otherwise. Comparisons were ana-
lyzed with a one-way analysis of variance (ANOVA)
with post hoc testing or two-way ANOVAwhen com-
paring effects of multiple independent variables. A
Bonferroni correction was used for multiple compar-
isons with α = 0.05. For all samples, n.s. = not sig-
nificant, ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001, ∗∗∗∗

p< 0.0001.

3. Results and discussion

3.1. Printing and culture of meniscal constructs
MFC-laden GelMA constructs were fabricated either
without or with fragmented NorHA microfibers by
printing into an agarose suspension bath (figure 1,
video S2). Specifically, dogbone-shaped constructs of
approximately 15 mm in length were printed either
without or with fibers for culture up to 8 weeks
(figure 2(Ai)). Microfibers were formulated from a
previously described process in which electrospun
fiber mats are broken up by repeatedly shearing
through needles (figure 2(Aii)). The microfibers were
approximately 14 µm in length, which was repeatable
during different fabrication batches (figure 2(Aii)).
GelMA was chosen as a bioink because it is cyto-
compatible, supports cell-mediated degradation, and
is easily photocrosslinkable [24, 39]. NorHA was
chosen as the material for microfibers as it builds on
previously developed methods, can be readily pro-
cessed through electrospinning and utilizes a simple
thiol-ene reaction with a di-thiol crosslinker for
crosslinking [35]. Microfiber alignment in the direc-
tion of printed filaments was confirmed after printing
and photocrosslinking (figure 2(Aii)).

Similar to previously published work with col-
lagen constructs, MFC-laden constructs that were
cultured in chondrogenic media supplemented with
TGF-β3 contracted over short-term culture periods
(<14 d) (figure S2) [18–20]. This was not accept-
able for the maintenance of construct anisotropy;
thus, an alternative culture platform was needed.
Inspired by previous studies using collagen con-
structs, a clamping system was designed to provide
mechanical anchoring for constructs during cul-
ture (figures 2(B) and (C)) [19, 20]. Constructs
were cultured with this system as dogbone shapes
(figure 3(A)) over a period of 56 d and analyzed at

days 0, 28, and 56 through a range of outcome meas-
urements (figure 3(Bi)). Outcome measures ranged
from fiber and cell alignment to biochemical and
mechanical evaluation (figure 3(Bi)), in which vari-
ous portions of scaffolds were used for different sets
of analyses (figure 3(Aii)).

During the culture period, constructs
transitioned from transparent structures that
matched the printing dimensions to those that were
opaque with rounded edges (figure 3(Bii)). No signi-
ficant differences in construct heights, widths, or
lengths were observed when comparing samples
with or without fibers across various timepoints
(0, 28, or 56 d), suggesting that the clamping sys-
tem provides a successful mechanism to minim-
ize construct contraction over time (figure 3(Biii)).
Additionally, no significant differences in construct
heights, widths, or lengths were observed when com-
paring constructs without and with fibers at each
respective timepoint, demonstrating that embed-
ded fibers have minimal impact on bulk construct
dimensions.

3.2. Fiber and cell alignment during culture of
meniscal constructs
As a driving factor of tissue mechanics, ECM organ-
ization is of particular importance for the meniscus
[3, 4, 40]. In addition to having an impact on factors
such as proliferation and differentiation, multiple
studies have demonstrated that alignment of cells
leads to deposition of aligned ECM components such
as collagen [41, 42]. Towards this end, a number
of methods have been employed to develop aniso-
tropic scaffolds for cell alignment, including the
use of electrochemical, magnetic, microfluidic, cyc-
lic stretching and freeze-drying approaches [43–45].
However, these methods have various drawbacks,
including the inability to embed cells during fabric-
ation, requiring the use of post-seeding methods that
limits uniformity of cell distribution [43, 46]. These
limitations motivate the use of biofabrication that
allow for fabrication of constructs with cells directly
embedded in hydrogel bioinks. Previous work has
demonstrated that biofabrication approaches such as
extrusion bioprinting can be used to align embed-
ded fibers to subsequently drive cellular alignment
[22, 47, 48]. Here, that approach is further explored
towards the development of functional anisotropic
meniscal tissue constructs.

Previous work indicates that actin alignment is
a driving cytoskeletal component for resultant cell
alignment, while nuclear alignment and shape have
been linked to functional changes in gene expression
that can impact matrix deposition [41, 49]. Towards
this end, actin, nuclei, and fiber alignment in con-
structs with and without fibers were assessed at 0,
28, and 56 d of culture. When assessed immedi-
ately after printing (0 d of culture), actin and nuc-
lei in all constructs exhibited random orientation,
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Figure 2.Meniscal construct design. (A) (i) Schematic of printed dogbone constructs (teal, top) and print path with dimensions
shown (bottom). Arrows in center designate the direction of filament deposition; (ii) size distribution and batch variability of
fragment fibers (left), images of fragmented fibers (middle top, scale bar: 0.1 mm, inset scale bar: 0.01 mm) and aligned fibers
after printing (middle bottom, scale bar: 0.1 mm) and quantification of alignment (right) of HA microfibers after embedded
printing. (B) Representative schematic of clamping system and well plates used for culture of constructs (units are in mm). (Left)
Custom PDMS inserts are placed into 8-well rectangular dishes to create culture dishes with widths and lengths of
25 mm× 25 mm. Constructs are inserted into clamps fabricated on the LumenX with PEGDA Start ink. First, constructs are
placed on top of the bottom portion of the clamps, then top pieces of the clamps are slid into place. The assembly is then secured
with screws, placed into culture dishes and media is added. (Right) More detailed views of top and bottom clamp pieces are
shown with various dimensions. Clamps are designed with grooves so they can be easily slid together, and to further hold
constructs in place. Divets at the center of the bottom portion of clamps are designed so constructs can easily slide into place for
proper clamping. (C) (Left) Schematic of construct placement in clamps before and after top pieces of clamps are screwed in.
(Middle) Representative image of a construct in clamps during culture. (Right) Image of multiple well plates filled with clamped
constructs, demonstrating the scalability of the clamping method for culture. Scale bars: 5 mm.

with no significant differences in actin or nuclei
alignment between constructs with or without fibers
(figure 4). At this same time, fibers demonstrated
alignment in the direction of filament deposition,
and no significant differences in fiber alignment
were found after 28 or 56 d of culture, demonstrat-
ing a maintenance of fiber alignment throughout
56 d of culture. At day 28, significant differences in

actin alignment between constructs with and without
fibers were observed, while there were still no signi-
ficant differences in nuclei alignment. By day 56, sig-
nificant differences in both actin and nuclei align-
ment between constructs with and without fibers
were observed, with increased actin and nuclei align-
ment observed in constructs with fibers. These res-
ults indicated successful alignment of fibers in the
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Figure 3. Fabrication and culture of meniscal constructs (A) (i) schematic of dogbone (teal) in clamping device (yellow) with
screws (gray) used to secure samples during culture; (ii) schematic of printed dogbone constructs showing (top left) area covered
by clamps during culture (yellow), (top right) sections of dogbone used for compressive modulus and viability (black circle) and
biochemical assays (orange rectangles), (bottom left) section of dogbone used for tensile testing (black rectangle), (bottom right)
section of dogbone used for confocal and histological imaging (black rectangle). (B) (i) Timeline of study design and list of
outcome assessments; (ii) images of dogbone constructs fabricated with ‘No Fibers’ (top) or ‘Fibers’ (bottom) after 0, 28, and 56 d
of culture (scale bars: 5 mm); (iii) schematic of dogbone (teal) and measures of height, length, and width of constructs with ‘No
Fibers’ (teal) or ‘Fibers’ (pink) after 0, 28 and 56 d of culture. (n⩾ 3, two-way ANOVA with Bonferroni post hoc, n.s.: no
statistical difference).

direction of filament deposition through extrusion
printing, and subsequent alignment of cells in the
direction of fiber alignment that was maintained
through 56 d of culture. These results are in agree-
ment with previous work that soft-embedded hydro-
gel fibers can be aligned along the direction of fila-
ment deposition during extrusion printing, and that
this alignment leads to cellular alignment [22, 47, 48].

At 56 d of culture cell alignment was also assessed
at various depths through the construct thickness.
Actin and nuclei alignment were assessed at approx-
imately 0–0.1 mm distance from the surface (Depth
‘A’), 0.2–0.3 mm from the surface (Depth ‘B’) and
0.4–0.5 mm from the surface (Depth ‘C’) (figure 5).
Fiber alignment was not assessed, as fibers were not
visible at Depths A or B. It is possible fibers were
not present at these depths for a number of reas-
ons, such as if neotissue had developed at the surface
of printed constructs, GelMA in the construct had
degraded and fibers had been dislodged from con-
structs, or if the fluorescein isothiocyanate-dextran
had dissipated over time, rendering the fibers invisible

during confocal imaging. While it is likely that some
portion of neotissue had developed at the surface of
constructs from cell proliferation, it is unlikely that up
to 0.3 mm of neotissue had formed on top of the scaf-
fold, as no significant differences in scaffold height
were observed from day 0 to day 56 for constructs
with or without fibers (figure 3(Biii)). At depth A,
constructs with andwithout fibers demonstrated ran-
dom actin and nuclei orientation, suggesting random
cell spreading at the surface of both constructs. At
depths B and C, alignment of actin and nuclei in con-
structs differed, with increased actin and nuclei align-
ment observed in constructs with fibers (figure 5).
Few other studies of bioprinted anisotropic scaffolds
have measured depth-dependent cellular alignment,
especially over long culture periods such as for 56 d
[47, 48, 50]. At shorter time scales over 7 d, others
have reported greater cellular alignment and spread-
ing closer to construct surfaces [50]. Further ana-
lysis is needed to fully understand the driving factors
behind the depth-dependent cell alignment reported
in this work.
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Figure 4. Fiber and cell alignment during culture of meniscal constructs. (A) Schematic of dogbone constructs (teal) showing
middle plane (orange) within the samples for confocal imaging (left, middle) and region of constructs imaged denoted by the
black bounding box (right). (B) Representative schematics and images of constructs fabricated with ‘No Fibers’ (top) or ‘Fibers’
(bottom), cultured for up to 56 d, and stained for MFCs (F-actin: red, cell nuclei: blue) or fibers (gray) (30 µm z-stacks, scale
bars: 0.1 mm). (C) Quantification of (i) nuclei and (ii) actin alignment along the printed filament direction for constructs with
‘No Fibers’ (teal) or ‘Fibers’ (pink) after 0, 28, and 56 d of culture. In addition to the differences noted, no statistical differences
are observed across 0, 28, and 56 d for No fibers actin (p= 0.842) or nuclei (p= 0.610) alignment or fibers nuclei (p= 0.139)
alignment, while p⩽ 0.046 for fibers actin. (n= 6 for each group from 3 biologically independent experiments, with two
images per biologically independent experiment, mean± s.d., Watson test, n.s.= not significant, ∗ p⩽ 0.05, ∗∗ p⩽ 0.01,
∗∗∗ p⩽ 0.001).

3.3. Biochemical andmechanical analysis
The viability of MFCs within constructs with and
without fibers at 0 d of culture was greater than
90%, demonstrating minimal impact of the print-
ing process on cell viability (figure 6(A)). At 28 d, a
drop in viability was seen in constructs with fibers,
with significant differences compared to constructs
without fibers at day 28 and constructs with fibers
at day 0. By day 56, a drop in viability was also

observed in constructs without fibers, with no signi-
ficant differences in viability between constructs with
and without fibers at day 56. While slight decreases
in viability were observed, average viability of each
group was maintained above 80% at all timepoints,
suggesting overall robust viability. Decreased viability
over time may be caused by increased matrix depos-
ition, decreasing permeability and nutrient diffusion
throughout scaffolds over time [51, 52].
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Figure 5. Cell alignment as a function of depth through scaffolds. Cell alignment at various depths after 56 d of culture of
meniscal constructs. (A) Schematic of dogbone constructs (teal) showing plane (orange) within the samples at various depths
(A: 0–0.1 mm, B: 0.2–0.3 mm, C: 0.4–0.5 mm) for confocal imaging (left) and region of constructs imaged denoted by the black
bounding box (right). (B) Representative schematics and images of constructs fabricated with ‘No Fibers’ (top) or ‘Fibers’
(bottom), cultured for 56 d, and stained for MFCs (F-actin: red, cell nuclei: blue) or fibers (gray) (30 µm z-stacks, scale bars:
0.1 mm). (C) Quantification of (i) actin and (ii) nuclei alignment along the printed filament direction for constructs with ‘No
Fibers’ (teal) or ‘Fibers’ (pink) at various depths. In addition to the differences noted, no statistical differences are observed across
various depths A, B, and C for No fibers actin (p= 0.956) or nuclei (p= 0.825) or for Fibers actin (p= 0.068) or nuclei
(p= 0.133). Note that fibers are not quantified as they were only present within the Depth C group of the Fibers constructs.
(n= 6 for each group from 3 biologically independent experiments with two images per biological experiment, mean± s.d.,
Watson test, n.s.= not significant, ∗ p⩽ 0.05, ∗∗ p⩽ 0.01, ∗∗∗ p⩽ 0.001).

As a first measure of construct maturation, mech-
anical properties were assessed through dynamic
mechanical analysis. Increases in average compress-
ive moduli of printed constructs from 6.9 ± 3.9 kPa
and 4.5 ± 1.0 kPa at day 0–218.0 ± 76.9 kPa and
239.7 ± 158.6 kPa at day 56 for constructs were
observed without fibers and with fibers, respect-
ively (figure 6(A)). These results demonstrated over
30-fold increases in compressive moduli properties

for all constructs after 56 d of culture. Both con-
structs with and without fibers reached an average
compressive modulus within reported values of nat-
ive menisci (0.11–0.41 MPa) [53–57]. Even though
the compressive moduli of printed constructs at day 0
weremuch lower than reported values in othermenis-
cal tissue-engineered constructs, compressive moduli
at 56 d exceeded values reported in other hydrogel-
based systems [12, 58, 59]. These results are consistent

9
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Figure 6. Characterization of viability, compressive modulus, and biochemical content of meniscal constructs during culture.
(A) Viability (left) and compressive moduli (right) of constructs fabricated with ‘No Fibers’ (teal) or ‘Fibers’ (pink) after 0, 28 and
56 d of culture. (B) DNA content (left), sulfated glycosaminoglycan (sGAG) content (middle), and collagen content (right) of
constructs fabricated with ‘No Fibers’ (teal) or ‘Fibers’ (pink) after 0, 28 and 56 d of culture. (n⩾ 3, two-way ANOVA with
Bonferroni post hoc, ∗ p⩽ 0.05, ∗∗ p⩽ 0.01, ∗∗∗ p⩽ 0.001).

with previous findings that suggest matrix deposition
decreases with increasing hydrogel crosslink density,
potentially due to increased mesh size in hydrogels
with lower crosslink densities [60–62]. Results may
suggest an advantage to utilizing synthetically mod-
ified hydrogel fibers over collagen-based constructs,
where fiber density, pore size, and hydrogel stiffness
can be decoupled [17, 21, 23, 62, 63].

Cell proliferation and matrix deposition of colla-
gen and sGAGs, common ECM components found
in the meniscus that have been shown to impact tis-
sue mechanics, were assessed after 0, 28 and 56 d of
culture [4, 12]. Over 56 d of culture, no significant
differences were observed inDNAor sulfated glycosa-
minoglycan sGAG content normalized to construct
wet weight between constructs with and without
fibers; however, averages of DNA and sGAG con-
tent trended upwards for both groups over time
(figure 6(B)). Average DNA content increased more
than four-fold from day 0 to day 56 in constructs
with and without fibers, while average sGAG content
increasedmore than three-fold fromday 0 to day 56 in
both constructs with and without fibers. Normalized
collagen content in constructs without fibers demon-
strated an increase from 0 to 28 d, while collagen
content at 28 and 56 d of culture in constructs with
fibers demonstrated an increase compared to con-
structs with fibers at 0 d of culture, with average col-
lagen content increasingmore than three-fold in scaf-
folds with and without fibers over 56 d of culture. No
significant differences were observed in DNA, sGAG
or collagen content in constructs with or without
fibers at each respective timepoint, suggesting that
microfibers do not impact proliferation or matrix
deposition in constructs. Biochemical content trends

showing time-dependent increases in matrix depos-
ition and cell proliferation supported the increase in
compressivemoduli observed with dynamicmechan-
ical analysis.

Histological analyses were subsequently used to
assess ECM distribution in printed constructs over
time (figure 7). Quantification of Alcian Blue stain-
ing demonstrated increasing GAG content for scaf-
folds with and without fibers over 56 d of culture,
with a higher average amount of GAGs found in scaf-
folds without fibers compared to scaffolds with fibers
at 56 d of culture (figure 7(B)). Picrosirius red stain-
ing was used to assess collagen content and orienta-
tion in scaffolds (figures 7(C) and (D)).

Picrosirius red has advantages over other histo-
logical methods for assessment of collagen fibers,
such as the ability to detect thinner collagen fibers
compared to other stains and to provide structural
insight when imaged with polarized light microscopy
[8, 64, 65]. Brightfield imaging of picrosirius red
staining demonstrated variable trends across time
in scaffolds with and without fibers under bright-
field imaging (figure 7(C)). For constructs without
fibers, there was an initial decrease in intensity of
picrosirius red staining from day 0 to day 28, then
an increase from day 28 to day 56, with no signi-
ficant differences in stain intensity at day 56 com-
pared to day 0. For constructs with fibers, there were
no significant differences in stain intensity from day
0 to day 28, with decreases in stain intensity from
day 0 to day 56. These variable results were likely
because picrosirius red stains both collagen matrix
deposited by cells over time as well as the GelMA
bioink, derived from a denatured form of collagen, in
constructs [66, 67].
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Figure 7.Matrix staining during culture of meniscal constructs. (A) Schematic of dogbone constructs (teal) showing middle
plane (orange) sectioned for histology (left, middle) and region of constructs imaged denoted by the black bounding box (right).
(B) Representative images and quantification of stain intensity for sGAG via Alcian Blue staining for constructs fabricated with
‘No Fibers’ (top) or ‘Fibers’ (bottom) and cultured for 0, 28, or 56 d. Collagen via picrosirius red and imaged under (C) brightfield
or (D) polarized light for constructs fabricated with ‘No Fibers’ (top) or ‘Fibers’ (bottom) and cultured for 0, 28, or 56 d.
Quantification of collagen orientation under polarized light is also shown. (n= 30 images from 3 biologically independent
experiments (2 sections per independent experiment, 2–3 images taken per section, scale bars: 0.1 mm), two-way ANOVA with
Bonferroni post hoc was used for analysis of stain intensity and alignment index, while Watson test was used for frequency
distribution analysis of collagen orientation n.s.= not significant, ∗ p⩽ 0.05, ∗∗ p⩽ 0.01, ∗∗∗ p⩽ 0.001 ∗∗∗∗ p⩽ 0.0001).

Polarized light imaging can be used with
picrosirius red staining to differentiate the collagen
fiber network in constructs from GelMA content,

in which collagen fibers appear yellow-orange, red
or green in color, depending on fiber thickness and
packing (figure 7(D)) [68, 69]. Here, clear increases

11



Biofabrication 15 (2023) 035003 M E Prendergast et al

in overall intensity were noted both in constructs
with and without fibers over time. No significant
differences were noted between constructs with and
without fibers at each specific timepoint, suggesting
similar increases in collagen deposition over time.
When assessing alignment of collagen in polarized
light images by comparing frequency distributions
of collagen alignment through circular statistics,
no differences between groups were noted at day
0, while an increase in alignment was seen in con-
structs with fibers compared to constructs without
fibers at days 28 and 56. To further assess this align-
ment, an alignment index, commonly used to assess
collagen orientation, was also defined to determine
the fraction of collagen fibers aligned within 20◦ of
the angle of interest [12, 70]. This fraction was nor-
malized to the fraction of fibers that would be found
within this range if fibers were randomly distributed
(40◦/180◦ = 0.22). Randomly distributed fibers res-
ult in alignment indices of 1, while fibers oriented
in directions outside the region of interest result in
values between 0 and 1, and aligned fibers result in
values between 1 and 4.5, with higher values indicat-
ing a higher fraction of fibers aligned near the peak
angle of interest. Alignment indices in constructs
without fibers had no significant differences over
time, with average values of 1.06 ± 0.14, 1.07 ± 0.29
and 1.11 ± 0.32 at 0,28 and 56 d, respectively. In
contrast, alignment indices in constructs with fibers
demonstrated increasing alignment indices over time,
with average values of 1.08 ± 0.15, 1.59 ± 0.47 and
1.81± 0.53 at 0, 28 and 56 d, respectively. Significant
differences were observed between alignment indices
of constructs with and without fibers at 28 and 56 d,
demonstrating higher alignment indices in constructs
with fibers.

In addition to assessing staining intensity over
time, histological analysis of day 56 samples was
also completed at various depths to assess ECM
deposition throughout the constructs (figure 8).
In constructs without fibers, no differences in the
intensity of Alcian Blue stains were observed at vari-
ous depths assessed (figure 8(B)). However, in con-
structs with fibers, intensity significantly decreased
with increasing depth through the scaffold, suggest-
ing depth-dependent matrix deposition for GAGs
in fibrous constructs. Differences between fiber and
no fiber groups were seen at more shallow depths
(depth A, 0–0.1 mm) and deeper depths (depth C,
0.4–0.5 mm), with more GAGs in fiber groups at
Depth A compared to no fiber groups and less
GAGs in fiber groups at Depth C compared to no
fiber groups. These results may further explain the
increased GAG amounts observed in initial histo-
logical analysis, which was all performed at deeper
depths (depth C, 0.4–0.5 mm). Biochemical ana-
lysis suggests that while variations in GAG content
were observed between constructs with and without
fibers at varying depths, no statistical differences in

bulk GAG content were noted (figure 6(B)). This
is supported by results from dynamic mechanical
analysis, which also found no statistical differences
in compressive moduli between groups at day 56.
Previous studies have suggested that the compress-
ive modulus in fibrocartilaginous tissues and con-
structs is strongly influenced by GAG content of
structures [3, 18, 40, 71, 72].

For picrosirius red staining, quantification of
brightfield images demonstrated no significant dif-
ferences in intensity for no fiber groups and vary-
ing intensities at different depths for fiber groups
(figure 8(C)). Because picrosirius red stains both col-
lagen andGelMA, conclusions about collagen content
cannot be determined from analysis of brightfield
images alone. Under polarized light images, depth
dependent matrix deposition was apparent in con-
structs with and without fibers, with decreasing col-
lagen content with increasing depth (figure 8(D)). At
depth A, a higher intensity of collagen was observed
in constructs with fibers compared to constructs
without fibers, while no differences at depth B or C
were seen between the groups. While both groups
exhibit random collagen alignment at depth A close
to the surface of scaffolds, constructs with fibers
demonstrated increased alignment at depths B and
C, following depth-dependent trends observed in cell
alignment.

These differences in alignment were apparent
when comparing frequency distributions of collagen
within constructs as well as alignment index val-
ues. Alignment index values demonstrated no dif-
ferences in collagen alignment across depths for
constructs without fibers. In constructs with fibers,
higher collagen alignment was observed with increas-
ing matrix depth, with average alignment index val-
ues of 1.21 ± 0.35, 1.61 ± 0.40 and 1.81 ± 0.53
for Depths A, B and C, respectively. Additionally,
in some select scaffolds with fibers, aligned thicker
collagen fibers and bundles were observed at Depth
C, while these thicker fibers were not found at this
depth in any of the scaffolds without fibers (figure
S3). These histological results in figures 7, 8 and S3
suggest that constructs with fibers have the poten-
tial to support robust collagen deposition aligned in
the direction of printed filaments compared to con-
structs without fibers. Depth-dependent cell and col-
lagen alignment in constructs with fibers suggest that
microfiber alignment, as opposed to organization of
ECM matrix at the surface of scaffolds, may drive
this alignment. While scaffolds with fibers suppor-
ted the development of aligned collagen matrix, con-
structs failed to replicate consistently robust mat-
rix of thicker collagen fibers; however, these results
demonstrate that aligned bioprinted microfibers can
encourage anisotropic matrix deposition similar to
results found in systems such as anisotropic electro-
spun scaffolds [10, 42]. Future studies may explore
enhancing ECM through addition of growth factors
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Figure 8. Depth-dependent matrix staining after 56 d of culture of meniscal constructs. (A) Schematic of dogbone constructs
(teal) showing plane (orange) within the samples at various depths (A: 0–0.1 mm, B: 0.2–0.3 mm, C: 0.4–0.5 mm) sectioned for
histology (left, middle) and region of constructs imaged denoted by the black bounding box (right). (B) Representative images
and quantification of stain intensity for sGAG via Alcian Blue staining for constructs fabricated with ‘No Fibers’ (top) or ‘Fibers’
(bottom) and cultured for 56 d. Collagen via picrosirius red and imaged under (C) brightfield or (D) polarized light for constructs
fabricated with ‘No Fibers’ (top) or ‘Fibers’ (bottom) and cultured for 56 d. (n= 30 images from 3 biologically independent
experiments (2 sections per independent experiment, 2–3 images taken per section, scale bars: 0.1 mm), two-way ANOVA with
Bonferroni post hoc was used for analysis of stain intensity and alignment index, while Watson test was used for frequency
distribution analysis of collagen orientation n.s.= not significant, ∗ p⩽ 0.05, ∗∗ p⩽ 0.01, ∗∗∗ p⩽ 0.001 ∗∗∗∗ p⩽ 0.0001).

such as TGFβ-1, glucose, or by employing dynamic
mechanical loading during culture. Variables such as
microfiber stiffness, density and length may also be
tuned to assess the impacts of these properties on cell
and matrix alignment [18, 73–77].

Depth-dependent matrix deposition demon-
strated some disorganization in both scaffolds with
and without fibers, but showed a thicker unorganized
matrix of collagen and GAGs in scaffolds with fibers
compared to those without fibers. It is unclear what

may have caused greater depth-dependence in matrix
deposition in scaffolds with fibers compared to those
without fibers, but it is likely that permeability of
nutrients plays some role in this depth-dependence in
matrix deposition [51, 52, 78]. Heterogenous ratios
of GAG and collagen content are also observed in
native meniscal tissue, and varying GAG concentra-
tions have been shown to impact the development
of collagen fibers and overall tissue mechanics in
meniscal tissues [18, 74, 79–82]. Future studies may
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explore how to leverage the heterogeneity observed
in scaffolds, or may employ the use of dynamic cul-
ture methods, which have been shown to improve
the delivery of nutrients to the center of scaffolds,
in order to increase uniformity of matrix deposition
throughout scaffolds with fibers [83–87].

Finally, uniaxial tensile testing was performed in
the direction of filament deposition and resilience,
yield strain, and linear tensile modulus were calcu-
lated for constructs with and without fibers after
0, 28, and 56 d of culture (figure 9). At 0 d of
culture, constructs exhibited low tensile moduli of
1.6 ± 0.8 and 1.6 ± 1.1 kPa and low resilience val-
ues of 0.003 ± 0.002 and 0.002 ± 0.002 J m−3

for constructs with and without fibers, respectively.
While constructs had low tensile moduli, high yield
strain values (146.0 ± 82.0% and 105.0 ± 42.4%
for constructs with and without fibers, respectively)
and the linear stress strain curves demonstrated a
mechanical response of typical elastic hydrogels [88].
The lack of statistical differences in resilience, yield
strain or linear tensile modulus between constructs
with and without fibers on day 0 demonstrated
that microfibers did not have a significant impact
on the initial uniaxial tensile properties of printed
constructs.

After 28 d of culture, linear tensile modulus
increased significantly in constructs with average val-
ues of 650 ± 252 and 407 ± 133 kPa for constructs
with and without fibers, respectively. Yield strain val-
ues also decreased significantly by 28 d of cultures to
20.2 ± 12.4% and 29.0 ± 11.7% for constructs with
and without fibers, respectively, with no significant
differences observed in the resilience of constructs,
although average values trended upward. No signi-
ficant differences in resilience, yield strain or tensile
modulus were observed when comparing constructs
with and without fibers at 28 d of culture.

By 56 d of culture however, significantly higher
average linear tensile moduli of 696 ± 249 kPa were
observed in constructs with fibers compared to aver-
age linear tensile moduli of 352 ± 204 kPa for con-
structs without fibers. These results demonstrated
over 400-fold and over 200-fold increases from aver-
age day 0 values for constructs with fibers andwithout
fibers, respectively. While no significant differences
were noted in linear tensilemoduli from day 28 to day
56 in constructs with or without fibers, a significant
increase in resilience was observed in constructs with
fibers from day 28 to day 56. Resilience, defined as the
integral of the stress–strain curve until the yield point,
increases with maturation stage in native menisci and
as such an increase in resilience here may suggest fur-
ther maturation of neomeniscus tissue [84].

Although average tensile moduli did not
reach reported ranges observed in native tissue
(49–316 MPa in the circumferential direction and
4–71 MPa in the radial direction), increased values

suggested a progression of functional tissue proper-
ties over time in both constructs with and without
fibers [53, 89]. This result was supported by increases
in matrix deposition determined through biochem-
ical and histological analyses. Increased values in lin-
ear tensile moduli at 56 d in constructs with fibers
compared to constructs without fibers suggest the
inclusion of aligned microfibers leads to enhanced
biomechanical properties over time in the direction
of testing. In previous work, alignment of collagen
fibers has been shown to impact mechanics of nat-
ive tissue and engineered constructs [10, 19, 20, 42,
84]. Therefore, factors such as increased alignment
of deposited collagen matrix in constructs with fibers
likely played a role in these enhanced mechanics.

It is also possible that the increased amount of
unaligned collagen found atDepthA (0–0.1mm from
surface of the scaffold, figure 8) in constructs with
fibers compared to constructs without fibers played a
role in these different mechanics. However, previous
work has suggested that tensile properties such as the
linear tensile modulus are more strongly correlated
with collagen alignment index and matrix organiza-
tion compared to overall matrix content, suggesting
the differences in collagen alignment in the scaffolds
may have been the driving factor for the differences
in tensile properties [12, 18, 90]. Additionally, it is
unlikely that the differences noted in collagen mat-
rix content based on histological results are large, as
biochemical analysis demonstrated no significant dif-
ferences in overall collagen content between scaffolds
with and without fibers at 56 d of culture. Whether
surfacematrix deposition or collagen alignment at the
center of scaffolds drove this change in mechanics,
results demonstrated that scaffolds with fibers sup-
ported the development of more mechanically robust
constructs over time.

3.4. Study limitations and future directions
While the findings show important advances in
engineering aligned meniscal tissues, there are lim-
itations to this work. For example, further quant-
itative analysis of scaffolds could be completed to
explore the specific deposited matrix in constructs,
such as collagen types or the distribution of compon-
ents such as decorin, versican and biglycan, which can
impact meniscus tissue mechanics and collagen fiber
formation [42, 73]. These assessments may help drive
directions of future work to further improve upon
the matrix organization andmechanics of engineered
constructs. While constructs with fibers resulted in
matrix development that mimics the native architec-
ture of themeniscus, most constructs did not demon-
strate robust collagen fibril development seen in the
nativemeniscus, withmostly smaller aligned collagen
fibers observed in fabricated constructs. Additionally,
while this fabrication method achieved compress-
ive properties similar to native tissue and enhanced
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Figure 9. Tensile properties of meniscal constructs during culture. (A) Average stress–strain curves during tensile testing of
constructs fabricated with ‘No Fibers’ (teal) or ‘Fibers’ (pink) after 0, 28 and 56 d of culture. (B) Resilience (left), yield strain
(middle), and tensile modulus (right) of constructs fabricated with ‘No Fibers’ (teal) or ‘Fibers’ (pink) after 0, 28 and 56 d of
culture. (n⩾ 4, two-way ANOVA with Bonferroni post hoc, ∗ p⩽ 0.05, ∗∗ p⩽ 0.01, ∗∗∗ p⩽ 0.001, ∗∗∗∗ p⩽ 0.0001).

tensile properties over 400-fold from initial construct
mechanics, constructs did not reach tensile mech-
anics within the ranges reported in native tissues.
However, these results did demonstrate improve-
ments in matrix organization compared to current
methods using acellular collagen sponges, which also
have inferior mechanics to native tissue and result
in unorganized matrix deposition. As such, results
from this study suggest that scaffolds printed with
aligned microfibers may provide more robust treat-
ment methods for partial meniscal tears.

Towards further improvement in these scaffold
mechanics and microarchitecture, constructs with
aligned fibers may be supplemented with other tis-
sue engineering strategies. Meniscus tissue forma-
tion is a complex process, and while directional cues
for cellular and matrix alignment used in this study
enhanced neomeniscus formation, additional bio-
mechanical and biochemical cues are likely needed
to encouragemore robust tissue development. Future
studies may explore additional factors such as glucose
and TGFβ-1 levels, oxygen levels, and dynamicmech-
anical cues during culture for further development of
neomeniscus formation [12, 18, 37, 73–77, 91, 92].
Alternatively, the inclusion of reinforcing compon-
ents such as through addition of melt-electrowritten
fibers or stronger fibers (e.g. cellulose)may be utilized
for the enhancement of bulk construct mechanical

properties [60]. These factors have been proven to
impact matrix organization and construct mechan-
ics in previous studies and as such may further bol-
ster results reported in this study towards the devel-
opment of functional meniscal replacements. Fur-
ther, our goal was not to engineer an entire men-
iscus in this study, but steps could be taken to use
the principles presented in this study to print lar-
ger meniscal constructs that may mimic meniscal tis-
sues, including with radial fibers and varied regions
of cartilage composition. However, approaches may
need to be taken with larger constructs to address
concerns of nutrient transport, such as through
the introduction of channels or with culture in
bioreactors.

Overall, this work demonstrated the potential for
embedded printing of aligned microfibers towards
the fabrication of organized tissue engineered men-
iscal constructs. Future work is needed to assess
the engineered meniscal constructs when implanted
within meniscal defects, such as in large animal mod-
els of meniscal tears, which is outside the scope of this
work.

4. Conclusions

This work demonstrated the successful fabrication of
constructs with microfiber alignment within printed
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hydrogel filaments that were maintained for up to
56 d of culture. As reported previously, microfibers
embedded in bioinks were aligned in the direc-
tion of filament deposition through the leveraging
of shear stresses during the biofabrication process.
Embedded microfibers did not impact initial con-
struct properties; however, over time, differences in
cell alignment between scaffolds with and without
fibers were observed, with cells in constructs with
aligned microfibers demonstrating alignment in the
direction of embedded fibers after 28 and 56 d of cul-
ture. Time-dependent differences in construct mech-
anics and matrix deposition were observed in con-
structs printedwith andwithout fibers, with increases
in matrix deposition, compressive moduli and linear
tensile moduli observed. Additionally, an increase in
aligned collagen matrix was observed in constructs
with fibers after 28 and 56 d of culture, with the
formation of thick, aligned collagen fibers observed
in select scaffolds with fibers. Finally, a higher aver-
age linear tensile modulus was observed in constructs
with fibers compared to constructs without fibers at
56 d of culture. These results show the impact of
embedded microfibers on neomeniscus formation,
demonstrating the potential of this method to fabric-
ate constructs that support neotissue formation with
enhanced matrix organization and tissue mechanics.
In addition to meniscal tissue engineering, this ver-
satile fabrication technique could also be applied for
therapeutic uses in other connective tissues or in bio-
mechanical in vitro studies.
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