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a b s t r a c t

There is a critical need to engineer a neotrachea because currently there are no long-term treatments for
tracheal stenoses affecting large portions of the airway. In this work, a modular tracheal tissue
replacement strategy was developed. High-cell density, scaffold-free human mesenchymal stem cell-
derived cartilaginous rings and tubes were successfully generated through employment of custom
designed culture wells and a ring-to-tube assembly system. Furthermore, incorporation of transforming
growth factor-b1-delivering gelatin microspheres into the engineered tissues enhanced chondrogenesis
with regard to tissue size and matrix production and distribution in the ring- and tube-shaped con-
structs, as well as luminal rigidity of the tubes. Importantly, all engineered tissues had similar or
improved biomechanical properties compared to rat tracheas, which suggests they could be transplanted
into a small animal model for airway defects. The modular, bottom up approach used to grow stem cell-
based cartilaginous tubes in this report is a promising platform to engineer complex organs (e.g., tra-
chea), with control over tissue size and geometry, and has the potential to be used to generate autologous
tissue implants for human clinical applications.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Narrowing or collapse of the trachea is a life threatening con-
dition because stenosis or malacia can prohibit sufficient air
transport to the lungs. The most common cause of adult tracheal
stenosis is iatrogenic trauma due to prolonged intubation or tra-
cheostomy, but other causes include perichondritis, chondritis,
tumor, burns and external trauma [1e3]. Typically, if the affected
portion is less than half the entire length of the trachea in adults or
one third in children, the diseased region can be resected and the
healthy ends anastomosed during tracheal reconstruction surgery
[2,4]. While short, resectable stenoses are far more common, there
are limited treatments available for lengthy tracheal occlusions.
Short-term solutions for patients with long segment stenosis
include stents, T-tubes, laser surgery and airway dilation. However,
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a major drawback to these is the need for repetitive treatment:
periodic stent and tube replacement due to granuloma formation
or additional laser surgery and dilation due to scarring and reste-
nosis [5,6].

As a result, biomaterial and tissue engineering approaches have
been pursued to develop tracheal substitutes. A functional tracheal
replacement must first and foremost maintain airway patency
during normal breathing. Normally, healthy tracheal cartilage
supports the open windpipe. Acellular tracheal prostheses are
constructed of rigid materials and tissue engineered cell-laden
technologies are typically cartilaginous structures that are
designed to mimic the trachea. A variety of tracheal replacement
strategies have been explored, including cell-free artificial pros-
theses [7e9], autografts [10,11], native or decellularized allografts
which are often seeded with the recipient's cells [12e18], and
autologous de novo tissue engineered constructs [19e22]. Despite
the broad range of approaches, each has shortcomings. Acellular
tracheal prostheses often result in tissue granulation, implant
migration, progressive scar tissue formation and restenosis [4,11].
Autografts and allografts have limited availability, poor mechanical
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Fig. 1. Schematic of tissue ring and tube assembly processes. A suspension of MSCs
with growth factor loaded microspheres (“hMSC þMS”) was seeded in custom agarose
(pink) wells and cultured in basal pellet media. Cell only tissues (“hMSC”), which did
not contain microspheres, were seeded and cultured in basal pellet media supple-
mented with TGF-b1. On day 2 of culture, rings (tan) were removed from the culture
wells using tweezers and were stacked on silicone tubes (gray) to form 3- and 6-ring
tubes. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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properties, and undergo remodeling upon implantation, often
leading to collapse, scarring and airway occlusion [4,11]. Allogeneic
donor tissue also carries a risk of disease transmission and immu-
nogenicity; recipients of native tissues must be immunosuppressed
and extra care must be taken to remove antigens from decellular-
ized tissues. Tissue engineered constructs comprised of autologous
cells in scaffolds circumvent immune response issues, but the
structural, physical and biochemical properties of the scaffold must
be carefully designed to guide cell behavior and neotissue forma-
tion. It is also challenging to tune the scaffold degradation rate to
match that of cell proliferation and new extracellular matrix (ECM)
production, and biomaterial degradation byproducts may hinder
tissue healing [4,23].

A 3D scaffold-free approach for autologous tracheal engineering
allows for increased cellecell interactions which help recapitulate
de novo tissue formation in a biomimetic environment that lacks an
exogenous scaffold [24]. Increased intercellular communication
and signaling in a scaffold-free systemmay enhance ECM synthesis
and remodeling as well as provide a greater potential for tissue
integration upon implantation [24]. While scaffold-free culture
systems have recently been pursued in efforts to engineer cartilage
for tracheal replacement applications [21,25,26], these reports used
fully differentiated chondrocytes as a cell source. Engineering a
construct with mature cells necessitates taking a biopsy from
existing tissues, which may cause morbidity and pain at the donor
site, and potential loss or diminished function of the donor organ.
These concerns are particularly relevant in the case of cartilage
where collection of a biopsy may require an invasive surgery and
tissue regeneration is limited. In addition to complications at the
harvest site, cartilage tissues have low cellularity and isolated
chondrocytes are prone to lose their function during cell expansion
[27]. Due to these challenges, utilization of fully differentiated
chondrocytes for an autologous engineered cartilage therapy may
be difficult to implement clinically. In contrast, mesenchymal stem
cells (MSCs) are an attractive, clinically relevant cell source for
neocartilage formation. MSCs can be harvested from the bone
marrow of the patient with a minimally invasive procedure and
easily expanded in vitro to achieve necessary cell numbers. This
stem cell pool can then be differentiated into a variety of connective
tissue cell phenotypes, including chondrocytes for the formation of
cartilage tissue [28,29].

Bone marrow derived MSCs undergo chondrogenesis when
cultured in high-cell density conformations with supplementation
of transforming growth factor beta (TGF-b) [30]. High-densityMSC-
basedmethods to drive cartilage formation includemicromass [31],
aggregate or pellet [30], or sheet cultures [32]. Recently, a few
groups have explored other culture geometries for cartilage tissue
engineering, like seeding chondrocytes in oval molds for meniscal
engineering [33], wrapping stacked chondrocyte-derived cartilage
sheets around a tube for in vivo fusing [21] and fusing MSC-derived
aggregates for condylar resurfacing [34]. A viable tracheal tissue
replacement therapy using a scaffold-free strategy necessitates
ring-shaped and tubular constructs of specific sizes. Compared to
fusion of tissue sheets and spherical aggregates, the use of ring-
shaped building blocks for forming a tube for tracheal tissue en-
gineering avoids the need for circumferential fusing and may pro-
vide improved mechanical properties in resisting collapse of the
lumen. To control tissue geometry, we have previously reported the
use of annular molded culture wells for the creation of toroid
vascular tissues and a tissue assembly system for the fusion of rings
into tissue tubes [35].

Standard tissue culture, which relies on exogenously supplied
growth factor, has the challenge of guiding scaffold-free stem cells
to generate sizeable tissues with homogenous matrix distribution
due to spatial non-uniformity of growth factor availability. Cells on
the interior of the construct are exposed to less growth factor
because a disproportionate amount is consumed by cells on the
periphery of the tissue, and the remainder of the growth factor
must diffuse through the thickness of the construct to reach cells
deeper within the construct. To address the problem of diffusion
limitations and to improve the spatial uniformity and temporal
presentation of growth factors within these constructs, our lab has
engineered a system for delivery of growth factor fromwithin high-
cell density stem cell cultures using microspheres [36]. This
approach has resulted in engineered neocartilage with similar [37]
or enhanced matrix production and uniformity, mechanical prop-
erties and tissue thickness compared to cell-only constructs where
growth factor was delivered in the media [38,39] when growth
factors were delivered with proteolytically-degradable gelatin
microspheres.

In this study a tracheal tissue replacement strategy is demon-
strated using a bottom-up approach for production of human MSC
(hMSC)-derived cartilaginous rings and tubes through employment
of custom designed culture wells and an assembly system. This
technology is then used to test the hypothesis that incorporation of
chondrogenic growth factor-delivering microspheres into the ring
and tube-shaped high-cell density constructs enhances chondro-
genesis with regard to mechanical properties and matrix produc-
tion and distribution to provide functional tracheal patency in
future clinical applications.

2. Methods

2.1. Experimental design

The work described here investigated the formation of engineered cartilaginous
rings and tubes in custom designed molds. hMSCs alone (“hMSC”) or with bioactive
factor-releasing biopolymer microspheres (“hMSC þ MS”) were seeded in annular
agarose wells to form scaffold-free, self-assembled three-dimensional tissue rings.
Subsequently, tissue rings were stacked in 3-ring or 6-ring conformations to fuse
into tissue tubes. Chondrogenesis was induced in rings and tubes during 22 days of
in vitro culture afterwhich constructs were harvested for analysis. A schematic of the
ring and tube formation procedure is shown in Fig. 1.

2.2. hMSC isolation and culture

hMSCs were isolated from bone marrow aspirates obtained from the Case
Comprehensive Cancer Center Hematopoietic Biorepository and Cellular Therapy
Core under University Hospitals of Cleveland Institutional Review Board approval, as
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previously described [40]. Briefly, bone marrow aspirates were washed with
expansion media (Dulbecco's Modified Eagle's Mediumelow glucose (DMEM-LG;
SigmaeAldrich, St. Louis, MO) containing 10% pre-screened bovine serum (Gibco
Qualified FBS; Life Technologies, Carlsbad, CA)) [41]. Mononuclear cells were sepa-
rated using a Percoll gradient (SigmaeAldrich), plated in expansion media and
cultured in a 37 �C humidified incubator with 5% CO2. Non-adherent cells were
washed away during the first media change. Adherent cells received fresh expansion
media supplementedwith 10 ng/ml fibroblast growth factor-2 (FGF-2, R&D Systems,
Minneapolis, MN) every 2e3 days. The hMSCs were subcultured at ~90% confluence,
and passage 3 cells were used in this study.

2.3. Microsphere synthesis and characterization

Gelatin microspheres (11.1 w/v% Type A; SigmaeAldrich) were synthesized in a
water-in-oil emulsion, as previously described, with slight modifications [39]. Mi-
crospheres were crosslinked with 1 w/v% genipin for 3 h (Wako Chemicals USA Inc.,
Richmond, VA), washed with deionized H2O, lyophilized and rehydrated with Dul-
becco's Phosphate Buffered Saline (PBS; HyClone Laboratories, Logan, UT) contain-
ing 400 ng TGF-b1 (PeproTech, Rocky Hill, NJ) per mg microspheres [39]. Light
microscopy images of hydrated, crosslinked microspheres (N ¼ 268) were acquired
on a TMS microscope (Nikon, Tokyo, Japan) with a Coolpix 995 camera (Nikon) to
determinemicrosphere diameters, which were measured using NIH Image J analysis
software. The degree of microsphere crosslinking was quantified via a ninhydrin
assay, based on a previously described protocol [39]. Here, the ninhydrin solution
was added to dry microspheres and incubated for 2.5 min.

2.4. Cell culture well preparation

Agarose molds for cell culture were prepared as previously described [35].
Briefly, a polycarbonate sheet (Small Parts Inc., Miramar, FL) was machined to
contain annular wells with concentric 2 mm diameter posts surrounded by a
3.75 mm wide trough. A polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning,
Midland, MI) negative mold of the polycarbonate template was cured and steam
autoclaved for sterilization. Two percent w/v agarose (Denville Scientific Inc.,
Metuchen, NJ) in DMEM-LG was autoclaved and used to fill the PDMS mold. After
cooling, the ring-shaped culture wells were removed from the PDMS mold, moved
into 6-well plates (BD, Franklin Lakes, NJ) and incubated overnight in basal pellet
medium (BPM) comprised of Dulbecco's Modified Eagle's Mediumehigh glucose
(DMEM-HG; SigmaeAldrich), 1% ITS þ Premix (Corning Inc, Corning, NY), 10�7 M
dexamethasone (MP Biomedicals, Solon, OH), 1 mM sodium pyruvate (HyClone
Laboratories), 100 mM non-essential amino acids (Lonza Group, Basel, Switzerland),
37.5 mg/ml ascorbic acid-2-phosphate (Wako Chemicals USA Inc.) and 100 U/ml
penicillin-streptomycin (Corning Inc.).

2.5. Assembly of microsphere-containing tissue rings and tubes

Trypsinized hMSCs (400,000 cells) with or without 0.3 mg TGF-b1 laden mi-
crospheres in 50 mL mediawere seeded in a circular fashion in each custom designed
annular well. Microsphere-containing tissues (“hMSC þ MS”) were seeded and
cultured in BPM. hMSC-only groups (“hMSC”) did not contain microspheres and
were seeded and cultured in BPM supplemented with 10 ng/ml TGF-b1. After 24 h,
3 ml of experimental condition-specific media were added to the agarose wells. On
day 2, some of the self-assembled rings were transferred from the annular wells
onto 2 mm silicone tubes (Specialty Manufacturing Inc., Saginaw, MI) to form 3- and
6-ring tissue tubes. Silicone tubes were sandwiched between custom engineered
polycarbonate holders and the developing tissue tubes were cultured horizontally in
60 mm petri dishes (BD) containing 4.8e6 million cells and 9 ml of condition-
specific media. A schematic of the tissue ring and tube assembly processes is
shown in Fig. 1. A Galaxy S4 phone camera (Samsung, Seoul, Korea) was used to
capture images of the custom culture set-up right after tissue tube assembly. Tissue
rings and tubes with and without microspheres were grown in a humidified cell
culture incubator at 37 �C and 5% CO2 for 22 days with media changes every 2 and 3
days, respectively.

2.6. Gross morphological assessment

On day 22 of total culture, rings (22 days of culture as rings) and tubes (2 days of
culture as rings followed by 20 days of culture as tubes) were harvested and pho-
tographs of all tissues were takenwith a Galaxy S4 phone camera. Healthy, native rat
tracheas (male NIH Nude rats 14e15 weeks old (N ¼ 4); Taconic, Hudson, NY),
freshly harvested from rats sacrificed for another study in accordance to a protocol
approved by the Institutional Animal Care and Usage Committee at Case Western
Reserve University, were used for comparison.

2.7. Biochemical analysis

Tissue rings (N ¼ 4) and 3-ring tubes (N ¼ 3) were digested in papain solution
(SigmaeAldrich) [42] at 65 �C. GAG and DNA contents were measured using
dimethylmethylene blue (DMMB; SigmaeAldrich) [43] and PicoGreen (Invitrogen,
Carlsbad, CA) assays, respectively [44].
2.8. Histology and immunohistochemistry

Tissue rings and 3-ring tubes (N � 2) were fixed in 10% neutral buffered formalin
overnight, embedded in paraffin and sectioned at 5 microns. Rings were sectioned in
either axial or vertical planes. Tubeswere sectioned first in the axial plane and then re-
embedded in paraffin and sectioned in the vertical plane. Mounted tissue sections
were deparaffinized and rehydrated. Safranin O (Acros Organics) was used to stain for
sulfated GAG content with a Fast Green counterstain (Fisher Chemical). For immu-
nohistochemical staining, the presence of type II collagen was detected using anti-
collagen type II primary antibody (abcam ab34712, Cambridge, UK) with a Fast
Green counterstain. A section of the human knee articular cartilage and underlying
subchondral bone served as a positive and negative control, respectively. Samples
stained with isotype-matched IgG instead of primary antibody also served as negative
controls. Histostain-Plus Bulk kit (Invitrogen) with aminoethyl carbazole (AEC; Invi-
trogen) was used to visualize the primary antibody. Images of stained tissues were
acquired using an Olympus BX61VS microscope (Olympus, Center Valley, PA) with a
Pike F-505 camera (Allied Vision Technologies, Stadtroda, Germany).

2.9. Tissue dimension measurements and biomechanical analysis

2.9.1. Rings
Day 21 tissue engineered rings and rat tracheal sections were sent in chon-

drogenic media from Case Western Reserve University to Worcester Polytechnic
Institute (transit time was 3 nights and 1 night, respectively). Rings were then
allowed to equilibrate for approximately 2 h in a 37 �C incubator prior to mechanical
testing. Tissue ring wall thickness was measured in PBS using a machine vision
system (DVT Model 630; DVT Corporation, Atlanta, GA). Measurements were taken
in four locations around each ring using edge detection software (Framework 2.4.6;
DVT), and the average thickness was used to calculate the average cross-sectional
area. Each rat trachea was also measured in four locations, but using calipers due
to its more uneven shape. Tissue engineered rings with and without microspheres
and rat trachea sections were tested in uniaxial tension (ElectroPuls E1000 with a
50 N load cell; Instron, Norwood, MA) using a modified version of a system
described previously [35]. Briefly, small stainless steel pins were bent into an “L”
shape and served as grips for individual rings (Fig. 8A inset). After applying a 5 mN
tare load, engineered rings were pulled in tension to failure at a rate of 10 mm/min.
PBS was dripped on tissues during testing to prevent drying. From this test, the
maximum load the rings could withstand was calculated. The ultimate tensile stress
(UTS) was calculated by dividing the failure load by the cross-sectional area. Each
engineered ring was approximated as a torus and each native trachea section was
approximated as a hollow cylinder.

2.9.2. Tubes
Tissue engineered 6-ring tubes and 8 mm sections of rat trachea were equili-

brated in PBS with 0.1% protease inhibitor (SigmaeAldrich), and their outer di-
ameters were measured by applying a pre-load of 3 mN with an R Series Controller
mechanical testing device (Test Resources Inc., Shakopee, MN). Individual tubes and
tracheas were tested in luminal collapse as previously described with modifications
[9]. Each tube and trachea was compressed by 2 mm (luminal diameter) at a rate of
0.5 mm/min. The load was held for 6 min and thenwas removed at a rate of 60 mm/
min. The load to collapse the lumen by 80% (1.6 mm) was used for comparison
between the engineered tubes and rat tracheas. This was done to ensure that only
the load required to collapse the lumen without compressing the walls of the tube
was analyzed. Tube outside diameter was measured again after a 5 min no-load
period. Percent luminal recoil was calculated as the ratio of the final outer diam-
eter/initial outer diameter *100. Video recordings (Galaxy S4 phone camera) were
taken of a representative hMSC tube, hMSC þ MS tube and a section of rat trachea
(after 1 freeze/thaw) compressed by a hand-held pipet to show repetitive luminal
collapse and recoil of the tubes.

Supplementary video related to this article can be found at http://dx.doi.org/10.
1016/j.biomaterials.2015.01.073.

2.10. Statistical analysis

One-way ANOVA with Tukey's post hoc tests were used to statistically analyze
tissue engineered constructs and native tracheas via InStat 3.06 software (GraphPad
Software Inc., La Jolla, CA). All values are reported asmean ± standard deviation. Post
tests were performed when p < 0.05.

3. Results

3.1. Microsphere characterization

Gelatin microspheres appeared blue as a result of the cross-
linking reaction with genipin. They were 26.6 ± 8.0% crosslinked,
and their average diameter was 67.8 ± 55.1 mm (N ¼ 268). A
representative light microscopy image shows microspheres size
variability (Fig. 2).

http://dx.doi.org/10.1016/j.biomaterials.2015.01.073
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Fig. 2. Light photomicrograph of crosslinked gelatin microspheres.
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3.2. Self-assembly of microsphere-containing tissue rings and
manual assembly of tubes at day 2

Several hours after seeding, hMSC and hMSC þ MS rings had
self-assembled around the posts. After 2 days of culture, hMSC
microsphere-containing rings appeared thicker and darker due to
presence of microspheres compared to hMSC-only tissues, which
were opaque off-white (Fig. 3A and C). The surface of hMSC þ MS
rings was less smooth compared to that of hMSC-only rings. Both
hMSC

Tissue 
Rings

A

Tissue 
Tubes

B

Fig. 3. Macroscopic images of tissue rings and tubes in culture. Tissue rings were formed by
agarose annular wells (white dotted outline) with 2 mm posts (black dotted outline). (B, D)
custom designed holder, to form 3-ring (white arrow) or 6-ring (black arrow) tissue tubes.
hMSC-only and hMSC þ MS rings could be handled with tweezers
for tissue tube assembly into 3-ring or 6-ring tubes (Fig. 3B and D),
but microsphere-containing rings held their toroid shape better
during transfer from the agarose posts to the silicone tubes.
3.3. Gross morphological assessment

Tissues harvested after 22 days of total culture were firm and
could be easily handled. The thickness of hMSC-only rings was
more irregular compared to microsphere-containing rings, which
were visually thicker and slightly blue due to residual microspheres
that were not fully degraded (Fig. 4A and D). Stacked rings formed
fused 3-ring or 6-ring tissue tubes on the 2 mm silicone tubing
(Fig. 4B,C,E,F). Rings and 3-ring tissue tubes were pink due to re-
sidual media in the tissue, while 6-ring tissue tubes and rat tracheas
were rinsed in PBS before being photographed. Similar to the
microsphere-containing rings, tubes with microspheres were
visually thicker than hMSC-only tubes. hMSC þMS tubes were also
longer than the hMSC-only tubes. Incorporation of microspheres
contributed to formation of ridged surfaces on tubes compared to
smooth surfaces on hMSC-only tubes. Rat tracheas had visibly
thinner walls compared to tissue engineered tubes (Fig. 4G).
3.4. Biochemical analysis

Individual rings and 3-ring tubes were analyzed biochemically.
As expected, DNA (Fig. 5A), an indirect measure of cell number, and
GAG (Fig. 5B) content were significantly greater in tubes compared
hMSC + MS

C

D

seeding a suspension of (A) hMSCs or (C) hMSCs with microspheres in custom designed
On Day 2, some of the rings were stacked on silicone tubes, which were clamped in a
MS ¼ Microspheres.
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Fig. 4. Gross macroscopic pictures of (AeC) hMSC-only rings and tubes, (DeF) microsphere-containing rings and tubes, and (G) native rat trachea. (A, B, D, E) Rings and 3-ring tubes
are shown in replicates. (C, F, G). A representative hMSC or hMSC þ MS 6-ring tube and a rat trachea are presented from multiple perspectives. MS ¼ Microspheres. Scale bar is
2 mm.
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to individual rings because 3 rings were used for each tube. There
was no significant increase in GAG production per DNA (Fig. 5C) in
tissues grown in ring compared to tube geometries. Addition of
growth factor-delivering microspheres did not significantly affect
the cell number at the time of harvest as measured by amount of
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Fig. 5. (A) DNA content, (B) GAG content, and (C) GAG normalized to DNA in harvested
rings and 3-ring tubes. MS ¼ Microspheres. Groups that do not share the same letter
are significantly different (p < 0.01).
DNA. However, microspheres significantly increased total GAG and
GAG production per cell. GAG/DNA was greater in hMSC þ MS tis-
sues than those without MS by factors of 2.2 and 1.7 in rings and
tubes, respectively.
3.5. Histology and immunohistochemistry

Safranin O with a Fast Green counterstain was used to visualize
the presence and distribution of GAG in tissue engineered rings
(Fig. 6A and C), 3-ring tubes (Fig. 6B and D) and rat trachea (Fig. 6E).
Rings and tubes with microspheres (Fig. 6C and D) stained more
intensely for GAG compared to cell-only constructs (Fig. 6A and B),
corroborating the biochemical analysis. hMSCþMS rings and tubes
were also visually thicker and had a more uniform GAG distribution
with a smaller fibrous capsule (stained blue/green by Fast Green)
on the tissue periphery compared to the hMSC-only tissues. The
remaining gelatin microspheres that were not fully degraded by
cell-secreted enzymes were visible in the hMSCþMS groups (black
arrows in Fig. 6C and D). Cartilaginous portions of the rat trachea
had the most intense GAG staining. Vertical cross sections of tissue
engineered tubes of both compositions showed seamless ring
fusion. hMSC-only tubes appeared to have lower GAG density in the
middle of the constructs. Microsphere-containing tubes main-
tained ridges from the individual rings that were fused together.
Cartilage rings in the rat trachea were separated by non-
cartilaginous fibrous tissue, which stained blue/green.

The presence and distribution of collagen type II were visualized
via immunohistochemical staining (Fig. 7). hMSC and hMSC þ MS
rings and tubes both showed strong staining for type II collagen,
which was more prevalent on the interior of the constructs. How-
ever, staining was better distributed in microsphere-containing
tissues. Human knee tissue control showed appropriate collagen
type II staining of articular cartilage and no staining of the sub-
chondral bone.
3.6. Tissue dimension measurements and biomechanical analysis

3.6.1. Rings
The walls of engineered hMSC-only and hMSC þ MS cartilagi-

nous rings were significantly thicker than those of native rat tra-
cheas (Fig. 8A). Incorporation of microspheres resulted in rings that
were significantly thicker than their cell-only counterparts. Uni-
axial tension mechanical testing (Fig. 9A inset) revealed that the
maximum force at failure (Fig. 9A) was similar in the engineered
rings, but rat tracheal rings required a significantly smaller load to
rupture. However, when force at failure was normalized to loaded
area (ultimate tensile stress; Fig. 9B), microsphere-containing rings
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(2.44 ± 0.22 mm2 cross-sectional area) behaved similarly to the rat
trachea (1.22 ± 0.16mm long; 1.11 ± 0.19mm2 cross-sectional area),
while hMSC-only rings (1.26 ± 0.24 mm2 cross-sectional area)
exhibited significantly greater stress at failure than the other two
groups.

3.6.2. Tubes
Tissue engineered tubes had a significantly greater outer

diameter than the rat tracheas (Fig. 8B). In addition, microspheres
containing tubes had a significantly greater outer diameter than
hMSC tubes. In a gross biomechanical assessment of the tissue
tubes, the qualitative force required to collapse the tubes with a
hand-held pipet was the largest for the hMSCþMS tube (Video S1).
Quantitative mechanical analysis corroborated the qualitative
findings. A force was applied to collapse the tubes by 2 mm, the
engineered tissues' inner diameter (Fig. 9C inset). The force
required to collapse 80% of the lumen of engineered hMSC þ MS
tubes was ~2.1e2.3 times greater than the force required to collapse
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hMSC-only tubes and similarly-sized, 8 mm length sections of rat
tracheas (Fig. 9C). Cell-only tubes required approximately the same
load to achieve luminal collapse compared to the hMSCþMS tubes.
After the load was removed, the outer diameters of the tubes were
measured again and it was found that all tubes recoiled to nearly
100% of their original diameters (Fig. 9D).

4. Discussion

The trachea is a complex organ with multiple tissue types that
provide specific function to the organ. A series of 18e22 incomplete
and sometimes bifid cartilage rings provide mechanical integrity
and prevent airway collapse [5,45]. Rings are completed by smooth
muscle tissue called the trachealis which runs along the dorsal side
of the trachea [5]. Each cartilage/smooth muscle ring is embedded
in an elastic fibrous membrane which provides longitudinal flexi-
bility and more importantly serves as a conduit for the vascular
supply to the inside of the trachea [5,45]. The lumen is lined with a
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Video S1. A video still of repeated manual compression and release of a representative hMSC tube, hMSC + MS tube and a section of a rat trachea. MS ¼ Microspheres. (The video
recording can be viewed in the electronic version of this manuscript).

A.D. Dikina et al. / Biomaterials 52 (2015) 452e462 459
mucosal layer which contains a respiratory epithelium capable of
interfacing with the external environment [5,45]. Considering the
intricate and well-defined spatial distribution of tissues making up
the tracheal anatomy, a modular tissue engineering strategy may
prove valuable for airway regeneration. Specifically, ring shaped
tissues can be used to build a tubular trachea replacement via a
bottom-up approach using multiple cell-types in the radial and
longitudinal directions. Additionally, bioactive microspheres can be
incorporated into the constructs to enhance neotissue formation
(e.g., amount and type of matrix production, matrix distribution,
mechanical properties, etc.), provide spatial and temporal control
over signal presentation, reduce time of in vitro culture, and sup-
port organogenesis after implantation.

The first goal of this studywas to demonstrate the ability to form
cartilaginous rings from human bone marrow-derived MSCs in
custom culture wells and stack the rings to generate fused tissue
tubes. Secondly, this work tested the hypothesis that incorporation
of microspheres delivering chondrogenic growth factor (i.e., TGF-
b1) into the self-assembled ring- and tube-shaped constructs
would enhance neocartilage formation by increasing matrix pro-
duction, tissue dimensions and mechanical properties. Custom
annular culture wells comprised of agarose were used to success-
fully engineer hMSC-only and microsphere containing rings. On
day 2 of culture, rings could be manipulated and stacked onto a
silicone tube to fuse into tissue tubes. The two days of culture
needed in this study is a much shorter time than the previously
reported 3e4 week culture period necessary for high-cell density
chondrocyte sheets to achieve mechanical integrity required for
manual manipulation [25]. After approximately 3 weeks of culture,
tubes were easily removed from the silicone support and exhibited
seamless fusion between rings as observed via gross morphological
and histological evaluation (Figs. 4, 6 and 7). The homogenous
fusion between 2-day-old high-density hMSC-derived cartilage
rings are consistent with the previously reported fusion of high-
density hMSC pellets undergoing chondrogenesis [34]. The pres-
ence of GAG (Figs. 5 and 6) and collagen II (Fig. 7) indicated carti-
laginous tissue formation after 22 days of total culture. These
findings confirmed that custom agarose molds can be used to en-
gineer cartilaginous rings and that these rings can be fused into
tissue tubes.

While there are reports describing fabrication of rabbit auric-
ular chondrocyte-derived cartilage sheets that were rolled to fuse
into a tube in vitro [26,46] or in vivo [21], our approach has critical
advantages over these systems. First of all, human bone marrow
MSCs used here as the cell source for autologous cartilage tissue
formation avoids the need for invasive and potentially detrimental
harvest of mature cartilage tissues and provides the capacity for
cell expansion to achieve necessary numbers of cells capable of
undergoing chondrogenesis. In addition, the use of human cells in
our system is potentially a more translatable strategy, as ap-
proaches utilizing cells from different species may result in
different chondrogenic outcomes compared to those with human
cells [30,47], delaying or inhibiting transfer of technology to the
clinical setting. Secondly, the hMSC-based cartilaginous rings in
this report were significantly thicker than previously reported
chondrocyte-based approaches. In just 3 weeks of culture, hMSC-
derived cartilage rings were 0.89 mm (hMSC-only) and 1.25 mm
(hMSC þ MS) thick compared to rabbit articular chondrocyte-
derived cartilage, which was 235 mm thick after 8 weeks of cul-
ture [25], and rabbit auricular chondrocyte-derived cartilage,
which was ~500 mm thick after 6 weeks of culture [26] and
553 mm thick after 8 weeks of culture [25]. To achieve wall
thicknesses similar to those found in our hMSC-based rings,
multiple cartilage sheets would need to be stacked or folded
[21,46]. Thirdly, in terms of cartilage tube fabrication, the ring
assembly system does not require the binding of tissue sheets
with sutures or ties to form a tubular construct [21,26]. More
importantly, our ring-based approach is a modular system which
could prove advantageous when generating multi-tissue type
constructs because each ring could serve as a tissue building block.
Finally, the ring-to-tube technology may be more favorable in
resisting compression in the axial plane, thereby maintaining
tracheal patency in future in vivo applications, compared to sheet-
to-tube technologies which may have heterogeneous mechanical
properties around the circumference of the tube. While rat he-
patocyte cell line rings [48] and 2-ring tubes [49], normal human
fibroblast rings [48] and smooth muscle cell rings and tubes [35]
have been reported, the fabrication of scaffold-free, stem cell-
based cartilage-like rings and tubes using a custom ring and
tube assembly system has not yet been demonstrated.

To address the second goal of this work, the degree of chon-
drogenesis was compared between tissues developed from high-
density hMSC ring and tube cultures containing proteolytically-
degradable TGF-b1-loaded gelatin microspheres and hMSC-only
tissues grown in the same geometries with exogenously delivered
growth factor. This high-cell density culture system with bioactive
microspheres has previously been shown to enhance chondro-
genesis, mechanical properties and/or tissue thickness in hMSC-
derived aggregate and sheet constructs [36,38,39]. In the present
work, tissues with bioactive microspheres were visually thicker
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(both rings and tubes) and longer (tubes) than hMSC-only con-
structs. Tubes created from microsphere containing rings main-
tained outer ridge morphology reminiscent of the rings used for
fusion (Figs. 4E, F and 6D). It is possible that even after only 2 days
of culture, incorporation of TGF-b1-loaded microspheres encour-
aged greater and/or more mature matrix deposition in tissue rings,
making the remodeling of ECM more challenging during the fusion
process. Another possible reason for the presence of ridges in the
hMSC þ MS tubes is that incorporation of microspheres led to a
more uniform cartilaginous matrix distribution and a reduced
fibrous capsule, which has been reported to encourage cartilage
tissue fusion [50]. This GAG-poor capsule, sometimes seen on the
periphery of high-cell density cultures [39], was more prevalent in
hMSC-only tissues and may be the reason for smoother surfaces
found in hMSC-only tubes (Fig. 6A and B) compared to the GAG-
rich, ribbed hMSC þ MS tubes (Fig. 6C and D).

Incorporation of growth factor-loaded microspheres enhanced
chondrogenesis as detected by biochemical and histological assays
and measurement of tissue dimensions. This finding is corrobo-
rated by previous reports of improved cartilage formation in high-
density hMSC systems with incorporated TGF-b1-loaded gelatin
microspheres [38,39]. Compared to hMSC-only rings and tubes,
hMSC þ MS rings and tubes produced more GAG per DNA (Fig. 5C)
and stained more intensely for GAG (Fig. 6) and collagen type II
(Fig. 7), which are all indicative of neocartilage formation [47]. Not
only was the ECM more cartilaginous, addition of growth factor
loadedmicrospheres led to increased tissue ring thickness and tube
outer diameter (Fig. 8). Taken all together, the biochemical, histo-
logical and tissue dimension data supported our hypothesis that
incorporation of growth-factor-loaded microspheres into the hMSC
high-cell density rings and tubes improved chondrogenesis in the
constructs.

Upon mechanical evaluation of tissue engineered rings and
tubes, incorporation of microspheres decreased ring tensile
strength and did not affect tubular luminal elasticity. Uniaxial UTS
values showed that incorporation of microspheres resulted in a
lower stress at failure (Fig. 9B). Even though the load at failure was
only slightly lower in hMSC þ MS rings than hMSC-only rings (no
significant difference; Fig. 9A), the hMSC þ MS rings had a signif-
icantly greater cross-sectional area (Fig. 8A) resulting in a signifi-
cantly smaller UTS. Still, reduced UTS values were an unexpected
finding since incorporation of growth factor-laden microspheres
has been shown to increase the equilibrium compressive moduli of
hMSC-derived engineered cartilage sheets [39]. However, in the
present study, the residual gelatin microspheres that were not fully
degraded could have been acting as inclusions, thereby weakening
the tissues' tensile strength. Another potential explanation for
decreased UTS is the differences in biochemical make-up of the
ECM in the hMSC þ MS compared to hMSC-only rings. The GAG
content is a dominant contributor to increased tissue stiffness in
compression [51] and collagen content is predominantly respon-
sible for tensile properties [52] in cartilage tissues. While the
addition of microspheres significantly increased GAG biochemical
content as well as GAG and type II collagen staining, it is possible
that microspheres led to a greater relative increase in GAG
compared to collagen resulting in lower tensile properties in the
hMSCþMS rings than the hMSC-only rings. Mechanical evaluation
of tissue tubes showed that all tissue tubes recoiled to almost the
original outer diameter, but microsphere-containing tissues
required greater force to collapse the tubes. However, microsphere
containing tubes were also qualitatively longer than their cell-only
counterparts so it is difficult to examine the role that microspheres
played on the luminal elasticity mechanics of the tissue tubes.

Tissue generation was influenced by culture in the custom
wells and assembly system in the ring and tube geometries.
Three-ring tubes had significantly greater DNA and GAG content
than individual rings, although these increases were slightly less
than the 3-fold proportional increases that would be expected.
However, GAG production per cell was not significantly different
between ring and tube geometries. Unexpectedly, both geo-
meteries (with and without microspheres) led to approximately
two-fold greater GAG/DNA production compared to high-cell
density sheets grown on cell culture inserts using same passage
hMSCs from the same donor as used in this study (Supplementary
Fig. 1). It is possible that the agarose culture wells limited the
diffusion of ECM molecules produced by cells into the bulk me-
dium, thereby increasing their effective concentration in the
constructs and the probability of macromolecule assembly and
matrix maturation. For example, aggrecan, a cartilage-specific
proteoglycan which plays an important role in resisting cartilage
compression during loading, is non-covalently bound to hyal-
uronic acid and stabilized by link protein to form large aggrecan
aggregates outside the cell [53]. Collagen fiber bundles are also
assembled extracellularly. Additionally, proteoglycanecollagen
interaction is essential for cartilaginous ECM function [54]. A
potentially similar biophysical approach called macromolecular
crowding, which incorporates large molecules as a means of
increasing medium density and limiting diffusion, has been
shown to drastically increase deposition of type I collagen by fi-
broblasts in tissue culture [55]. Another possibility for improved
chondrogenesis is the increased surface area to volume ratio of
the toroid compared to sheet culture for the same number of cells,
which could result in greater availability of oxygen and nutrients
and better removal of waste via diffusion.

The custom well and assembly system presented in this work
was used to engineer a tracheal replacement which can be initially
tested in a small animal model for tracheal defects e the rat. With
regard to tissue dimensions, rat tracheas have a similar lumen
diameter but the walls of engineered rings were significantly
thicker (Fig. 8A) and tubes had significantly greater outer diameters
(Fig. 8B) compared to rat tracheas. Mechanical evaluation by uni-
axial UTS on the rings and luminal collapse and recoil on the tubes
showed that scaffold-free cartilaginous rings and tubes perform at
least as well as native rat trachea, suggesting that these engineered
tissues may be able to provide the mechanical rigidity necessary to
maintain airway patency in the rat. It is promising that the tissue
engineered microsphere-containing neocartilaginous tubes
required significantly greater loads to collapse the lumen compared
to the similarly-sized rat tracheal segments because a trachea for
clinical use in humans will likely need to be stiffer than a rat tra-
chea. While tissue engineered cartilage rings and tubes appeared
thicker than rat tracheal cartilage, they are very similar to the
thickness of human tracheal cartilage rings. Unlike the tissue
engineered torus rings with a circular cross-section presented here,
human tracheal cartilage rings are toroid-like with a more
rectangular-shaped cross-sectional area which is typically ~1 mm
radially and ~4 mm vertically [45]. Control over the vertical
dimension of engineered tubes can be achieved by fusing multiple
rings together, as shown in this study. A longer engineered trachea
would simply require more cells, microspheres, growth factor and
media, but tissue generation should not be inhibited by the length
of the construct. Adult human trachea also has a much larger
lumen, measuring at least 12 mm in diameter [45], but using this
approach it will be possible to engineer larger diameter rings and
tubes bymodifying the size of the cell culture annular wells for ring
self-assembly and the support strut for tube culture. Additionally,
the geometry of the culture wells and the tissue assembly approach
can be easily altered to produce self-assembled tissues of specific
shapes (e.g., oval tissues with defined wall thickness, cone like
structures, or even figure-eight, honeycomb and dog bone shaped
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constructs [56]) for applications necessitating geometrical control
over anatomical features and/or tissue-level morphology.

A functional tracheal replacement may require much more
complexity in tissue organization and function. For this reason, the
work presented here is an important step for engineering necessary
building blocks for a viable tracheal replacement therapy.While the
cartilaginous portion of the native trachea provides support to the
airway, intervening vascularized fibrous tissue is necessary to
supply the cartilaginous rings and mucosal and submucosal layers
lining the tracheal lumen with nutrients and oxygen. Our custom-
izable tissue assembly system may permit the integration of these
vital tissue components to replicate actual tracheal architecture
and ultimately function. Firstly, donor-specific needs with regard to
tissue anatomy may be addressed by employing annular wells and
support struts with custom geometry to engineer the organ [5].
Next, different cell sources and/or differentiation conditions for the
tissue units can be used to engineer tissues with requisite proper-
ties, such as rings with neovasculogenic capabilities or tubes of
tracheal epithelium. Thirdly, incorporation of bioactive micro-
spheres with different compositions into each type of tissue ring
may allow for spatial as well as temporal control of cell differen-
tiation and neotissue formation even after multi-tissue fusion. It is
also possible that incorporation of growth factor-loaded micro-
spheres can decrease in vitro culture time by releasing bioactive
factors after implantation, and in doing so stimulate in vivo tissue
maturation and physiological healing. Although further research is
necessary to determine multi-tissue culture conditions, the use of
bioactive microspheres in the modular custom culture system
described here is a promising approach for tracheal tissue
regeneration.
5. Conclusion

A customizable, modular technology was used to develop carti-
laginous tissue structures that have the potential to serve as viable
building blocks for tracheal tissue engineering. This work demon-
strates the use of a modular system to engineer cartilaginous
scaffold-free, high-cell density rings and their subsequent successful
fusion into cartilage tubes. In addition, a bioactive factor delivery
system was employed to enhance neocartilage formation with re-
gard to cartilaginous matrix production, tissue dimensions and some
mechanical properties of self-assembled hMSC rings and tubes.
Engineered rings and tubes had similar, if not improved, biome-
chanical properties compared to native rat trachea, suggesting that
airway patency could bemaintained in a tracheal replacement in this
animal model. Importantly, the customizable, modular culture sys-
tem with bioactive factor delivery can be tailored to not only engi-
neer tissues of variable geometries and sizes, but also mixed cell and
tissue types in order to recapitulate the elaborate organization
necessary for generating a human neotrachea.
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