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Extracellular matrix (ECM) “raw materials” such as demineralized bone matrix (DBM) and
cartilage matrix have emerged as leading scaffolding materials for osteochondral regeneration
owing to their capacity to facilitate progenitor/resident cell recruitment, infiltration, and
differentiation without adding growth factors. Scaffolds comprising synthetic polymers are sturdy
yet generally lack cues for guiding cell differentiation. We hypothesized that opposing gradients of
decellularized cartilage (DCC) and DBM in polymeric microsphere-based scaffolds would provide
superior regeneration compared to polymer-only scaffolds in vivo. Poly(D,L-lactic-co-glycolic
acid) (PLGA) microsphere-based scaffolds were fabricated, either with opposing gradients of
DCC and DBM encapsulated (GRADIENT) or without DCC and DBM (BLANK control), and
implanted into rabbit osteochondral defects in medial femoral condyles. After 12 weeks, gross
morphological evaluation showed that the repair tissue in about 30% of the implants was either
slightly or significantly depressed, hinting toward rapid polymer degradation in scaffolds from
both of the groups. Additionally, no differences were observed in gross morphology of the repair
tissue between the BLANK and GRADIENT groups. Mechanical testing revealed no significant
differences in model parameter values between the two groups. Histological observations
demonstrated that the repair tissue in both of the groups was fibrous in nature with the cells
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demonstrating notable proliferation and matrix deposition activity. No adverse inflammatory
response was observed in any of the implants from the two groups. Overall, the results emphasize
the need to improve the technology in terms of altering the DBM and DCC concentrations, and
tailoring the polymer degradation to these concentrations.
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INTRODUCTION
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Cartilage injuries are difficult to treat because of the limited capacity of cartilage to heal.
Even though the osteochondral tissue consists of dissimilar tissues, cartilage and bone, it is
known that repair of cartilage is associated with the repair of subchondral bone.1
Additionally, there are several advantages of growing cartilage and bone close to one
another. Several biochemical and biomechanical cues involved in the commitment of
progenitor cells to the osteogenic or chondrogenic phenotypes are related to each other.2
Therefore, several regenerative medicine strategies for osteochondral repair are focused on
regenerating both bone and cartilage simultaneously in a plethora of designs in which
stratified and continuously graded designs have emerged as the frontrunners.3 Our research
group has shown that microsphere-based scaffolds containing opposing gradients of
bioactive cues can direct the differentiation of surrounding progenitor cells simultaneously
and regionally toward osteogenesis and chondrogenesis.4 Moreover, we have demonstrated
that these microsphere-based gradient scaffolds can lead to promising osteochondral repair
when implanted in vivo in rabbits.5
In the past few years, there has been an increased interest in fabricating scaffolds from
extracellular matrices (ECM) for regenerative medicine.6 For osteochondral regeneration,
cartilage matrix and demineralized bone matrix (DBM) have widely gained attention
because of their ability to influence resident cell behavior, such as migration, proliferation
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and differentiation.7 Both cartilage matrix and DBM allow for constructive remodeling by
providing tissue-specific raw materials (i.e., bioactive signals and building blocks).8 DBM is
commonly used as a bone graft material and presently there are about 25 different DBM
products commercially available in the market.9 Cartilage matrix, on the other hand, has
started to gain considerable attention in the past few years for cartilage regeneration,10 with
an emphasis on native tissue-derived, decellularized cartilage (DCC).11 Scaffolds derived
from DBM and DCC have shown great promise within the field of osteochondral
regeneration in part because of their ability to guide cell differentiation and provide raw
materials for neo-tissue formation. However, various processing reagents used to obtain
DBM or DCC often compromise their mechanical performance.7,8

Author Manuscript

The goal of the current study was to fabricate a scaffold that possesses instructive properties
of ECM-based materials to guide cell differentiation and mechanical integrity of strong
synthetic materials to support joint function during tissue regeneration. Furthermore, we
have previously demonstrated that gradient microsphere-based scaffolds can influence cell
behavior and stimulate them to secrete tissue-specific ECM for promoting osteochondral
repair.4a,5,12 Our hypothesis was that microsphere-based scaffolds containing gradients of
DBM and DCC would lead to regionalized tissue regeneration following in vivo
implantation into rabbit osteochondral defects and outperform the “blank” (no DBM or
DCC) microsphere-based scaffolds. To test our hypothesis, we fabricated poly(D,L-lactic
acid-co-glycolic acid) (PLGA) microsphere-based scaffolds encapsulating DCC and DBM
in opposing gradients, and grafted them into induced femoral condyle osteochondral defects
in rabbit knees for 12 weeks. Additionally, PLGA-only microsphere-based scaffolds were
also implanted into the contralateral knees of each rabbits as a control.
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MATERIALS AND METHODS
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Cartilage Harvest and Decellularization.

Materials.
All chemicals for the decellularization process were obtained from Sigma–Aldrich (St.
Louis, MO) unless otherwise specified. PLGA (50:50 lactic acid:glycolic acid ratio, acid end
group) with an intrinsic viscosity (i.v.) of 0.37 dL/g, was procured from Evonik Industries
(Essen, Germany). Human demineralized bone matrix (DBM) pellets were received from
Biomet, Inc. (Warsaw, IN). Two porcine knees obtained from one Berkshire hog (castrated
male, age around 7–8 months, and weight 120 kg) were bought from Bichelmeyer Meats,
Kansas City, KS. Ten New Zealand White rabbits of age 6 months were obtained from
Harlan Laboratories (Indianapolis, IN) following the University of Kansas IUCAC
procedures (Protocol #175–21).

Articular cartilage was harvested from hip and knee joints and stored overnight at −20 °C.
The cartilage was later thawed, and coarsely cryo-ground into pellets. Decellularization of
the cartilage pellets was performed using our previously described method.10c,13
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Prior to microsphere fabrication, both the decellularized cartilage (DCC) and DBM pellets
were first ground into a fine powder using a freezer-mill (SPEX SamplePrep, Metuchen,
NJ), freeze-dried, and then sifted through a 45 μm mesh (Thermo-Fisher Scientific,
Waltham, MA). Three distinct kinds of microspheres were made: (i) PLGA-only
microspheres (BLANK), (ii) DBM encapsulated PLGA microspheres (DBM), and (iii) DCC
encapsulated PLGA microspheres (DCC). For fabricating DBM and DCC containing
microspheres, 2% w/v DBM or DCC was added to 18% w/v PLGA dissolved in methylene
chloride, respectively. Using the PLGA, PLGA-DBM, and PLGA-DCC emulsions,
microspheres with mean diameters ranging from 240 to 270 μm were fabricated using a
technology (Figure 1) we have previously described.4,5,12,13c,14
Scaffold Fabrication.

Author Manuscript
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Two scaffold types were evaluated in the study and were labeled in accordance with their
microsphere composition as BLANK and GRADIENT. The BLANK scaffolds were
fabricated by stacking the “blank” (PLGA-only) microspheres into a cylindrical plastic mold
(diameter ~3.6 mm) lined with a filter (particle retention >10 μm) at the bottom, followed by
ethanol-acetone (95:5 v/v) sintering for 55 min.4,12a,c,13c,14b,c The gradient (“GRADIENT
group) scaffolds were fabricated using the technology from our previous studies.4,5,12,14c,d
The dimensions for both the BLANK and GRADIENT scaffolds were 3.5–3.6 mm × 2 mm
(diameter × height). The BLANK scaffolds were homogenous whereas the profile for the
GRADIENT scaffolds was linear, where the top quarter consisted of DCC microspheres (0.5
mm), the middle quarter (0.5 mm) was a progression from DCC to DBM microspheres, and
the bottom half (1 mm) comprising DBM microspheres (Figure 2). Preceding animal
implantation, the scaffolds from both the groups were sterilized via exposure to ethylene
oxide for 12 h.
Surgical Procedure.

Author Manuscript

All animal experiments were approved by the IACUC of the University of Kansas (protocol
#175–21). Analgesic and antibiotic were administered preoperatively. Before the procedure,
rabbits were also injected with lactated ringer or saline bolus (150–200 cc) subcutaneously
at multiple injection sites around the neck and shoulders. Anesthesia was induced using a
mixture of ketamine (40 mg/kg) and xylazine (5 mg/kg), and was maintained via 2–4%
isoflurane inhalation throughout the surgical procedure.12b Aseptic techniques were used for
the implantation procedures. A medial parapatellar approach was made, sufficient to allow
exposure of the medial condyle. The patella was held laterally as the knee was hyperflexed.
A pilot hole was drilled through the cartilage and the subchondral bone in the central loadbearing region of the medial condyle using a 1.5 mm drill bit. A 3.5 mm drill bit with depth
gauge was used to widen the defect to 3.5 mm diameter and 2 mm depth. Afterward, one of
the two engineered plugs, either BLANK or GRADIENT, was press fitted into the defect
(Figure S1).5b,12b Some plugs needed reasonable force to push them down into the defects
because of dissimilarities in diameters of scaffolds and drill bits, culminating in some
implant crumbling. Approximately 5% implant crumbling was noticed in both Rabbit 1 and
Rabbit 6 right knees, and 10–15% implant crumbling in Rabbit 6 left knee. After press-
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fitting the implant, the joint was then irrigated with sterile saline, and the patella carefully
reduced into the trochlear groove so as to avoid any disturbance to the implant. The knee
arthrotomy was closed with an absorbable suture, and the skin bound with a nonabsorbable
suture. Identical procedure was carried out on the contralateral knee but with the alternate
plug implanted (Table 1). After both procedures were finished, rabbits were returned to their
cages. Analgesics were administered as needed based on pain assessment. The animals were
allowed unrestricted movement and weight-bearing postoperatively.
Gross Morphological Assessment.
After 12 weeks, all of the implants were graded blindly by three different coauthors based on
the scoring criteria described previously.12b,d Thereafter, the joints were photographed and
processed for mechanical testing or histology.

Author Manuscript

Mechanical Testing.

Author Manuscript

Finite Element Analysis.

After retrieval, eight femurs (Table 1) were wrapped in gauze, soaked in a protease inhibitor
solution,12d,15 and stored at −20 °C until the day of testing. At the day of the testing, the
femurs were first thawed and then the medial femoral condyles (MFCs) were carefully
separated from the rest of the tissue with a hand-held hacksaw. Each MFC was then glued to
a stage, placed in a custom bath and later submerged in the protease inhibitor solution,
which was maintained at 37 °C.12d Cartilage thickness measurement and unconfined
indentation stress relaxation tests were performed using Instron 5848 Microtester (Canton,
MA) as previously described.12d,16 For stress relaxation testing, central region of the graft
site was compressed to 10% strain (at 0.1%/s) with a spherical stainless steel indenter
(diameter 1.5 mm), and was later allowed to relax for 1000 s.12d
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The unconfined compression stress relaxation data was curve-fitted and the indentercartilage contact was modeled using the open-source program FEBio.17 The cartilage was
modeled as a biphasic material comprising of a porous extracellular matrix described by a
solid mixture of a neo-Hookean ground matrix and a continuous, random distribution of
fibril bundles.12d,18 The model consisted of five parameters: Elastic modulus (E) and
Poisson’s ratio (ν), the fibril modulus (ksi), the power-law exponent (β), and the hydraulic
permeability (k), out of which curve-fitting was performed on E, ν, ksi, and k as “β” was
assigned a value of 2.12d,18a The indenter-specimen contact was modeled using an
impermeable spherical indenter (diameter 1.5 mm) and a cylindrical disk of tissue (6 mm in
diameter and 1 mm in height) as we have previously described in detail.12d The model tissue
diameter was chosen to be 4 times the indenter diameter to simulate the indentation
experiment where the cartilage radius is much larger than the indenter radius.
Histological and Immunohistochemical (IHC) Analyses.
Eight femurs (Table 1) were decalcified in 0.5 N HCl with 0.1% gluteraldehyde for 9 days at
4 °C with the decalcification solution replaced every 48 h.19 The femurs were then rinsed
and defatted in 70% and 100% ethanol for 24 h each.19 Thereafter, the femurs were
cryoprotected in 5 and 10% sucrose in PBS for 2 h each, followed by 20% sucrose for 16 h
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at room temperature.19 The femurs were then equilibrated in optimal cutting temperature
embedding medium (OCT, Tissue-Tek, Torrance, CA) overnight at 37 °C and then frozen at
−20 °C. The frozen tissue blocks were cut into 10 μm thick sections with a cryostat (Micron
HM-550 OMP, Vista, CA). The sections were stained using hematoxylin (cell nuclei) and
eosin (cytoplasm); safranin-O/fast green (glycosaminoglycans); and Sudan black for residual
polymer. Histological scoring was carried out by three independent coauthors using a
modified O’Driscoll scoring system.12d,20, The sections from all of the implants were
stained for the presence of collagen types I & II via immunohistochemistry (IHC). IHC for
one implant in the GRADIENT group was not performed, as an adequate number of sections
could not be obtained. Mouse monoclonal primary antibodies (Thermofisher Scientific,
Waltham, MA) against collagen type I (1:200 dilution) and collagen type II (1:250 dilution)
were used for IHC. Following incubation with primary antibody, the tissue section was
incubated with the biotinylated secondary antibody followed by the ABC complex (Vector
Laboratories, Burlingame, CA). The antibodies were visualized with the diaminobenzidine
(DAB) substrate according to the manufacturer’s protocol (Vector Laboratories).14c
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Statistical Analyses.
An unpaired t test performed via GraphPad Prism 6 statistical software (GraphPad Software,
Inc., La Jolla, CA) was used to compare the two study groups, where p < 0.05 was
considered significant. All the quantitative results are reported as average ± standard
deviation.

RESULTS
Tissue Decellularization.

Author Manuscript

The DNA amount of the native cartilage was lowered by 44% (p < 0.05) following
decellularization. The GAG and hydroxyproline contents were both reduced by 23% (p <
0.05).
Postsurgical Course.
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One rabbit (with the BLANK implant in the right knee and the GRADIENT implant in the
left knee) was euthanized prematurely at 2 weeks due to luxation at L6-L7 caused by sudden
jumping in the cage. At 7 weeks, another rabbit (with the BLANK implant in the left knee
and the GRADIENT implant in the right knee) was euthanized because of chronic lameness.
The premature euthanasia of two rabbits brought the sample number down to n = 8 for gross
morphological analysis, n = 4 for mechanical testing, and n = 4 for histology and IHC in
both the BLANK and GRADIENT groups. All of the other rabbits continued to show
normal behavior and movement during the 12-week period.
Gross Morphological Assessment.
Visual examination of the joint surface at the time of tissue retrieval revealed no signs of
inflammation or infection in any of the rabbits. Additionally, the synovial fluid had a normal
color and no signs of degeneration were noted on the opposing joint surfaces. Figure 3
depicts the morphological scores and the amount of repair tissue present at the defect site in
both the BLANK and the GRADIENT groups. Figure 4 shows the representative gross
ACS Biomater Sci Eng. Author manuscript; available in PMC 2020 August 12.
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morphological images of the implants receiving highest, mean, and lowest morphological
scores in both the BLANK and the GRADIENT groups.
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The average morphological score in the BLANK group was 6.0 ± 0.5 out of a maximum
possible score of 10 with a highest score of 8.0 while the only BLANK implant that
crumbled during implantation received a score of 3.3. All of the rabbits that received the
BLANK implants had more than 80% of the defect area filled with repair tissue, except for
two that had 63 and 55% of the defect area filled with the repair tissue. All of the animals
receiving the BLANK implants (except for one) had intermediate smoothness of the repair
tissue, with half of them showing complete edge integration with the native tissue. Six of the
implants in the BLANK group had slightly depressed repair tissue, with one implant having
completely flush and one having significantly depressed surface degree of filling. Seventyfive percent of the animals in the BLANK group had translucent regenerated tissue, whereas
the remaining 25% had an opaque appearance of the repair tissue.
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The GRADIENT group average morphological score was 5.2 ± 0.8 out of 10, with the
highest score being 8.7 in the group. The GRADIENT implants that crumbled during
implantation received average scores of 3.3 and 1.3. The amount of repair tissue present in
the GRADIENT group ranged from 7 to 100% with an average of 61 ± 11%. No statistically
significant differences were observed in either the average morphological scores or the
amount of repair tissue between the BLANK and the GRADIENT groups. Almost all of the
animals in the GRADIENT group showed complete integration of the repair tissue with the
native tissue, with two animals showing partial integration and one showing no integration at
all. 63% of the rabbits receiving the GRADIENT implant had high or intermediate
smoothness of the repair tissue, whereas the remaining 37% had a rough appearance of the
regenerated tissue. Half of the animals in the GRADIENT group had either completely flush
or slightly depressed regenerated tissue, whereas the other half had significantly depressed
repair tissue. All the animals in the GRADIENT group had either translucent or opaque
appearance of the repair tissue.
Mechanical Testing and Finite Element Analysis.
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The elastic modulus (E), fiber modulus (ksi), permeability (k), and Poisson’s ratio (ν) are
depicted in Figure 5. The average elastic moduli, obtained from curve fitting the indentation
stress relaxation data, for the BLANK and GRADIENT groups were 0.53 ± 0.61 MPa and
1.1 ± 1.8 MPa, respectively. The fiber moduli for the BLANK and the GRADIENT groups
were found to be 1.1 ± 1.9 MPa and 0.53 ± 0.84 MPa, respectively. No statistically
significant differences were observed in the elastic and fiber moduli between the BLANK
and GRADIENT groups. The BLANK group had an average hydraulic permeability of 1.72
± 1.09 × 10−15 m4/N.s and the GRADIENT group had a permeability of 1.74 ± 1.57 × 10−15
m4/(N s). The Poisson’s ratios for the BLANK and GRADIENT groups were 0.17 ± 0.15
and 0.043 ± 0.051, respectively. No statistically significant differences were observed in the
hydraulic permeabilities and Poisson’s ratios between the BLANK and GRADIENT groups.
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Both the BLANK and GRADIENT groups had an average histological score close to 10 (out
of a maximum possible 28) with the BLANK group having a mean score of 7.6 ± 0.9 and
the GRADIENT group having a mean score of 7.4 ± 0.6 (difference not statistically
significant).
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The representative histological and IHC images from the implants in the BLANK and
GRADIENT groups are depicted in Figure 6, whereas images from all the implants in both
the groups can be found within the Figure S2 and S3. The BLANK implant showed
significantly depressed repair tissue at the defect site. The regenerated tissue largely
resembled fibrous tissue with most of the cells having a flat appearance. A few cells at the
surface of the defect site appeared to have chondroblastlike morphology. The regenerated
tissue showed severe disruptions; however, no cysts were noted in the repair tissue. The
defect site did not stain for Safranin-O while the surrounding native tissue showed slight
Safranin-O staining. Toward the subchondral bone region, the defect area showed signs of
osteoblastic activity with minimal bone regeneration and presence of some blood vessels. No
adverse inflammatory response was observed in the defect area. The repair tissue stained
positively for collagen I, whereas collagen II staining was predominantly absent from the
repair tissue. The GRADIENT implant also possessed repair tissue that was significantly
depressed compared to the native tissue. The repair tissue in the cartilage part of the defect
area resembled fibrocartilage with the cells demonstrating good proliferative activity. The
regenerated cartilage was partially bonded with the native tissue on one side of the defect.
The adjacent native cartilage showed some signs of degenerative changes as indicated by
moderate hypocellularity in the surrounding native cartilage. The defect area showed no to
minimal signs of subchondral bone reconstruction, although some blood vessels were
noticed in the region. A mild inflammatory response was also observed as indicated by the
presence of a few giant multinucleated cells. The tissue in the defect area stained positively
for collagen I. Slight collagen II staining was also observed in the areas adjacent to the
defect edges.
Figure 7 shows the Sudan Black staining images for the implants that received the highest
and lowest histological scores in both the BLANK and GRADIENT groups. Only a few
areas of intense staining (depicted by arrow heads) were observed in all of the implants with
most of the defect site showing no to mild staining.

DISCUSSION
Author Manuscript

The present study for the first time evaluated the in vivo response of microencapsulating
demineralized bone matrix (DBM) and cartilage matrix in polymeric microsphere-based
scaffolds toward osteochondral repair. Moreover, we are the first group to incorporate DBM
in microsphere-based scaffolds for the bone region of the scaffold, whereas the other groups
have banked on calcium phosphates for engineering the bone tissue.21
From the gross morphological evaluation, it was observed that in 50% of the total implants
(both of the groups combined) about one-fourth of the defect area was empty. Additionally,
5 out of the total 16 implants had either slightly or significantly depressed repair tissue. No
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statistically significant differences were observed in the BLANK and GRADIENT groups in
the amount of defect area fill; however, the average fill area in the GRADIENT group was
lower than the average fill area in the BLANK group. Moreover, 50% of the implants in the
GRADIENT group had significantly depressed regenerated tissue whereas the
corresponding number in the BLANK group was 13%. The presence of empty area and the
observance of depressed tissue might have resulted from the rapid degradation of polymer,
with even faster degradation occurring in the GRADIENT group. Our prior work involving
gradient microsphere-based scaffolds for osteochondral regeneration in rabbits with a
comparable polymer (i.v. 0.34–0.36 dL/g) as we have used in the current study, showed a
defect fill of more than 95% in all of the implants at 12 weeks.12b The amount of repair
tissue present in defect site in the current study was about 80 and 60% for the BLANK and
GRADIENT groups, respectively. Lower amounts of repair tissue in the current study most
likely resulted from the rapid scaffold degradation, which is a direct consequence of polymer
degradation. It is believed that DBM and DCC encapsulation might have affected
microsphere morphology, which might have resulted in faster degradation of the polymer;
however, no analysis was done to assess polymer degradation, which can be a subject matter
for subsequent studies. We have formerly observed that encapsulation of raw materials such
as chondroitin sulfate and DCC result in minute pores on the surface of PLGA microspheres
that can accelerate polymer degradation.12a,c,13c,22
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Increasing concentrations of raw materials on the one hand might accelerate but on the other
might provide momentum to tissue regeneration for impeding the deleterious effects caused
by rapid polymer degradation. Furthermore, it was observed that some of the implants
crumbled during implantation that might have further accelerated scaffold degradation. The
implants that crumbled in both of the groups received the lowest morphological scores;
further suggesting that implant crumbling might have also affected scaffold degradation. The
implant crumbling might have resulted due to slight mismatch between scaffold and defect
diameters. The scaffold diameter was intentionally kept slightly larger than the defect
diameter to allow for press-fitting of the implant.12b In addition, variations in force applied
due to the manual press-fitting approach might have caused some implants to crumble,
which can be avoided by using an automated approach (maybe a delivery device) for
implanting the scaffold. The average morphological scores in the BLANK and GRADIENT
groups were similar to each other, although there were some differences observed in the
macroscopic properties of the repair tissue between the two groups. The repair tissue in the
GRADIENT group had better edge integration with the peripheral native tissue than the edge
integration observed in the BLANK group. On the other hand, the repair tissue smoothness
in the BLANK group surpassed the smoothness of the repair tissue in the GRADIENT
group.
The elastic moduli, fiber moduli, permeability, and Poisson’s ratio values of the repair tissue
in the BLANK and GRADIENT groups fell within the previously reported values of these
parameters.15,23 Julkunen et al.23 reported the elastic moduli, fiber moduli, and permeability
values of healthy rabbit articular cartilage samples harvested from 0 to 18 month old female
animals to be 0.66 ± 0.50 MPa, 19.6 ± 20.2 MPa, and 0.579 ± 0.319 × 10−15 m4/(N s),
respectively. Athanasiou et al.15 reported the Poisson’s ratios of 0.197 ± 0.094 for rabbit
articular cartilage. It was reported that the Poisson’s ratio of cartilage can be as low as 0.02
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in unconfined compression, but never more than 0.5.18b,24 In the current study, the Poisson’s
ratio values appeared to be lower in the GRADIENT group than those observed in the
BLANK group, indicating higher apparent compressibility of the tissue and a propensity for
more fluid transport in the GRADIENT group.15 However, no statistically significant
differences were observed in the Poisson’s ratios between the BLANK and GRADIENT
groups to support that claim.
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The histological findings revealed no significant differences in the average histological
scores between the BLANK and GRADIENT groups. The cellular morphology observed in
the repair tissues in both of the groups resembled those of fibroblasts with the cells
demonstrating significant proliferative activity. The defect site in both of the groups was
largely filled with a vascularized loose connective tissue; however, some implants showed a
presence of a fibrocartilage layer on the top. Additionally, both of the groups showed a mild
inflammatory response in the subchondral bone region. The inflammatory response may
have been a manifestation of tissue remodeling response that can have profound implications
in clinical success of microsphere-based scaffolds.25 The presence of premature bone
trabeculae in some of the implants in both the groups also hint toward the regeneration or
remodeling response in the defect site. However, both the BLANK and GRADIENT groups
showed void areas in the subchondral bone region, which indicate toward rapid polymer
degradation that may have further led to depressed repair tissue overall in both the groups.
Sudan black staining images revealed that the defect sites in both the groups were
predominantly absent of residual polymer except for a few small dark-staining spots that
indicated minimal leftover polymer or polymer degradation products. The absence of
residual polymer in both the BLANK and GRADIENT groups further hint toward rapid
polymer degradation in microsphere-based scaffolds that most likely adversely affected the
regeneration of the tissue in the defect site.
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Results from the current study underscore the significance of determining polymer and raw
material concentrations that would further lead to comparable scaffold degradation and in
vivo tissue regeneration rates. Even though the polymer selection in the current study was
based on our prior in vitro12c and in vivo12b iterations with microsphere-based scaffolds, the
rapid polymer degradation led to below average performance of these scaffolds in the current
study. The rapid polymer degradation, more so in the GRADIENT group, could be ascribed
to the encapsulated materials that can alter polymer degradation kinetics in vitro as we have
observed previously.22b Monitoring changes to scaffold integrity, structure, and mass in vitro
can provide useful information regarding scaffold degradation; however, degradation in vivo
is more complicated than in vitro, and in vitro assays are seldom acceptable measures of in
vivo scaffold behavior.26 Thus, it is to be emphasized that an iterative approach involving in
vitro testing and empirical in vivo evaluation, as we have done here, is needed for assessing
degradation of these microsphere-based scaffolds.

CONCLUSIONS
The current study demonstrated that structural integrity of microsphere-based scaffolds is an
important parameter than can have significant impact on tissue regeneration. The polymer in
both the BLANK and GRADIENT groups degraded quickly and induced a pro-
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inflammatory response, which further resulted in more of a fibrocartilage like repair tissue.
The degradation of the polymer in the scaffolds will be vital to tissue regeneration in vivo,
where extended degradation could become an obstacle to tissue regeneration and in contrast
rapid degradation could have a damaging effect on the regenerating tissue, supposedly the
cause of below par regeneration observed in the current study. Thus, we acknowledge that
there should be a more detailed look at polymer degradation as a function of encapsulated
raw materials for subsequent in vitro and in vivo studies to identify formulations that more
closely approximate the tissue regeneration rate in animals and humans. Additionally,
emphasis is laid on the need to better match scaffold dimensions with defect dimensions or
perhaps employ a scaffold delivery device that can further minimize surgeon-to-surgeon
variations during scaffold implantation. Nevertheless, the current study hints that employing
gradients of DBM and DCC might be beneficial for osteochondral regeneration as indicated
by better integration of the regenerated tissue with the peripheral native tissue, thus
providing a motivation for further refining the technology by altering the concentrations of
DBM and DCC, and attuning polymer degradation to these concentrations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A schematic representation of microsphere fabrication process. Demineralized bone matrix
(DBM) or decellularized cartilage (DCC) encapsulating poly(D,L-lactic-co-glycolic acid)
(PLGA) microspheres were fabricating with a DBM/DCC loading of 10 wt %.
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Figure 2.

Schematic of scaffold fabrication process. Demineralized bone matrix (DBM) or
decellularized cartilage (DCC) encapsulating poly(D,L-lactic-co-glycolic acid) (PLGA)
microspheres were assembled to form continuously graded scaffolds containing opposing
gradients of DCC and DBM.

Author Manuscript
Author Manuscript
ACS Biomater Sci Eng. Author manuscript; available in PMC 2020 August 12.

Gupta et al.

Page 17

Author Manuscript
Author Manuscript

Figure 3.

Author Manuscript

Gross morphological scores of retrieved joints 12 weeks postimplantation. (A) Average
morphological score in the BLANK and GRADIENT groups, (B) average percentage of
repair tissue present at the defect site in the BLANK and GRADIENT groups, (C) scatter
plot showing total morphological score distribution in the BLANK and GRADIENT groups,
and (D) scatter plot showing amount of repair tissue present in the defect site in the BLANK
and GRADIENT groups. All values are expressed as the average + standard deviation (n =
8). The maximum possible score was 10. No significant differences in gross morphological
scores and amount of repair tissue present were observed between the two groups. The
average morphological score in the BLANK group was 6.0 ± 0.5 with a highest score of 8.0,
whereas the GRADIENT group average morphological score was 5.2 ± 0.8 with a highest
score of 8.7 in the group.
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Figure 4.
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Representative images for gross morphology of the BLANK and GRADIENT groups at 12
weeks postimplantation. The top row represents images from the implants that received the
highest morphological score (BLANK, 8; GRADIENT, 8.7). The middle row represents
images from the implants that received the mean morphological score (BLANK, 6;
GRADIENT, 5.2). The bottom row represents images from the implants that received the
lowest morphological score (BLANK, 3.3; GRADIENT, 1.3). The BLANK group performed
better in percent defect fill, whereas the GRADIENT group performed better in edge
integration with the native tissue. Scale bars: 1 mm.
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Figure 5.
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Mechanical testing results of repair tissue in the retrieved joints from the BLANK and
GRADIENT groups at 12 weeks postimplantation. (A) Elastic modulus, (B) fiber modulus,
(C) permeability, and (D) Poisson’s ratio. All values are expressed as the average + standard
deviation (n = 4). No significant differences in any of the four model parameter values were
observed between the two groups. The Poisson’s ratio for the BLANK group was 0.17 ±
0.15 and the GRADIENT group Poisson’s ratio was 0.043 ± 0.051.

Author Manuscript
ACS Biomater Sci Eng. Author manuscript; available in PMC 2020 August 12.

Gupta et al.

Page 20

Author Manuscript
Author Manuscript
Author Manuscript
Figure 6.
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Representative histological and immunohistochemical (IHC) staining images for the
BLANK and GRADIENT groups. The sections were stained for hematoxylin and eosin,
safranin-O, collagen I, and collagen II. Negative controls for IHC were also run with the
primary antibody omitted. The boxes in the top row outline the defect area. The regenerated
tissue in both of the groups was predominantly fibrous in nature with some evidence of
cartilage repair and subchondral bone regeneration especially at the edges of the defect site.
Scale bars: 500 μm.
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Figure 7.

Sudan black staining images for the implants that received the highest and lowest
histological scores in both the BLANK and GRADIENT groups. The defect sites in both of
the groups demonstrated mild staining overall with a few dark-staining spots (arrows). Scale
bars: 500 μm.

Author Manuscript
Author Manuscript
ACS Biomater Sci Eng. Author manuscript; available in PMC 2020 August 12.

Gupta et al.

Page 22

Table 1.

Author Manuscript

List of Implant Received by Each Animal and the Type of Analysis Performed for the Implants
animal
no.

left knee

time
(weeks)

analysis

rabbit 1

BLANK

GRADIENT

12

morphology & histology

rabbit 2

BLANK

GRADIENT

12

morphology & histology

rabbit 3

BLANK

GRADIENT

12

morphology & mechanical

BLANK

GRADIENT

12

euthanized prematurely

rabbit 5

BLANK

GRADIENT

12

morphology & mechanical

rabbit 6

GRADIENT

BLANK

12

morphology & histology

rabbit 7

GRADIENT

BLANK

12

morphology & histology

rabbit 8

GRADIENT

BLANK

12

morphology & mechanical

GRADIENT

BLANK

12

morphology & mechanical

GRADIENT

BLANK

12

euthanized prematurely

a

rabbit 4

rabbit 9
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b

rabbit 10

a

right knee

Euthanized prematurely because of chronic lameness.

b

Euthanized prematurely because of causes unrelated to the implant.
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