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Techniques

Introduction

Articular cartilage injuries represent one of the most com-
mon intra-articular orthopedic pathologies. In fact, a study 
determined that greater than 60% of arthroscopies showed 
articular cartilage damage,1 many times without symptoms. 
Unfortunately, these injuries, in addition to those that are 
debrided (removal of damaged tissue),2,3 often progress in 
size and severity, continue to erode and deteriorate, and fre-
quently culminate in joint-wide cartilage erosion and the 
need for total joint replacement. Current techniques to 
replace this damaged cartilage include microfracture4,5 and 
autologous chondrocyte implantation (ACI),6,7 utilizing the 
patient’s own marrow or cartilage cells, respectively, to fill 
the void. While these approaches can provide some mea-
sure of tissue restoration, they do not result in regenerate 
tissue that matches the native tissue mechanical properties, 
and so may be susceptible to wear.8

For this reason, a number of methods and techniques to 
regenerate functional cartilage tissue are being developed, 

with many premised on a biomaterial support. One such tech-
nique is autologous matrix-induced chondrogenesis (AMIC),9 
which combines marrow recruitment via microfracture with 
a collagen membrane scaffold. Results from this approach 
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Abstract
Objective. Cartilage repair strategies have seen improvement in recent years, especially with the use of scaffolds that serve 
as a template for cartilage formation. However, current fixation strategies are inconsistent with regards to retention, 
may be technically challenging, or may damage adjacent tissues or the implant itself. Therefore, the goal of this study was 
to evaluate the retention and repair potential of cartilage scaffolds fixed with an easy-to-implement bioresorbable pin. 
Design. Electrospun hyaluronic acid scaffolds were implanted into trochlear groove defects in 3 juvenile and 3 adult pigs 
to evaluate short-term retention (2 weeks; pin fixation vs. press-fit and fibrin fixation) and long-term repair (8 months; 
scaffold vs. microfracture), respectively. Results. For the retention study, press-fit and fibrin fixation resulted in short-term 
scaffold dislodgment (n = 2 each), whereas pin fixation retained all scaffolds that were implanted (n = 6). Pin fixation did 
not cause any damage to the opposing patellar surface, and only minor changes in the subchondral bone were observed. 
For long-term repair, no differences were observed between microfracture and scaffold groups, in terms of second-look 
arthroscopy and indentation testing. On closer visualization with micro computed tomography and histology, a high degree 
of variability was observed between animals with regard to subchondral bone changes and cartilage repair quality, yet each 
Scaffold repair displayed similar properties to its matched microfracture control. Conclusions. In this study, pin fixation did 
not cause adverse events in either the short- or the long-term relative to controls, indicating that pin fixation successfully 
retained scaffolds within defects without inhibiting repair.
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showed considerable improvement over microfracture 
alone.10 Likewise, recent modifications to chondrocyte 
delivery, including matrix-assisted autologous chondrocyte 
implantation (MACI), involve the preculture of chondrocytes 
on a simple membrane to localize cell delivery.11,12 In addi-
tion to these relatively simple approaches that incorporate 
clinically used materials and cells, an array of tissue-engi-
neered cartilage implants have been developed utilizing novel 
materials, bioactive factors, and various cell combinations.13-15 
However, for any of these materials/constructs to play a func-
tional role in cartilage repair, fixation into the complex load-
ing environment of the joint will be essential.

A number of fixation techniques have been proposed. 
Simple fixation techniques (e.g., press-fitting, fibrin glue) 
may be appropriate for some indications, particularly when 
the treated defect is of significant depth and surrounded by 
healthy thick cartilage. When this is not the case, however, 
there is a high likelihood of scaffold displacement or dis-
lodgement,16,17 likely due to the high shear environment in 
the joint.18 On the other hand, rigid fixation techniques (e.g., 
bone anchors, transosseous or transchondral sutures) may 
provide superior fixation, but these are more invasive,16,19 
with the potential for damage to the subchondral bone, adja-
cent cartilage, and opposing articular surface. Furthermore, 
many of these fixation methods can be technically difficult 
and time-consuming to implement, and some may disrupt 
cartilage formation by virtue of the volume they occupy in 
the repair environment. The ideal method for fixation of 

scaffolds and implants for cartilage regeneration would pro-
vide rigid fixation without causing adverse events in the 
adjacent tissues. The purpose of this study was to evaluate 
poly-lactide pin fixation of a cartilage repair scaffold (meth-
acrylated hyaluronic acid; MeHA), paying specific attention 
to the (1) short-term retention of scaffolds and (2) long-term 
cartilage repair and subchondral bone response in a Yucatan 
minipig femoral trochlear defect model.

Methods

Study Design

Evaluation of pin fixation (Fig. 1A) was performed in 2 
separate studies (Fig. 1B): a 2-week retention study 
(“Retention”) in juvenile porcine animals and an 8-month 
repair study (“Repair”) in adult porcine animals. Juvenile 
animals were selected for the short-term study to allow 
bilateral procedures (hence doubling the number of defects) 
due to their ability to recover, and adult animals were cho-
sen for the long-term study so that a developing joint and 
lack of tidemark did not confound results.20 For the 
Retention study, four small 4-mm-diameter full-thickness 
chondral defects were created in the femoral trochlea of 3 
juvenile animals unilaterally, for a total of 12 defects. All 
defects received a scaffold, with fixation by press-fit (n = 2), 
fibrin glue (n = 2), or pin fixation (n = 8). At the termi-
nation of the study, defects were analyzed grossly, with 

Figure 1.  (A) Schematic of pin-based fixation of scaffolds for full-thickness cartilage defects. (B) Study design outlining the Retention 
and Repair studies with regards to defect size, number of defects per knee, groups, duration, and analyses. (C) Load versus extension 
curves of pin pullout mechanics. (D) Four small trochlear defects in juvenile animals for Retention study and (E) 2 large trochlear 
defects in adult animals for Repair study.
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micro computed tomography (µCT), and histologically. 
Subsequently, for the Repair study, two large 6 mm × 12 
mm oblong full-thickness defects were created in the troch-
lea of 3 adult animals, with 1 defect receiving microfracture 
(MFx) as a control, and the other receiving microfracture 
with scaffold (Scaffold) fixed by 2 pins. Defects from the 
Repair study were evaluated with second-look arthroscopy 
at 4 months (recovery procedure) and 8 months (terminal), 
analyzed grossly, and subjected to mechanical testing, µCT, 
and histology.

Pin and Scaffold Properties

This study utilized bioresorbable PLDLLA (poly(l-lactide- 
co-d,l-lactide)) pins (Aesculap FR736, Center Valley, PA) 
with pin diameter of ~0.90 mm, head diameter of ~1.25 
mm, and length of ~6 mm. Resorption of PLDLLA typi-
cally occurs on the order of months,21,22 fitting the timeline 
of the long-term study. For implantation, a pilot hole was 
first created in the subchondral bone. Next, a scaffold was 
implanted into the full-thickness defect. A 3-pronged fixa-
tion guide (Aesculap FR720, Center Valley PA) was placed 
on top of the scaffold within the defect, and a pin was 
placed within the guide, pushed through the scaffold,  
and tapped into the subchondral bone with a mallet. 
Biomechanical tests were performed to assess the failure 
load of the pin in ex vivo porcine osteochondral samples. 
Pins were inserted into explants with a loop of suture 
around the head. The suture was tensioned at a rate of 0.05 
mm/s with an Instron mechanical testing machine until 
pin failure or pull-out (n = 3). Fixation failed at an aver-
age load of 7.38 N (Fig. 1C), with all 3 tests resulting in 
pin fracture at the head/pin interface. These values 
approached the range of failure loads for 5-0 sutures,23 
which are stronger than the 6-0 and 7-0 sutures typically 
used in cartilage repair studies.24,25

The scaffolds in this study were composed of methacry-
lated hyaluronic acid (MeHA).26 MeHA was synthesized 
from hyaluronic acid (~75 kDa, Lifecore Biomedical, 
Chaska, MN) by methacrylation with methacrylic anhy-
dride to a modification of 42%, as measured by nuclear 
magnetic resonance (NMR). A solution consisting of MeHA 
(4% w/v), polyethylene oxide (PEO; 2% w/v), and Irgacure 
2959 photoinitiator (0.05% w/v) in DI H2O was loaded into 
a 10-mL syringe and electrospun to produce nanofibrous 
mats (500-600 µm thickness), as reported previously.27,28 
Mats were purged with nitrogen gas and cross-linked with 
ultraviolet light exposure (10 mW/cm2) for 15 minutes on 
each side. For the Retention study, a 4-mm biopsy punch 
was used to extract scaffolds for implantation. For the 
Repair study, a 6 mm × 12 mm metal template with rounded 
edges was placed over the mat, and a surgical blade was 
used to cut scaffolds to size. All scaffolds were sterilized 
with ultraviolet light prior to implantation.

Surgical Protocol

All animal studies were performed under an Institutional 
Animal Care and Use Committee–approved protocol. 
Three juvenile (~30 kg, 6-8 months old) and 3 adult (~60 
kg, 12-14 months old) Yucatan minipigs29 were subject to 
unilateral femoral trochlear defects.20,30 Animals were 
anesthetized and the right stifle joint was shaved, cleaned, 
and surgically prepared. Through a medial patellar arthrot-
omy,31 the patella was dislocated laterally. In the juvenile 
animals (Retention study), four 4-mm-diameter full-thick-
ness defects were created in the right trochlea via a biopsy 
punch (Fig. 1D). In each of the 12 defects (3 animals × 4 
defects), 3 microfracture holes were created with a surgi-
cal awl (0.8 mm diameter × ~2 mm deep) followed by 
placement of 4-mm scaffolds with no additional fixation 
(press-fit), fixation with fibrin glue (Tisseel, Baxter), or 
pin fixation. For the Retention study with small defect, 1 
pin was used to secure scaffolds, placed at the center of the 
defect (pin head constituted 9.77% of the defect surface). 
In the adult animals (Repair), two 6 mm × 12 mm defects 
were created in the right trochlea, one on each facet. For 
each defect, a 6-mm biopsy punch was used to make 2 
tangent circular defects, and defects were cleaned to create 
an obround-shaped (rectangle with semicircles on either 
end) defect (Fig. 1E). Both defects per knee received 
microfracture (7 holes evenly spaced throughout defect), 
with 1 defect per knee serving as a microfracture control 
(MFx), and the other receiving an obround MeHA scaffold 
(Scaffold). Scaffolds in the Repair study were fixed with 2 
pins, placed roughly at the center of each original 6-mm 
circle created from biopsy (pin heads constituted 3.82% of 
the defect surface). Following implantation, the patella 
was relocated, and the joint capsule, fascia, and skin were 
closed via suture. Animals received postoperative analge-
sia, antibiotics, and anti-inflammatories, and resumed 
unrestricted cage activity within 2 to 3 hours on recovery 
from anesthesia.

Second-Look Arthroscopy

For the Repair study, at 4 months postoperatively, animals 
were anesthetized, and right stifle joints were surgically 
prepared. Medial and lateral subpatellar arthroscopic por-
tals were established with 1-cm incisions. Through these 
portals, the trochlear defects were visualized and were 
probed to subjectively evaluate integration with the sur-
rounding tissue, smoothness, and relative stiffness. 
Arthroscopies were also performed in the same manner on 
joints at 8 months, posteuthanasia. At both time points, 
defects were graded with the arthroscopic scoring system 
detailed by the International Cartilage Repair Society 
(ICRS Arthroscopic Scoring System; 0-12, worst-best)32 
by 3 independent observers.
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Gross Observations and Indentation Testing

Animals in the Retention study were euthanized at 2 weeks 
postoperatively. Stifle joints were retrieved, and dissected 
to expose the patellofemoral joint. The trochlea and patella 
were evaluated for articular damage related to the pin. The 
defects were imaged macroscopically, and evaluated for 
scaffold retention. Animals in the Repair study were eutha-
nized at 8 months postoperatively. Following second-look 
arthroscopy, joints were dissected and defects were photo-
graphed. These macroscopic images were divided into 3 
regions per defect: proximal, central, and distal. Each region 
was graded by 3 independent observers with the Goebel 
scoring system.33 Repair samples were then embedded in 
polymethylmethacrylate (PMMA) with the cartilage sur-
face facing upward. The proximal, central, and distal 
regions were mechanically tested with a rigid 2-mm-diame-
ter spherical indenter.34 Samples were subjected to 3 steps 
of 10% strain, with a strain rate of 0.1%/s, and allowed to 
relax 600 seconds per step.35 The equilibrium modulus was 
calculated from the 30% strain step. Samples from both the 
Retention and Repair studies, with underlying subchondral 
bone, were then fixed in Carson’s buffered formalin for 48 
hours for µCT and histological analyses.

Micro Computed Tomography

Fixed samples were loaded into a chamber with phosphate 
buffered saline–soaked gauze to keep samples hydrated 
during scanning. Samples were scanned (SCANCO µCT50, 
Wayne, PA) at an isotropic voxel size of 6 µm, with the fol-
lowing scan parameters (tube voltage: 45 kVp; current: 133 
µA; exposure time: 900 ms × 5 exposure/projection; 3,000 
projections). In both the Retention and Repair studies, with 
anticipated subchondral bone resorption following either 
microfracture or pin fixation, the volume of bone resorption 
was estimated. Libre software package ITK-SNAP36. was 
used for the segmentation and calculation of the bone 
resorption volume (Supplemental Fig. S1). Boundary 
regions were determined via the classification segmentation 
mode and bubbles evenly dispersed throughout the resorp-
tion region. Bubbles were allowed to expand through an 
iterative evolution (region competition force = 1.0, smooth-
ing force = 0.5), until they contacted the bony region sur-
rounding the resorption void. Last, the 3D segmentation 
rendering was trimmed at the cartilage-bone interface to be 
level with surrounding subchondral bone.

Bone volume fraction (BV/TV) and mean trabecular 
thickness of subchondral bone surrounding the defect 
region was also analyzed via the BoneJ37 plugin in ImageJ, 
for both the Retention and Repair studies. DICOM (digital 
imaging and communications in medicine) files of the µCT 
images were imported as an 8-bit grayscale image sequence 
into ImageJ. Images were binarized using the default 

method. For the long-term samples, a 5 mm × 10 mm 
selection area was centered around the defect midpoint. For 
the short-term samples, a 4 mm × 7 mm selection area was 
centered around the defect midpoint. In both cases, analysis 
began at the defect start point and ended at the defect end 
point. Bone volume fraction was calculated by taking the 
resorption volume into account (Equation 1).

	 Bone VolumeFraction
Bone Volume

Total Volume

Resorption Volume

=
− 	 (1)

Histological Observations

Following µCT analysis, samples from both Retention and 
Repair studies were transferred to formic acid solution for 
decalcification for 4 weeks, with solution replaced weekly. 
Samples were then transferred to 70% ethanol and pro-
cessed into paraffin (ethanol dehydration, xylene dehydra-
tion, paraffin infusion). Paraffin blocks were sectioned to 
8µm with samples taken from the middle of defects for the 
Retention study (circular defects), and proximal-distal sec-
tions to visualize the entire 12-mm defect for the Repair 
study (obround defects). Sections were stained with safra-
nin O/fast green (SO/FG) for matrix and proteoglycan visu-
alization and hematoxylin and eosin (H&E) to assess cell 
morphology, inflammatory cells, and vascular invasion. 
Stained sections were imaged on an automated slide scan-
ner (Aperio ScanScope CS2). For the Retention study, sec-
tions were analyzed grossly for scaffold retention. For the 
Repair study, sections were graded in the proximal, central, 
and distal regions using the ICRS II histological scoring 
system38 by 3 independent observers.

Statistical Analysis

Statistics were not performed on samples from the Retention 
study, as 2 of the groups had small sample sizes (n = 2), and 
since this study was designed to verify that scaffolds were 
retained without a significant tissue response. For the 
Repair study, statistics consisted of a paired t test between 
MFx and Scaffold outcomes from the same knee. As high 
animal-to-animal variability was observed, data from all 3 
animals in the Repair study are presented. Results were 
considered significant with P < 0.05. All statistical analy-
ses were performed in GraphPad Prism 6.

Results

Short-Term Retention Study

All animals experienced normal recovery and return to 
weight bearing following surgery. Pin fixation of 2 scaf-
folds resulted in scaffold rupture and dislodgement during 
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implantation, presumably due to the soft nature of electros-
pun MeHA scaffolds. Of the remaining 6 scaffolds, all 6 
were retained at the defect site at 2 weeks postoperatively 
(Fig. 2A). The opposing articulating patella in all 3 animals 
showed no observable surface roughening, both before and 
after India ink staining (Fig. 2B). An example of damage 
due to a surgical curette resulting in positive India ink stain-
ing is shown in Fig. 2B (bottom right). All scaffolds in the 
Press-Fit and Fibrin Fixation groups were displaced at 
retrieval, indicating lack of fixation with these methods. A 
summary of retention outcomes is shown in Fig. 2C. These 
findings were verified histologically (Fig. 2D), where a 
clear full-thickness defect lacking scaffold was observed in 
Press-Fit and Fibrin Fixation defects, whereas an early 
repair response was observed within MeHA scaffolds in the 
Pin Fixation defects.

Defects from all 3 groups were also analyzed via µCT to 
observe early subchondral bone changes. In the Press-Fit 
and Fibrin Fixation groups, small microfracture “holes” 
were observed in the subchondral bone (Fig. 3A—white 
arrows). In the Pin Fixation group, these microfracture 
holes, as well as pin holes (Fig. 3B—black arrows), were 
observed. Quantification of the volume of bone resorption 
showed an average resorption of ~25 mm3, beyond the 
anticipated void left by the pin (Fig. 3C—red dashed line). 
Surrounding this void space, bone volume fraction (Fig. 

3D) and trabecular thickness (Fig. 3E) were relatively unaf-
fected by pin fixation.

Long-Term Repair Study

For the long-term repair study, all three adult animals experi-
enced normal recovery and return to weight bearing follow-
ing both the initial implantation surgery and the second-look 
arthroscopy performed subterminally (at 4 months). Second-
look arthroscopy provided excellent visualization of both 
defects in the knee (Fig. 4A), and verified that all 3 scaffolds 
were retained. Grading of these defects with the ICRS 
Arthroscopy Score (Fig. 4B) showed no observable differ-
ences at 4 months between MFx and Scaffold groups. 
However, at 8 months, scoring was greater in the Scaffold 
group compared with MFx in all 3 animals (P = 0.25). 
Indentation testing showed no differences between MFx and 
Scaffold groups (P = 0.1174), with both groups being con-
siderably lower (P < 0.0001) than Native tissue (Fig. 4C). 
Macroscopic observation of defects on retrieval showed no 
differences between groups, both visually (Fig. 4D) and with 
the Goebel gross scoring system (Fig. 4E). Interestingly, 
results varied more by animal than by treatment group, and 
thus, the data from all 3 animals is presented.

The subchondral bone was evaluated with µCT at 8 
months to determine long-term response to the pin fixation 

Figure 2.  Short-term Retention study outcomes. (A) Macroscopic trochlear images showing methacrylated hyaluronic acid (MeHA) 
scaffolds retained within defects 2-week postoperatively. (B) Macroscopic patellar images showing that pin fixation did not cause 
damage to the opposing articular surface (shown via lack of India ink staining). The bottom right image represents a patella that was 
manually damaged with a surgical curette and stained with India ink, as a positive control (black arrows). (C) Table summarizing 
scaffold retention in the 3 groups. (D) Histological outcomes of Press-Fit, Fibrin Fixation, and Pin Fixation groups. Red dashed line 
shows region where scaffold was placed but not retained, black dashed line shows retained scaffold, black arrow indicates pin hole. 
Scale bar represents 1 mm.
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and to the treatment approach. Between the three animals, 
this response was highly variable, but was relatively consis-
tent between defects within the same animal (Fig. 5A). 
Animal 1 showed a significant amount of subchondral bone 
resorption under the defect in both MFx and Scaffold condi-
tions. Animal 2 displayed little-to-no visual subchondral 
bone response in the MFx, and only small pinholes were 
observed in the Scaffold defect for this animal. Animal 3 
displayed an intermediate response between Animals 1 and 
2. The volume of subchondral bone resorption (Fig. 5B) 
was not significantly different between MFx and Scaffold 
groups (P = 0.2500) and showed marked variability 
between animals. The increase in resorption volume varied 
between 7 and 13 mm3, in the range of the volume of 2 pins. 
Bone volume fraction (Fig. 5C) was not different between 

MFx and Scaffold groups, indicating that the pins did not 
cause an adverse long-term response.

Finally, samples were processed for histological analy-
sis. Similar to µCT findings, repair quality was variable 
between animals, with Animal 1 showing fibrous tissue 
deposition within the defect, little to no proteoglycan stain-
ing, and a large subchondral void filled with fibrous tissue 
(Fig. 6A—left). These findings were consistent between the 
MFx and Scaffold defects. In contrast, both the MFx and 
Scaffold treated defects in Animal 2 showed areas of hya-
line-like cartilage, and the subchondral bone remained 
mostly intact. Of note, the Scaffold group showed slightly 
stronger proteoglycan staining (Fig. 6A—middle). Finally, 
Animal 3 showed repair quality that was intermediate 
between Animals 1 and 2. These results were confirmed 

Figure 3.  Subchondral bone response via micro computed tomography (µCT). (A) Representative images of Press-Fit and Fibrin 
Fixation defects, and (B) best, median, and worst images of Pin Fixation defects. White arrows indicate microfracture holes, black 
arrows indicate pin holes. Scale bar represents 1 mm. (C) Bone resorption volume (mm3), (D) bone volume fraction (bone volume/
total volume), and (E) trabecular thickness (mm) Pin Fixation groups. Dashed lines represent the mean values for the volume of pin 
itself (red), or for all mean values for Press-Fit fixation (green), Fibrin fixation (blue), and Native tissue (gray) groups.
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with histological scoring (Fig. 6B) finding that treatment 
was not a statistically significant factor (P = 0.6714), but 
that animal was (P < 0.0001). These results indicate that 
pin fixation did not negatively influence cartilage repair 
quality relative to microfracture, and that the repair and 
subchondral bone quality were more dependent on varia-
tions in animal to animal response. A closer examination of 
H&E-stained sections of Animals 2 and 3 (Fig. 6C—left 
and right, respectively), showed similar subchondral bone 
structure between conditions, but not between animals. In 
fact, Animal 3 exhibited subchondral bone cyst formation in 
the distal aspect of the defect in both MFx and Scaffold 
conditions.

Discussion

Fixation is a key consideration in the efficacy of repair 
and regeneration techniques for cartilage replacement. 
Obviously, fixation must retain scaffolds in the defect site, 
but at the same time, must not inhibit tissue repair. A variety 
of fixation techniques have been employed both preclini-
cally and clinically, ranging from simple “liquid” based 
techniques (e.g., fibrin, platelet-rich plasma) to more com-
plex sutures and anchors. In this study, we tested an easy-to-
implement bioresorbable pin for cartilage scaffold fixation. 
Our findings show successful retention of scaffolds in the 

short-term, and in the long-term avoided adverse effects on 
defect repair relative to microfracture controls. Interestingly 
and not anticipated, both subchondral response and carti-
lage repair quality were more dependent on the animal 
rather than the treatment condition, suggesting that the 
extent of cartilage repair with a given therapy may be more 
subject driven than therapy driven.

Without fixation with bioresorbable pins, scaffolds were 
not retained at the defect site. Press-fit fixation may be ade-
quate for certain osteochondral tissue grafts,39 but its use 
with softer tissue engineered constructs or repair mem-
branes can result in detachment.17 This can likely be attrib-
uted to the high shear forces within the patellofemoral joint 
under normal physiologic activity.40 Moreover, softer scaf-
folds may undergo larger strains and displacements, and 
press-fit fixation generally results in pullout loads of less 
than 1 N.41 Additional fixation with fibrin glue over the top 
of defects only marginally improves fixation strength (~2.5 
N) and does not improve scaffold retention, both in this 
study and the literature.19,42 In addition to limited efficacy in 
enhancing scaffold retention in animal studies, the use of 
fibrin glue as an adjuvant to scaffold-based bone and carti-
lage repair may reduce repair tissue quality. The supraphys-
iologic concentrations of thrombin and fibrinogen that 
make these products useful as hemostatic agents may prove 
detrimental to tissue regenerative procedures that rely on 

Figure 4. L ong-term macroscopic observations. (A) Sample arthroscopic image showing visualization of defects. (B) ICRS 
Arthroscopy Score (0-12, worst-best) at 4 and 8 months, depicted by animal (#1 = red, #2 = green, #3 = blue). (C) Indentation 
testing of microfracture (MFx) and Scaffold conditions (n = 3 locations from 3 defects) compared with Native (n = 1 location from 3 
healthy samples). (D) Macroscopic visualization of MFx and Scaffold defects. Scale bar = 5 mm. (E) Goebel gross scoring (0-20, worst-
best) of proximal (), central (•), and distal () regions of all defects.
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host cell migration into a scaffold.43,44 Furthermore, the 
dense clots formed by fibrin glue may stimulate a pro-
longed inflammatory response due to resistance to neutro-
philic infiltration and degradation during normal wound 
healing processes.45,46 Other solution-based approaches, 
such as platelet-rich plasma have also failed in large-ani-
mal models,47 and thus more rigid techniques with greater 
integrity are required. While the aforementioned fixation 
techniques do not provide adequate fixation strength, they 
are relatively easy and quick to implement. On the other end 
of the spectrum, direct fixation to the surrounding tissues 
(adjacent cartilage or underlying subchondral bone) can 
significantly improve mechanics. For example, Knecht 
et  al41 showed that chondral suture fixation of collagen 
membranes resulted in an average fixation load of 9.29 N, 
and Friedman et al19 showed that bone anchor fixation into 
the subchondral bone resulted in an average failure load of 
6.96 N. However, these approaches can be technically chal-
lenging and time-consuming,16 and cause morbidity and 
marked changes in the adjacent tissues. Bone anchors can 

leave large subchondral voids within months following 
implantation.19,48 In our study, the resorbable bone pins 
were easily implemented, and generated a high failure load 
(7.38 N) in line with previous suture and bone anchor fixa-
tion studies. This high failure load likely allowed scaffolds 
to be retained within defects in the early stages of healing, 
which is when it is most important.47 Furthermore, while 
these more invasive fixation techniques had an impact on 
subchondral bone response over defect or microfracture 
controls, the use of the bioresorbable pins in this study did 
not affect repair relative to controls. Prior studies in cap-
rine49 and equine50 models fixed scaffolds with a resorbable 
polydiaxanone-polyglycolic acid (PGA) staple, similar to 
the pin in this study, and demonstrated its retentive capacity 
with comparable levels of subchondral bone changes.

In terms of long-term repair quality, the MeHA scaffolds 
did not significantly improve healing over microfracture 
controls. These findings are consistent with previous evi-
dence that shows slight, if any, improvement with electros-
pun MeHA scaffolds.51 Notably, addition of bioactive 

Figure 5. L ong-term subchondral bone response. (A) Mid-defect images of subchondral bone from microfracture (MFx) and Scaffold 
defects in all 3 animals. (B) Bone resorption volume (mm3) and (C) bone volume fraction (bone volume/total volume).
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factors (such as transforming growth factor beta) can 
markedly improve repair using these scaffolds.15,51 While 
the cartilage formed in this study is not ideal, it should be 
noted that pin fixation did not negatively affect the quality 
of cartilage repair, relative to the microfracture control 
within the same animal. In fact, the 3 animals from the 
long-term Repair study showed markedly different sub-
chondral bone response and cartilage repair quality, irre-
spective of the condition. Both defects in the first animal 
displayed significant subchondral bone resorption, with 
large bone resorption “craters” that were filled in with 
fibrous, proteoglycan-deficient tissue. The defects of the 
second animal displayed little to no subchondral bone 
changes, with only slight resorption surrounding the origi-
nal pin holes. The repair tissue in this animal was the high-
est quality, with ICRS histological scores approaching 
healthy native tissue (score of 100). Both defects in the third 
animal showed an intermediate level of subchondral bone 
changes and cartilage repair quality, with values in between 
those of the first 2 animals. Thus, it appears that the level of 
subchondral resorption and remodeling may be influential 
in the state of the regenerate tissue, or vice versa.

While not initially considered a study goal, the variabil-
ity observed between animals was perhaps the most inter-
esting result. These findings may be used to inform clinical 
decisions, demonstrating suggest that even microfracture 

treatment could have considerable unpredictability between 
patients.52 Furthermore, we showed that arthroscopic visu-
alization of cartilage repair tissue is not always indicative of 
the true characteristics (mechanics, µCT, histology) of 
newly formed cartilage, given that the Scaffold defect with 
the best arthroscopic score was in fact the worst defect in 
terms of subchondral bone resorption and histological scor-
ing. Thus, beyond the evaluation of pin fixation, the experi-
mental findings of this study may also provide some clinical 
insight into variability in repair response.

This study did present a few limitations. First and fore-
most, the sample size was certainly limited (n = 3 for the 
Retention and Repair studies, each). However, this study 
was experimental in nature, as is necessary to evaluate new 
fixation techniques. Second, only 1 scaffold type was cho-
sen; the electrospun MeHA scaffolds used in this study are 
relatively soft compared with others used in cartilage tissue 
engineering.14,35,53 Fixation loads of these more robust scaf-
folds are certainly higher41 and thus the retention of these 
scaffolds is expected to be even better. Third, we tested pin 
fixation on the trochlea, which may not experience the same 
levels of stress as the femoral condyle. Thus, future studies 
may need to verify the capacity for pin fixation in the tibio-
femoral joint, as well as evaluate the surface opposing the 
pin due to the higher susceptibility to kissing lesions. 
Finally, for the Repair study, another limitation was that 

Figure 6. L ong-term histological data. (A) Sections stained for safranin O/fast green for each animal (1, 2, 3) and condition (MFx, 
Scaffold). Visualization of the whole defect, and a zoom-in of the cartilage are shown. Scale bar = 1 mm. (B) ICRS II histological 
scoring of the proximal, central, and distal regions of defects, reported for each animal and condition. (C) Hematoxylin and eosin 
(H&E)-stained sections of defects from Animal 2 (left) and Animal 3 (right), showing similarities between conditions in the same 
animal. Animal 3 showed subchondral cyst formation in the distal aspect of defects in both MFx- and Scaffold-treated defects.
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fixation without pins was not performed, as a negative con-
trol. However, based on the short-term Retention results, a 
long-term animal study without adequate scaffold retention 
would have been wasteful.

Conclusions

This study demonstrated the ability of an easy-to-imple-
ment resorbable pin to anchor tissue engineering scaffolds, 
retain them within a full-thickness cartilage defects, and 
allow long-term repair without adverse effects. Interestingly, 
long-term cartilage repair and subchondral bone response 
depended more on animal than on treatment type (micro-
fracture vs. scaffold). These results provide supportive data 
regarding the use of bioresorbable pins for cartilage repair 
scaffold fixation without adverse events, and may motivate 
the need to consider inherent individual subject variability 
in cartilage treatment strategies.
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