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Abstract

Objective. The search for an effective and long-lasting strategy to treat osteochondral defects (OCD) is a great challenge.
Regenerative medicine launched a new era of research in orthopaedics for restoring normal tissue functions. The aim of
this study was to test the healing potential of Rigenera micrografting technology in a rat model of OCD by investigating
2 cartilage donor sites. Methods. Full-thickness OCD was bilaterally created in the knee joints of rats. Animals were
randomly divided into 2 groups based on the anatomical site used for micrograft collection: articular (TO) and xiphoid
(XA). Micrograft was injected into the knee via an intra-articular approach. The contralateral joint served as the control.
Euthanasia was performed 2 months after the set-up of OCD. Histological evaluations foresaw hematoxylin/eosin and
safranin-Of/fast green staining, the modified O’Driscoll score, and collagen Al and 2Al immunostaining. Kruskal-VWallis
and the post hoc Dunn test were performed to evaluate differences among groups. Results. Histological results showed
defect filling in both autologous micrografts. The TO group displayed tissue repair with more hyaline-like characteristics
than its control (P < 0.0l). A fibrocartilaginous aspect was instead noticed in the XA group. Immunohistochemical
assessments on type 2Al and type | collagens confirmed the best histological results in the TO group. Conclusions. TO
and XA groups contributed to a different extent to fill the OCD lesions. TO group provided the best histological and
immunohistochemical results; therefore, it could be a promising method to treat OCD after the validation in a larger
animal model.
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Introduction by exploiting the intrinsic potential of suitable scaffolds
to drive matrix synthesis and tissue organization.> This
approach, based on autologous matrix-induced chondrogen-
esis (AMIC)® or matrix-induced autologous chondrocyte

OCD of the knee is among the most frequent musculoskel-
etal disorders that impair the patients’ quality of life with a
great burden on the health care system.! To date, there are
several approaches to repair osteochondral injuries after a

traumatic event. Conventional debridement and various 'Laboratorio RAMSES, IRCCS Istituto Ortopedico Rizzoli, Bologna, Italy
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ical and biomechanical properties of hyaline articular
cartilage.” Several therapeutic strategies, including autolo-

gous chondrocyte implantation (ACI) and periosteum, Sciences, Sapienza University of Rome, Rome, ltaly
erichondrium or osteochondral grafting, are already used
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implantation (MACI), was successful to treat large carti-
lage defects.” Nowadays, ACI is in its fourth generation
and can be regarded as an effective tissue engineering
procedure.®

Despite the wide range of therapeutic strategies for
OCD,'® there is a need for identifying novel perspectives
for cartilage repair to overcome current limitations and
ensure a long-lasting repair.” Employment of 1-step tech-
niques is fast rising in the orthopedic field thanks to differ-
ent point-of-care medical devices. This approach exploits
the multipotency and paracrine abilities of progenitor cells
from different tissue sources, like bone marrow or adipose
tissue, thanks to their direct processing in the surgical
room.'*'* Among 1-step strategies, the use of minced car-
tilage is fast emerging, based on the employment of small
graft fragments to promote tissue repair by covering tissue
lesions.'>"!7 The surgical technique of slicing viable carti-
lage into small pieces and direct reimplantation is not
novel. Cicero Parker Meek conceived it in 1958 to treat
skin burns.'® Then, micrografting technology was used in
different clinical settings, including oral and maxillofacial
surgeries, hair loss,'® several kinds of wounds,??! and
bone defects.??%

When referring to OCD, the feasibility of using carti-
lage fragments as a regenerative biological solution could
benefit from a precious source of articular chondrocytes
and progenitor cells entrapped in an extracellular matrix.
Recently, some authors have demonstrated that primary
human chondrocytes cultured with micrografts, obtained
with an innovative protocol (Rigeneracons, Human
BrainWave Srl, Torino, Italy),?® maintain their phenotypi-
cal characteristics and promote collagen and glycosamino-
glycans synthesis.?’ This technology, based on the use of a
specific class I (CE) medical device, performs the mechan-
ical microfragmentation of human autologous tissues in
micrografts of 80 pum in sterile saline solution by over-
coming the use of enzymatic treatments. In the present
study, we hypothesized that the use of micrografts, thanks
to their biological properties, could have beneficial effects
to treat OCD. Therefore, the purpose of this preclinical
investigation was to test the efficacy of intra-articular
injection of autologous micrografts got from 2 anatomical
sites (articular cartilage and xiphoid appendix) in a rat
model of OCD. Histological and immunohistochemical
analyses were carried out to evaluate tissue architecture
and typical cartilaginous markers after the micrografting
technology.

Materials and Methods

Animal Experimental Design

The present study was approved by the Ethics Committee on
the Use of Animals, Federal Rural University of Pernambuco

(UFRPE) with license 126/2017. The experiments followed
international, national, and/or institutional guidelines for
animal treatment and complied with relevant legislation.
Twelve male adult albino Wistar rats (subspecies: Rattus
norvegicus, body weight: 300 = 50 g) were used (Fig. 1).
The animals were kept in suitable cages under controlled
illumination and temperature (12-hour light-dark cycle and
approximately 23 °C), feed and water ad libitum.

At the time of surgery, rats were anaesthetized using
oxygen in a flow of 3 L/min and 3% isoflurane. The pre-
anesthetic action was performed by intramuscular tight
administration of meloxicam 0.2% (dose of 2 mg/kg), vol-
ume of 0.4 mL; morphine 1% (dose of 5 mg/kg), volume of
0.2 mL. The maintenance was performed in an anesthetic
mask diluted in oxygen 3 L/min, at an isoflurane concentra-
tion of 2.5%. Full-thickness trochlear osteochondral defects
of 2.5 mm diameter and 2.0 mm depth were created bilater-
ally in all 12 rats (24 articular joints). Briefly, a Bard-Parker
type scalpel cable mounted with blade no. 11 was used and
an initial puncture of the bone with the aid of punch, in
contra-angle and at right angles to the cortical bone involved
were performed. Then, enlargement and deepening of the
bone were created using a 2.5 mm punch (Fig. 2A). Once
the knee joint was exposed, the joint capsule was cut for
intra-articular access, the patella was displaced, allowing
access to the trochlea and the extraction of a small frag-
ment. During the injury, the region was irrigated with saline
to avoid necrosis. The animals were randomly divided into
2 groups. In the first group tissue samples for preparing
micrografts were collected from the knee following the pro-
cedure described above (TO group), while in the second
group tissue samples were collected from the xiphoid
appendix (XA group).

For the XA group, micrografts were generated from a
tissue sample collected from the xiphoid appendix. Animals
were positioned in dorsal decubitus to allow surgical access
to the sternum and the knee. A Bard-Parker scalpel cable
mounted with blade no. 11. Once the musculature of the
area was exposed, the fascia was sectioned in the same
direction as the cutaneous incision. Using a pair of scissors,
a fragment of the xiphoid appendix (approximately 1 cm)
was extracted (Fig. 2B). In both control groups CTR (TO)
and CTR (XA), the process of the articular defect in the
right knee was described above then treated only with saline
solution.

After the surgical procedure, the animals were sutured
with absorbable wires and kept in recovery cages until they
stabilized and returned to the individual cages where they
received the following recovery medication: meloxicam
0.2%: 0.2 mL, (subcutaneously [SC]) one a day, for 3 days;
tramadol 5%: 0.08 mL (SC) twice an day, and enrofloxacin
2.5%: 0.08 mL (SC) twice a day, for 5 days all animals were
recovered with the medication.
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Figure |. Graphical scheme of the experimental design. Twelve Wistar male albino rats underwent bilateral osteochondral defects.
Animals were divided into 4 groups: (i) group treated with micrograft got from the xiphoid appendix (XA) (n = 6; right knee);

(ii) untreated group after collecting the XA, CTR (XA) (n = 6; left knee); (iii) group treated with micrograft got from the knee
fragment (TO) (n = 6; right knee); (iv) untreated group after collecting the TO, CTR (TO) (n = 6; left knee). Animals were
euthanized at 2 months of follow-up. Histological and immunohistochemical analyses were carried out.

Autologous Micrografts Preparation and Grafting

To generate autologous micrografts from the collected tis-
sues, we followed the method established by Ceccarelli
et al.*® The procedure is based on the use of a class Ila CE
medical device named Rigeneracons (Fig. 2C), composed
of (1) grid with hexagonal holes, each hole is equipped at
the edges with microblade and (2) a rotating helix. Through
this device, the rotating helix repeatedly pushes the tissue
sample on the blades allowing the formation of microfrag-
ments particles called “micrografts.” The tissues collected
during the surgery (articular cartilage for TO group and
xiphoid cartilage for XA group) described above were
inserted in the devices along with sterile saline solution.
Tissue fragmentation was carried out in 4 minutes at room
temperature. After processing, the tissues were completely
disaggregated in micrometer-sized particles composed of
cell clusters (micrografts) in sterile saline solution. The
micrograft suspension was intra-articularly injected into the
articular lesions in the treated groups (Fig. 2D).

Histological Assessments

Animals were euthanized by using intramuscular anaesthe-
sia with ketamine and xylazine, followed by CO, in a

chamber until death at 2 month follow-up. An authorized
veterinarian carried the euthanasia process out following
the protocol recommended by the Brazilian Board for
Animal Experimentation. After reaching the bone plane
and locating the defect, the femur was disarticulated and
removed (Fig. 2E and F). The soft tissues were removed by
dissection and the samples were placed in containers with
10% buffered formalin solution for fixation at room tem-
perature and then bones were decalcified in 12.5% formic
acid solution and 20% sodium citrate for 20 days. After the
decalcification, tissue samples were first washed in run-
ning water and then processed in a gradual series of alcohol
and xylene for tissue dehydration and diaphanization up to
their embedding with paraffin. Microscopic slides (thick-
ness 7 um) were stained with Gill III hematoxylin/eosin
(Sigma Aldrich, St. Louis, MO) and 0.1% safranin O/0.03%
fast green (Sigma Aldrich) to assess tissue morphology and
the proteoglycan content in the extracellular matrix.

A modified O’Driscoll (mO’Driscoll) score was used for
providing a semiquantification of histological features in
the control and experimental groups (TO and XA groups).
This score considers 8 parameters: nature of the repair tis-
sue, matrix staining, structural integrity, surface regularity,
filling of the defect, bonding to host tissue, degenerative
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Figure 2. Schematic representation of surgical and processing procedures for preparing the autologous tissue micrograft in the
rat model. (A) The set-up of an osteochondral defect of 2.5 mm in diameter and 2.0 mm depth in the left knee. (B) Fragment
extraction from the xiphoid appendix. (C) Image of a medical device called Rigeneracons® (CE certified class I) to provide
autologous micrografts from tissue disaggregation. (D) Intra-articular delivery of autologous liquid micrografts suspension in the
animal’s left knee. At 2 months of follow-up, femur extraction of left (E) and right (F) limb for each animal and tissue processing for
histological assessment.

changes of the repair tissue, degenerative changes of the 5 sections, were assessed for each specimen by 2 blinded
adjacent cartilage.?’ It has a range from 0 (no repair) up to investigators with the Eclipse 90i microscope (Nikon,
21 (osteochondral repair). Six microscopic fields, spaced in ~ Melville, NY).
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Figure 3. Histological staining with hematoxylin and eosin. Representative images of hematoxylin/eosin staining in the TO (knee
fragment), XA (xiphoid appendix), CTR (TO), and CTR (XA) groups (A and B). Dashed rectangular represents the repaired tissues in
the different groups with indications of the adjacent cartilage (adC), fibrocartilage (FB), and bone areas (SB). The upper panel shows
representative micrographs with low magnification (scale bar: 100 um) whereas the lower panel has high magnification (scale bar: 50

pm).

Immunohistochemical Assessments

Analyses for type 1 and type 2 collagens were carried out.
After deparaffinization, the antigen retrieval was performed
incubating the tissue sections with 0.1% proteinase (Sigma
Aldrich) and 0.1% hyaluronidase (Sigma Aldrich) at 37 °C
for 15 minutes, respectively. After washing steps with phos-
phate-buffered saline (PBS), sections were blocked with
1% bovine serum albumin (BSA) at room temperature for
20 minutes. Then, the incubation with monoclonal anti-
mouse collagen type 2 (2 pg/mL; Abcam, Cambridge, UK)
and collagen type 1 (5 pg/mL; Sigma Aldrich) was carried
out at room temperature for an hour. Ready-to-use anti-
mouse biotinylated secondary antibody and alkaline-labeled
streptavidin (Biocare Medical, Pacheco, CA) were used.
The histochemical detection was performed with Fast Red
Substrate Kit (Biocare Medical). Specific negative controls
were carried out by using an isotype-matched control or
omitting the primary antibodies. The nuclear component
was stained with Gill III hematoxylin. Three microscopic
fields (100X magnification) were assessed for each sample
by a blinded investigator with a semiquantitative method.
We segmented and selected the neo-formed tissues for
each marker by avoiding the surrounding adjacent native
tissues. Image acquisition and processing were carried out
with the Eclipse 90i microscope (Nikon) and NIS-Elements
through the hue/saturation/intensity (HSI) system. We set
the threshold value for H was set for positive pixels between
225 and 255. Ranges from 0 to 155 were threshold values
for S and I. Positive cells/ area for each marker of neo-
formed tissue were measured (10X objective lens) and

expressed as a percentage of positive cells/ area on a scale
from 0 (no protein expression) to 100 (the highest protein
expression).

Statistical Analysis

Statistical analysis was performed with GraphPad Prism
software. The Kolmogorov-Smirnov test was used to test
the data distribution. We used the Kruskal-Wallis followed
by the post hoc Dunn’s test to assess differences in the con-
trol and treated groups. Data were expressed as the 95%
confidence intervals (CI) of the mean * standard deviation
(SD). P = 0.05 was considered statistically significant.

Results

Histological Evaluations

Histological evaluation showed that the treatment with
autologous micrografts promoted defect filling to a differ-
ent extent in both TO and XA groups. In the CTR (TO)
group, the defect was filled with fibrocartilage which dis-
plays impaired tissue integrity, some blood vessels, empty
lacunae and a poor content of proteoglycan. Moderate
hypocellularity with cell clusters and little bone remodel-
ling were further histological features observed in the defect
area in the CTR (TO) group (Figs. 3A and 4A). Conversely,
the defect area from the TO group showed a repair tissue
with hyaline-like histological features. This neoformed tis-
sue displayed a partial bonding with the host tissue, islets of
chondrons dispersed in the extracellular matrix and several
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Figure 4. Histological staining with safranin O/fast green. Representative images of safranin O/fast green staining (red staining,

proteoglycan content; green staining, collagen content) in the TO (knee fragment), XA (xiphoid appendix), CTR (TO), and CTR (XA)
groups. (A and B) Dashed rectangular represents the repaired tissues in the different groups with indications of adjacent cartilage
(adC), fibrocartilage (FB), cartilaginous areas (C), and bone areas (SB). The upper panel shows representative micrographs with low
magnification (scale bar: 100 um), whereas the lower panel has high magnification (scale bar: 50 um). (C) Graphical representation of
modified O’Driscoll score in the TO, CTR (TO), XA, and CTR (XA) groups; **P < 0.01: TO versus CTR (TO) group; *P < 0.05: TO
versus CTR (XA) group. (D) Graphical representation of the repaired tissue, a subparameter of mO’Driscoll score, in all control and
experimental groups. (E) Graphical representation of the matrix staining, a subparameter of mO’Driscoll score, in all groups. Data are
expressed as 95% confidence intervals (Cls) of the mean * standard deviation (SD), **P < 0.01: TO versus CTR (TO) group; *P <

0.05: TO versus CTR (XA) group. (F) Graphical representation of the defect filling, a subparameter of the score, in all groups.

processes of osteochondral ossification (Figs. 3B and 4B).
Good structural integrity and normal cellularity with sev-
eral round cells surrounded by proteoglycans were further
histological features noticed in the TO group (Figs. 3B and
Fig 4B). The CTR (XA) group showed an abnormal tissue
formation with an altered tissue architecture, several fibril-
lations, low proteoglycan content, and immature bone for-
mation (Figs. 3B and Fig.4B). The OCD lesions were filled
with fibrocartilage in the XA group, which displayed a
slight cellular positivity for safranin O staining in the deep
zone. The repaired cartilage tissue was immature with no
tidemark and the bone displayed several spaces with osteo-
progenitors (Figs. 3B and Fig. 4B).

The semiquantification of histological features was per-
formed with the mO’Driscoll score. The TO group showed
a higher mO’Driscoll score (15.36 = 0.5) than the XA
group (12.07 = 1.3) (Fig. 4C). In particular, the TO group
(15.36 = 0.5) displayed a higher score than its control,
CTR (TO) (7.9 = 1.7) (**P < 0.01) and CTR (XA) (10.14
* 0.89) (*P < 0.05). The XA group showed a higher

mO’Driscoll score than its control, but with no statistical
evidence (Fig. 4C). Among the histological parameters
within the mO’Driscoll score, the TO group (2.6 = 0.2)
showed a higher matrix staining than CTR (TO) (1.2 = 0.3)
(P <0.01) and CTR (XA) (0.98 = 0.1) (P < 0.05) groups
(Fig. 4E).

Immunohistochemical Assessments

To further evaluate the quality of the neoformed tissues in
the control and experimental groups, we performed immu-
nostaining for type 2A1 and 1 collagens. Both TO and XA
groups showed strong positivity for type 2A1 collagen at
the cellular and extracellular levels (Fig. 5A). They dis-
played a higher protein expression for type 2A1 than their
respective controls. In particular, the TO group showed a
higher significant value for type 2A1 than the CTR (TO)
(P < 0.01) and CTR (XA) (P < 0.05) groups (Fig. 5B).
Regarding type 1 collagen, both groups treated with the
micrografts showed lower protein values at a cellular level
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Figure 5. Immunohistochemical analysis: type 2A| collagen. (A) Representative images for the immunohistochemical analysis for
type 2Al collagen in the TO (knee fragment), XA (xiphoid appendix), CTR (TO), and CTR (XA) groups. (B) Graphical representation
of protein expression for type 2A| collagen with hue/saturation/intensity (HSI) system with software NIS-Elements in all groups. Data
are expressed as 95% Cl of the mean = SD. **P < 0.01: TO versus CTR (TO) group; *P < 0.05: TO versus CTR (XA) group.
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Figure 6. Immunohistochemical analysis: type | collagen. (A) Representative images for the immunohistochemical analysis for

type | collagen in the TO (knee fragment), XA (xiphoid appendix), CTR (TO), CTR (XA). (B) Graphical representation of protein
expression for type | collagen after image analysis with hue/saturation/intensity (HSI) system with software NIS-Elements in all groups.
Data are expressed as 95% Cl of the mean = SD. *P < 0.01: TO versus CTR (TO) group; *P < 0.05: TO versus CTR (XA) group.

than their respective controls (Fig. 6A). The TO group
showed a lower protein expression for type 1 collagen than
CTR (TO) (P < 0.01) and CTR (XA) (P < 0.05) (Fig. 6B).

Discussion

The main finding of this preclinical in vivo study is that the
intra-articular delivery of autologous cartilage micrograft

can be a promising mini-invasive 1-step approach to treat
OCD. Employing autologous micrograft as a biological
solution can offer significant benefits, allowing to over-
come current limitations of therapeutic approaches, like
invasiveness, donor site morbidity, cell death and alloge-
neic response. Albrecht®® introduced the concept of carti-
lage chips in 1983. Early preclinical and clinical studies
provided promising results on the use of various minced
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cartilage techniques through different shaver medical
devices, delivery systems and the enrichment with bioac-
tive molecules for chondrocyte activation.'-3* In particular,
Lind and Larsen®® provided preclinical evidence on the
equal repair capacity of 1-step minced cartilage under col-
lagen scaffold to standard ACI technique in sheep. Mostly,
studies on cartilage micrograft investigated its combination
with bioactive molecules and/or biomimetic scaffold and
implantation into the defect site by arthroscopy.'~** To date,
full knowledge of the role of micrografts in musculoskeletal
tissue regeneration, and especially for the repair of OCD, is
still scarce.'>16:37

The main aim of this study is to raise the level of knowl-
edge of autologous micrograft to treat OCD in a rat model
via an intra-articular approach by testing its effectiveness
after tissue fragmentation with a novel medical device
(CE-certified class I), named Rigeneracons. This system
produces small fragments of 80 um, capable of being incor-
porated into the native tissue to promote chondrocyte activa-
tion and tissue engraftment. In-depth investigation clarified
the influence of two harvesting sites, articular cartilage and
xiphoid appendix, to promote tissue repair. Preliminary in
vitro studies showed that this technology does not affect cell
viability in articular cartilage and the chondrogenic poten-
tial.”” Herein, we investigated the efficacy of micrograft and
some critical characteristics conditioning tissue repair. Our
study showed that the autologous micrografts from articular
cartilage show attractive properties to treat OCD with impor-
tant perspectives in clinics. The micrograft from xiphoid
appendix displayed some repair processes with immature
fibrous features. The different biological responses from the
two tissue harvesting sites could depend on the different
anatomical architectures,®® which do not guarantee proper
biomechanics. Immunohistochemical analyses showed that
the TO group displayed various islets of chondrocytes
embedded in the extracellular matrix in the defect area.
These cell islets showed a high positivity for type 2 collagen
and low levels of type 1 collagen, promoting a repair tissue
with typical hyaline-like features. Regarding the bone com-
ponent, this group exhibited tissue restoration, which is a
critical factor during osteochondral defect healing as it
ensures adequate nutrient and growth factor supply to carti-
lage tissue.?* The potential of this technology could derive
from the ability to obtain ready-to-use micrografts contain-
ing viable chondrons, the morpho-functional units of articu-
lar cartilage. The feasibility of implanting instructive “cell
niche” could enhance endogenous tissue regeneration by
recruiting progenitor cells from the surrounding tissues in
the lesion site. Indeed, using the native extracellular matrix
scaffold can restore typical spatial organization of the articu-
lar cartilage at the treatment site, thus ensuring suitable
mechanical tissue properties and cellular functions. Besides
the chondrocyte population, micrograft contains progenitor
cells, which may further promote tissue repair thanks to their

biological properties.?® Progenitor cells could act as “growth
factors secreting factories” and exert a therapeutic effect
through the release of soluble mediators.?*#**-4? This study
provides the first preliminary interesting concepts on the
role of micrografts to treat OCD via an intra-articular
approach. However, it presents some limitations due to (1)
the use of a small animal model, (2) the small sample num-
ber, and (3) short-term follow-up. In conclusion, our data
show that this micrografting technology could be a potential
low-cost strategy to treat OCD since it promotes a repair tis-
sue with typical hyaline-like features. Further studies are,
however, needed to validate the potential biological rele-
vance of this micrograft in a larger animal model before con-
sidering its clinical application.
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