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EXPERIMENTAL ASSESSMENT OF BIOLOGICAL POTENTIAL OF COLLAGEN MEMBRANES IN
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Investigation of the efficacy of collagen membranes used in the full-thickness hyaline cartilage defect surgery is extremely urgent from the point of view of everyday
healthcare. However, there is no information about the collagen membrane transformation timeframe, patterns and type of tissue the membrane transforms into,
nor on the quality of the newly formed cartilage, which hinders the use of collagen membranes in clinical practice. This study aimed to investigate the biological
potential of collagen membranes and their capacity to transform into cartilage tissue. The study involved four pigs as subjects. We induced a full-thickness cartilage
defect on their right hind limb joint and implanted an Ortokeep collagen membrane to remedy it. Two full-thickness cartilage defects were induced on the left hind
limb joints of the animals, one was treated with an implanted Chondro-Gide collagen membrane, the other remained without a membrane. The animals were
withdrawn from the experiment at 2, 3, 4, 6 months after the operation. This report contains results of the macroscopic and microscopic analyses revealing the
character of cartilage tissue regeneration at various timepoints post-surgery. The collagen membranes proved to have a high biological potential and a capacity
to transform into cartilage tissue. The cartilages were identifiable from the 3 month of the study. Their thickness was growing significantly (o < 0.05) up to the 4th
month post-surgery, gaining 18.7% in group 1 and 12.8% in group 2; afterwards, the formed tissue "matured". We have shown that the AMIC technique allows
significant (p < 0.05) reduction of the bone tissue destruction area.
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AKCMNEPUMEHTAJIbHAA OLIEHKA BUOJTIOMMYECKOIO NOTEHUANA KOJUTATEHOBbIX MEMBPAH
MPU PEKOHCTPYKLIW MNOSIHOCIOWHbIX JE®EKTOB MNAJIMHOBOIO XPALLIA
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V13y4eHme ahheKTUBHOCTY MPUMEHEHNS KONMareHOBbIX MEMOPaH NPV XUPYPrMHECKOM NIEYEHI MONHOCIOMHBIX AEDEKTOB ManMHOBOIO XpsiLla KpaHe akTyabHO
NS NPaKTUHeCKOro 3apaBooxpaHeHnst. OTCYTCTBME CBEAEHWUN O TOM, B Kakve CPOKM, Kak 1N B Kakylo XPSILLEBYIO TKaHb TPaHC(OPMUPYIOTCS KolareHoBble
MeMbOpaHbl, KaKOBO Ka4eCTBO BHOBb OBPa30BaHHOIO XpsLla, CASPXMBAET VX MPUMEHEHVE B KIMHUYECKON NpakTuke. Llenbio nccnepgosBaHns Obino ndyynts
BMONOrNHECKNIA NOTEHLMAN KONIareHOBbIX MeMBpaH 1 X CMOCOBHOCTb K TpaHcopMaLmn B XPALLEBYIO TKaHb.  ViccnenoBaHme NpoBOavN Ha HeTbIPEX CBUHBLSX.
Ha cycTtaBax npaBsbix 3afHNX KOHEYHOCTEN (HOPMMPOBaNM MOMHOCAOMHBIN AedeKT Xpsila 1 UMNAaHTUpPOBaNK konnareHoByto MembpaHy Ortokeep. Ha cycTasax
NEBbIX 3aHMX KOHEYHOCTEN (hopMMPOBaN No ABa MONHOCIOMHbIX AedhexTa xpsia. Ha ogvH AethekT nmnnaHTMpoBany konnareHosto memopary Chondro-Gide,
Ha BTOPON AedeKT MembpaHy He uMnaaHTpoBanv. YKMBOTHbIX BbIBOAWIN M3 3KCMepuMeHTa B Cpokn 2, 3, 4, 6 mMecsues nocne onepaumn. NpeacTasneHsl
MaKpPOCKOMNHECKNIA 11 MUKPOCKOMMHECKUIA aHaIn3 xapakTepa pereHepaumn XpsLLeBor TKaHn B pasinyHble CPOKM Mocne onepaumn. PesynstaTbl nokasanm
BbICOKUI OMONOMMHECKIA MOTEHLMAN KOIAareHOBbIX MEMOPaH 1 X BO3MOXXHOCTb TPaHC(OPMMPOBATECS B XPALLEBYIO TKaHb. XPSLL, BbIABAANCS ¢ 3-ro Mecsua
ncenepoBarnsa. OTMeveHa TeHAEHUNA K CTaTUCTUHECKN [OCTOBEPHOMY (P < 0,05) yBENMHEHMIO ero ToNLWMHbI BIIoTb A0 4-ro mecaua (B rpynne 1 — Ha 18,7%,
BO rpynne 2 — Ha 12,8%) C NocnemytoLLyM ero «Co3peBaHviem». [TokasaHo, YTo Npu 1CNonb3oBaHUn TexHonornn AMIC ctatucTudecky JoctoepHo (p < 0,05)
YMeHbLLAeTCst 0611acTb AECTPYKLMM KOCTHOM TKaHN.
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In the recent years, AMIC (autologous matrix induced
chondrogenesis) has grown widely popular as a full-thickness
hyaline cartilage defect restoration technique [1-4]. The method
relies on holes made in the subchondral bone and allowing
passage of bone marrow to the defect's surface, which
delivers bone marrow stromal cells inducing regeneration.
The resulting red bone marrow "superclot" is stabilized by a
collagen membrane implanted in the cartilage defect area.
The natural cell scaffolding protects and binds progenitor cells
inside the "biological chamber", stimulating their differentiation
and subsequent cartilage repair [3, 5]

The benefits of AMIC are clear. It is a minimally invasive
single step procedure that does not require chondrocyte
culturing; it enables restoration of large cartilage defects
(= -8 cm?); it is a simple surgical technique; its efficacy in
relieving pain, restoring joint function and ensuring patient
satisfaction with treatment outcomes has been proven.

Despite the wide popularity of AMIC, many controversial
and unresolved issues remain. In particular, little is known about
the time it takes the membrane to degrade, the nature of its
transformation into cartilage tissue and the quality of cartilage
tissue formed at the membrane implantation site [6, 7].

Currently, collagen membrane is the most demanded
biological material used in cartilage tissue restorations.
Unfortunately, the high cost of imported membranes disallows
widespread introduction of AMIC into everyday clinical practice
at domestic medical institutions. At the same time, cartilage
restoration is one of the highly demanded operations. This
fact determined the need to develop a domestic analogue
that meets all the current requirements practitioners have for
collagen membranes.

This study aimed to experimentally investigate the biological
potential of collagen membranes and their capacity to transform
into cartilage tissue.

METHODS

We used two types of collagen membranes, different in
composition, structure and nature of production.
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The main (tested) membrane was the Ortokeep membrane
developed by Russian scientists (Ortosoft; Russia). It is formed
by electrospinning from nanofibers (300-500 nm in diameter),
which are a mixture of bovine type | collagen and polylactide.
Both sides of the membrane have similar microrelief and
wettability. By the formation method and structure of the
nanofibers, Ortokeep is radically different from the foreign
analogues, which allows an objective comparative analysis
of their biological potential.

We selected a Chondro-Gide collagen membrane (Geistlich
Pharma; Switzerland) as a control membrane for our experiments.
Chondro-Gide is synthesized from pork collagen types | and lI
through natural resorption. This membrane is the most popular
bioproduct, it is widely used to repair full-thickness cartilage
defects, which is why we took it as a control membrane.

Experiment model

The experimental animals were four White Russian breed pigs,
6 months old, weighing 68/67.4/79/73 kg. They were kept
in the subsidiary farm of the Center for Preclinical Research
(Penza), isolated from the general livestock. At the beginning
of the experiment, the animals were in a satisfactory condition,
had a light color, independently took food and water, showed
no external manifestations of a disease. Their records contained
no entries describing diseases. All animals spent 3 weeks
before the experiment in isolation, with their feeding dosed.
The animals received individually calculated doses of systemic
analgesics (xylazine, etc.) used in veterinary and clinical
medicine. The depth of anesthesia was controlled by systemic
reactions: spontaneous breathing, heart rate, blood pressure,
state of the pupil, pulse oximetry. For respiratory support, we
employed an anesthesia and respiratory device that delivered
oxygen-air (anestetic gas) mixture of oxygen (75-85%), air and
1.0-3.0 vol.% of Isoflurane (aerran) in a semi-closed circuit.
On the right hind limb joints of each animal, using a round
bur, we made one full-thickness cartilage defect (defect Ne 1)
of rectangular shape, measuring 1 x 0.5 cm, reaching the
subchondral bone (Fig. 1A). With a thin drill (diameter of 1.5 mm),

Fig. 1. Stages of formation of full-thickness defects and implantation of collagen membranes. 1 — defect Ne 1 (implantation of the Ortokeep membrane); 2 — defect
Ne 2 (implantation of the Chondro-Gide membrane); 3 — defect Ne 3 (ho membrane implantation)
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3 months

4 months 6 months

Fig. 2. Macro specimen at various timepoints post surgery. 1 — defect Ne 1 after implantation of the Ortokeep membrane; 2 — defect Ne 2 after implantation of the

Chondro-Gide membrane; 3 — defect Ne 3, no membrane implantation

we reamed the subchondral bone to a depth of 1 c¢cm, thus
letting bone marrow onto the surface of the defect (Fig. 1B).
The Ortokeep collagen membrane was shaped appropriately
for the defect and attached to the subchondral bone with fibrin
glue (Fig. 1C).

On the left hind limb joints we made two defects, defect No.
2 to be covered with the Chondro Gide membrane and defect
Ne 3 to remain as is for control purposes (Fig. 1D). The collagen
membrane was modeled according to the shape and size of
the defect. After reaming the subchondral bone, we applied
fiorin glue to defect Ne 2 and implanted the Chondro-Gide
collagen membrane (Fig. 1E). No membrane was implanted
onto the control defect Ne 3 (Fig. 1F).

The animals were removed from the experiment 2, 3, 4, 6
months post-surgery by anesthesia (xylazine 15 ml, zoletil
1.5 ml I.M.) followed by bloodletting (transection of the carotid
arteries). For subsequent histological examination, we collected
large bone-cartilage fragments containing the studied defects.
For the purpose of microscopic examination, one biopsy
fragment was taken from the central part of each defect.

The bone-cartilage underwent gentle acid decalcification
followed by the standard histological preparation. Histological
sections 7-8 pm thick were stained with hematoxylin and
eosin (Van Gieson's stain). Using a microscope with a
digital 12-megapixel camera attachment (Sony; Japan) we
took micrographs of at least 5 views of each histological
section, studied the inflammatory response, structure of the
tissues, their percentage ratio in the defect area, state of the
microvasculature.

The obtained data were processed with the help of Statistica
v.10 software packages (StatSoft; USA). The assessment of
normality of distribution relied on the Shapiro-Wilk test. All the
parameters described in this work had a distribution close to
normal. For each parameter, we calculated the arithmetic mean
(M) and the arithmetic mean error (m).

The significance of differences between groups
was determined with the help of Fisher's exact test and
nonparametric Kolmogorov—-Smirnov test. The differences
were considered significant at 95% probability threshold
(p < 0.05).

4 months

6 months

Fig. 3. Microscopic examination of defect Ne 3, control group; staining with hematoxylin and eosin, — 40 (A); Van Gieson's stain, x40 (B). 1 — osteodystrophy;
2 — coarse fibrous connective tissue; 3 — developing "crater" defect in cartilage and bone tissues; 4 — groups of adipocytes filling the "crater" defect; 5 — bundles

of collagen fibers between islets of adipocytes
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6 months

Fig. 4. Microscopic examination of defect Ne 1 after implantation of the Ortokeep membrane; staining with hematoxylin and eosin, x40 (A); Van Gieson's stain, x40 (B).
1 — fibrin; 2 — coarse fibrous connective tissue; 3 — developing cylindrical defect, active neoosteogenesis evident at the edges; 4 — neochondrogenesis; 5 — the

defect shrunk sharply with formation of a slit cavity in the center

RESULTS
Macroscopic examination

Macroscopic examination of the control group samples (defect
Ne 3, no membrane) revealed defect expansion without signs
of cartilage tissue regeneration on its surface. The situation
progressed into the 6th month post-surgery (Fig. 2).

At the same time, there was no pronounced expansion of
the defects detected in the experimental groups (defects Ne 1
and Ne 2). The bed of the defects was even, but not uniform.
Palpation revealed the bed to be elastic. Both defects were
covered with a viable stable cartilage tissue (see Fig. 2).

Microscopic examination

Microscopic examination of the control group defect (defect
Ne 3) revealed progression of the bone tissue destruction
process and very weak signs of chondrogenesis, seen only in
the immediate vicinity of the intact cartilage (Fig. 3).
Examination of the histological slides of samples with the
Ortokeep membrane revealed no inflammatory process and

leukocyte infiltration at all animal withdrawal timepoints. Up
to the 4" month, the border of the intact cartilage is clearly
visible, but by the 6™ month it becomes indistinguishable. The
underlying bone tissue underwent significant resorption in the
immediate vicinity of the defect. However, there were no signs
of osteodystrophy in the surrounding spongy substance (Fig. 4).

Coarse fibrous connective tissue appeared at the site of the
removed cartilage and resorbed bone tissue. The formation and
maturation of the connective tissue was first noted at the first
animal withdrawal timepoint, and by the 6" month its volume
decreased (see Table). In parallel, active reparative processes
of bone tissue — neoosteogenesis — were evident along the
edges of the bone defect. Initially, the defect had a bulbous
shape, but later it turned cylindrical and by the 6" month
became wedge-shaped. From the 2™ to the 4" months, the
defect was mainly filled with coarse fibrous tissue, and by the
6th month it was almost completely covered with bone tissue.
Chondrocytes formed actively (neochronogenesis) not only
at the edge of the intact cartilage but also in the center of
the defect (see Fig. 4). In the center of the defect there was
a deep slit cavity extending relatively deep into the spongy
substance.

4 months

6 months

Fig. 5. Microscopic examination of defect No. 2 after implantation of the Chondro-Gide membrane, stained with hematoxylin and eosin, x40 (A); Van Gieson's stain,
x40 (B). 1 — fibrin; 2 — coarse fibrous connective tissue; 3 — emerging bulbous defect, active neoosteogenesis evident along the edges; 4 — neochondrogenesis;

5 — the bed of the bone defect filled with adipocytes
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Table. Dimensional characteristics of the histological structure of the defect's center, various types of treatment
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Group 2 months 3 months 4 months 6 months
M+ m) M+ m) M+ m) M+ m)
Control 734,0 + 16,12 2247,5 + 36,94 2359,8 + 38,79 842,10 + 21,23
Intact cartilage thickness, um Chondro-Gide 1118,5 + 21,81 1230,4 + 23,99 1291,9 + 25,19 838,67 + 19,12
Ortokeep 1519,0 + 38,42 1670,5 = 42,26 1341,3 + 25,08 886,35 + 10,44
Control 0 0 0 0
gfg!acg;tzir‘cfrfss atthe treatment Chondro-Gide 0 503,9 + 22,74 571,4+2996 | 252,68 +12,19
Ortokeep 0 534,0 + 36,42 657,1 + 34,46 335,94 + 13,47
Control 1635,2 + 187,33 1152,2 + 124,80 1094,6 + 118,56 | 2406,98 + 178,05
ﬁ;’;';ﬁf;'t‘l’sn“is;e thickness at the site of Chondro-Gide 1648,2 + 137,34 16152+ 134,60 | 1534,5+ 127,87 | 900,58 « 72,43
Ortokeep 2072,0 + 339,89 1968,6 + 322,90 | 2905,7 + 204,92 | 1688,66 + 71,60
Control 162,9 + 6,33 121,9+ 7,27 134,0 + 8,00 58,22 + 4,08
Cortical plate thickness in the intact area, pm Chondro-Gide 162,2 + 8,37 181,6 + 9,38 199,8 + 10,32 102,18 + 6,60
Ortokeep 181,0 + 9,92 198,6 + 10,91 226,0 + 12,03 84,53 + 5,15
Control 121,6 £+ 7,73 96,8 + 5,53 106,5 + 6,08 147,54 + 18,67
Cortical plate thickness at the treatment site, um Chondro-Gide 140,4 + 13,67 157,3 £ 15,31 173,0 + 16,84 184,76 + 5,48
Ortokeep 149,0 + 11,01 164,4 + 12,11 163,9 + 14,81 142,66 + 19,93
Control 18,9 + 0,63 18,5 + 0,62 20,4 + 0,68 10,42 + 0,67
Bone tissue volume, % Chondro-Gide 16,3 + 028 19,2 + 0,33 21,1 + 0,36 17,41 + 0,36
Ortokeep 27,0 + 0,67 29,8 +0,73 27,1 £ 0,57 30,23 + 0,34
Control 15,4 + 0,51 22,4+£0,74 24,6 £ 0,82 10,64 + 0,38
Cartilage tissue volume, % Chondro-Gide 23,1+ 0,29 25,8 + 0,33 28,4 + 0,36 15,04 + 0,72
Ortokeep 27,0 £ 0,57 29,4 + 0,63 32,1 +1,88 19,99 + 0,43
Control 58,3 + 0,70 52,3 + 0,69 44,4 + 0,58 13,31 + 1,04
Connective tissue volume, % Chondro-Gide 53,2 + 0,50 40,4 + 0,48 34,4 + 0,41 17,03 + 0,56
Ortokeep 43,0 + 0,47 33,7 + 0,47 31,2+ 0,46 18,19 + 0,53
Control 5,8+0,16 7,1+0,20 6,8 +0,19 8,39 + 0,42
Volume of blood vessels, % Chondro-Gide 7,5+0,45 8,9 + 053 8,4 + 0,50 11,91 £ 0,42
Ortokeep 9,0 + 0,36 9,56+0,40 10,7+0,83 12,79+0,65

Examination of the histological slides of samples with the
Chondro-Gide membrane revealed no inflammatory process
and leukocyte infiltration at all animal withdrawal timepoints.
The border of the destroyed cartilage was indistinct. In the
center of the defect area there appeared a slit cavity, and
the underlying bone tissue underwent resorption (the depth
of resorption was less than registered in the control group).
Coarse fibrous connective tissue appeared where the
resorbed bone tissue was, with bone tissue tending to form
along the edge of the defect, same as the multiple islets of
chondrocytes in the thickness of the defect. The defect had a
bulbous shape; neochondrocytes formed more actively in the
direction from the periphery to the center. There were separate
slit cavities in the thickness of the coarse fibrous connective
tissue. A rather pronounced layer of fat cells has formed
between connective tissue and bone tissue at the bed of the
defect. The neocangiogenesis processes were intense. Islets of
chondrocytes also formed in the thickness of the connective
tissue, but, in contrast to defect Ne 1, they were found closer to
the developing callus (Fig. 5).

Analyzing results of the measurements, we noted that in
the control group a new cartilage has never fully formed in the
in the center of the operation area (Table). The same is true
for groups 1 and 2 at the 2™ month of the study, but starting
from the 3 month, the cartilage became detectable and its
thickness was increasing significantly (o < 0.05) up to the

4™ month, with the gain being 18.7% (657.1 + 34.46 um) in
the 1% group and 12.8% (571.4 + 29.96 pm) in the second
group. However, by the 6" month the thickness decreased
significantly (p < 0.05), by 51.1% in the 1st group and by by
44.2% in the 2™ group (835.94 + 13.47 pym and 252.68 +
12.19 pm, respectively), which is most likely associated with
the process of "organization" of the cartilaginous tissue. This
fact underscores the efficacy of membranes.

The thickness of the connective tissue in the control group
increased by 32.1% (o < 0.05) by the 6th month, while in groups
1 and 2 it decreased (o < 0.05) by 18.5% (1688.66 + 71.60 pm)
and 46.4% (900.58 + 72.43 pym), respectively. Shrinking
connective tissue indicates reparative processes in the area of
operation. In group 2, the thickness of the connective tissue
was decreasing rapidly because it was replaced with adipose
tissue, which somewhat worsens the ultimate repair with bone
tissue.

By the 6" month, the thickness of the cortical plate at the
surgery site increased by (o < 0.05) by 17.6 and 24.0% in the
control and 2™ groups, respectively, while in the 15t group it was
decreasing from month 2 to month 6 (o > 0.05) by 4.3%. For
the most part, the cortical plate gained in thickness due to the
formation of the new tissue (osteoid). Subsequently, that tissue
matured, with maturation starting earlier in group 1, which
suggests the surgery site in that group offered more favorable
conditions therefor.
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The above changes at the surgery sites zones are confirmed
by the component percentage ratio data shown in the Table.

It is also worth noting the processes of neocangiogenesis.
The area of blood vessels increased significantly (p < 0.05) in all
groups, But the fastest growth thereof was registered in the 1¢t
group (up to 12.79 + 0.65%), which indicates the trophism of
the surgery site tissues was best there. In group 2, the area of
connective tissue increased to 11.91 + 0.42%.

DISCUSSION

The demonstrated poor efficacy of bone tunneling applied
without additions to the treatment casts doubt on the feasibility
of performing such operations in clinical practice, which is
confirmed in studies by other authors [1]. The high efficacy of
collagen membranes in regeneration of cartilage tissue that we
have witnessed in this study accords with the results reported
by other researchers [1-4]. Unfortunately, it is not possible to
correctly compare the digital values, since the works cited
employed different biomodels. It also seems important to
study the data describing more long-term results and set up
a study to investigate the efficacy of membranes of different
compositions.
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CONCLUSIONS

Both of the tested materials (Ortokeep and Chondro-Gide
collagen membranes) showed excellent results in regeneration
of a full-thickness cartilage defect. Almost identical
macroscopic and microscopic results were registered in both
experimental groups. However, a more detailed analysis of the
histological examination data revealed the following features:
1) in both groups, the area of collagen membrane implantation
was a patch of fibrous connective tissue with inclusions of
chondrocytes; 2) at the defect sites, collagen membranes
created better conditions for reparative processes, which is
confirmed by the shortest terms of closure of the defect with
the body's connective tissue; 3) maturation of the connective
tissue took less time; 4) in the zone of membrane implantation,
chondrogenesis was "scattered", with islets of hyaline cartilage
appearing in the formed coarse fibrous connective tissue, such
islets detectable by the 3 month of the experiment and initially
distant from each other but tending to merge at later withdrawal
timepoints; neochondrogenesis was evident not only at the
healthy tissue border but also in the thickness of the connective
tissue callus; 5) the figures reflecting bone and cartilage tissue
volumes prove the efficacy of collagen membranes.
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