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ABSTRACT

Acellular dermal matrices (ADMs) are gaining popularity as surgical materials for operations on the pelvic organs,
as well as in burn therapy and plastic surgery. Evaluation of the biocompatibility of surgical materials is an
important and necessary step in the development of new ADMs.

The aim of the study was to compare the results of subcutaneous implantation of ADM and native porcine skin in
rats.

Materials and methods. To obtain ADMs, detergent — enzymatic decellularization was used. On days 7, 14, 21,
and 60 after the implantation of ADMs (the experimental group) and native porcine skin (the control group), the
animals were removed from the experiment. The histologic sections were stained with hematoxylin — eosin and
Masson’s trichrome stain, then an immunohistochemical reaction with antibodies to CD3 and CD68 was performed.
Computer morphometry was carried out using the ImageJ software.

Results. On day 7 after the implantation, moderate sterile inflammation in the experimental group and pronounced
sterile inflammation with eosinophil infiltration in the control group were observed. On day 14 of the experiment,
the samples from the experimental group were characterized by a relatively low content of macrophages and
T-lymphocytes with insignificant edema and no signs of ADM biodegradation. The control group showed
pronounced inflammation, a large number of infiltrating macrophages and T lymphocytes, as well as fragmentation
of collagen fibers. On day 21 of the experiment, a thin capsule was formed around ADM, there was a small number
of infiltrating T lymphocytes and macrophages, the collagen fibers of the implant were intact. In the samples of
the control group, there was pronounced inflammation with the presence of a significant number of lymphocytes
and macrophages, as well as fragmentation and vascularization of the implant. On day 60 of the experiment, no
inflammatory response was observed around ADM, biodegradation was minimal, and a dense fibrous capsule was
formed around the fragment of the native porcine skin.

Conclusion. The experimental ADM has low immunogenicity and a low degree of biodegradation, which makes
it possible to use it for further research to create efficient surgical material that is safe for use in clinical practice.
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PE3IOME

AlenTiossipHbIe JilepMabHble MaTpUKChl (AJIM) HaObuparoT OOJIBLIYIO HOMYJIIPHOCTE B KAUECTBE XUPYPTrUUECKUX
MaTepHaloB IIPU ONepaLUsX Ha OpraHax Majioro Ta3a, B 03KOrOBOH Tepaluu U mactTuyeckoil xupypruu. Ilposepka
OMOCOBMECTHMOCTH MaTEPUAJIOB SIBJSIETCS BAXKHBIM U HEOOXOAMMBIM 3TaIloM IpU pa3padoTke HOBBIX AJ[M.

Leapb ucciieqoBaHus — IPOBECTH CPABHUTENBHBIN aHAIN3 PE3yJIbTaTOB MOAKOKHOM UMILTIaHTalUK Kpbicam AJIM
Y HATMBHOM JI€PMbI CBUHbBU.

MatepuaJnbl 4 MeTobl. {11 momyuerns AJIM HCTIONB30BaH IETEPTEHTHO-IH3UMATHYECKUI METO/T IETIEIUTIOS-
puzamuu. Yepes 7, 14, 21, 60 cyt mocie umruiantauu A/IM (3KcriepuMeHTanbHas TPyIIa) U HATUBHON JepMbI
CBUHBH (KOHTPOJIbHAS TPYIIIA) )KUBOTHBIX BBIBOIMIN U3 SKCIEpUMEHTa. [ McTomornueckne cpesbl OKpaIluBaInl
TeMaTOKCHIIMHOM U 503HHOM, TPHUXPOMOM MO MaccoHy, BBIOTHSIN HIMMYHOTUCTOXUMHYECKYIO PEAKIUIO C aHTH-
tenamu k CD3 u CD68. KomnprorepHyto MOpGOMETPHIO IPOBOAMIN C TOMOLIBIO TporpaMmbl Imagel.

PesyabTathl. Ha 7-¢ cyT B 3KCIIepUMEHTAIBHOH IpyIIle 0TMEYAIOCh YMEPEHHOE aceNTUYECKOe BOCHAICHHE, B
KOHTPOJILHOH IpyIIIe — BEIPAKEHHOE aceNTHYECKOe BOCIAIeHHE ¢ 03uHOGHIaMu B MHGHIbTpaTe. Ha 14-e cyt B
IKCIIEPUMEHTAJILHOW IPYIIIE [I0KAa3aHO OTHOCUTENBHO HHU3KOE cojepikanne Makpodaros u T-muM(pOLUTOB ¢ He-
3HAYUTEIBHBIM OTEKOM, 0e3 6ronerpaganuu AJIM. B KOHTPOIBHOM TPYIIIE BBISBICHO BRIPAKEHHOE BOCIIAICHHE,
UHOUILTPALHs OOIBIINM KOINYecTBOM Makpodaros 1 T-nmumdonuTos, a Taxke GpparMeHTaIus KoiIareHoBbIX BO-
nokoH. Ha 21-e cyt Bokpyr AJIM cdopmupoBaach TOHKas Karcya, B iHGUIbTpaTe Manoe KoaudecTBo T-mumMdpo-
LIUTOB ¥ Makpo(aros, KoJIareHOBbIC BOJIOKHA UMILIaHTaTa ObUIM MHTAKTHBI. B 00pasiax KOHTPOIBLHOI IPyIITbL —
BBIPQ)KCHHOE BOCIIAJICHUE C MIPUCYTCTBHEM 3HAYMTEIBHOIO KOJIMuecTBa JIUM(OLUTOB U Makpodaros, GpparMen-
Tanys U BacKyJysipusanus umiuianrata. Ha 60-e cyT Bokpyr AJ/IM BocnanuTenbHONW peakiuu He HaOJIrolalloch,
Oouonerpasanus Oblla MUHUMAJIBHOM, BOKPYT ()parMeHTa HATHBHOW JepMbl CBUHBH C(hOpMHpOBanach IIIOTHAsS
(bubposHas Karcyna.

3akaouenne. Pazpaborannsiii AJ/IM o6nagaeT HU3KOH MMMYHOTEHHOCTBIO M MAJIOH CTENEHBI0 OMOJerpalalni.
DT0 03BOJIAET UCIIOIB30BATh JAHHYIO KOHCTPYKIUIO ISl 1 IbHEHIITNX UCCIIEI0BAHUH 10 CO3AaHUIO OIHOLIEHHOTO
XHPYpPTUUECKOro MaTeprasa, 0€30MacHOro s IPIMEHEHHS B KIIMHHIECKOH MpaKTHKE.

KuroueBrble ciioBa: pereucpaTuBHas MEAULIMHA, A€pMa, ACUCIUIIOIApU3anus, MOpC])OJTOFH‘-ICCKI/Iﬁ aHaJu3, noa-
KOXHas UMILIJIaHTallus, aHeHH}OHHpHLIﬁ )Z[epMaJ'[LHI:Iﬁ MaTpPUKC

KonpaukT uHTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX M MOTEHIMANBHBIX KOH(INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaIKeil HACTOSIIEH CTaThH.

Hcrounuk ¢punancupoBanmsi. ViccienoBanue BBIMOIHEHO MPH (pUHAHCOBOH moaepkke KyOaHCKOro Hay4yHOTro
¢doHaa B pamkax HayyHoro npoekra Ne MOU-I1-20.1/11.
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CooTBeTcTBHE NMPUHIHIAM THKH. VccienoBanue o100peHO HE3aBUCHMBIM 3THYECKUM KomuteToM KyoI'MY

(npotokou Ne 87 ot 24.03.2020).

s uutupoBanus: MenkonsH K.1., Bepeskun A.A., Cotanuenko A.C., Pycunosa T.B., Ko3wmaii SI.A., Acsku-
Ha A.C., Kapramesckas M.I., I'ypesuu K.I'., beikoB .M. Mopdonorunueckuii aHaan3 MECTHOI TKaHEBON peak-
[IMH Ha TOJIKOKHY0 HMINIAHTALMIO (PPArMEHTOB AllEJUTIONISIPHOTO JIEPMalIbHOTO MaTpHKca. Broaiemensb cubupckoll
meduyunsl. 2022;21(2):97-104. https://doi.org/10.20538/1682-0363-2022-2-97-104.

INTRODUCTION

In recent years, researchers have widely used de-
cellularized (acellular) materials to create tissue-engi-
neered scaffolds and culture cells on them [1]. There
are various methods of decellularization in regenera-
tive medicine [2]. It is possible to create tissue-specif-
ic scaffolds that most accurately mimic the physical
and chemical signals that are essential for cell adhe-
sion, proliferation, migration, differentiation, and res-
toration of function [3].

Some of the most promising advances in surgical
practice are acellular dermal matrices (ADMs) [4].
ADMs are gaining increasing popularity as surgical
materials for operations on the pelvic organs, in burn
therapy, and plastic surgery, including reconstructive
mammoplasty [5]. In plastic surgery, they are used
both in radical skin-sparing mastectomy and in sec-
ondary operations for breast deformities as materials
supporting the endoprosthesis [6]. ADMs can be in-
corporated into the patient’s connective tissues with
further ingrowth of vessels and nerves and, therefore,
function as these tissues [7]. The advantages of ADMs
include the possibility to avoid the use of tissue ex-
panders, reduction of postoperative pain, decrease in
operation time, optimization of regeneration process-
es, and a better aesthetic result [7, 8]. A particular ad-
vantage of ADM is the presence of collagen as one of
the main components of the dermis. Compared with
scaffolds based on other biological or synthetic poly-
mers, collagen scaffolds are optimal for cell growth
and adhesion both in vitro and in vivo, have good bio-
compatibility and low immunogenicity, and make it
possible to regulate biodegradation due to their ability
to form complexes with biologically active substanc-
es. The latter stimulates proliferation of fibroblasts
and formation of patient’s own tissues [6].

There are several ADM-based surgical materials
used in reconstructive surgery for soft tissue resto-
ration — AlloDerm, Strattice, DermaMatrix, Surgi-
Mend, Permacol, Veritas, and FlexHD. Some analogs
cannot be used in Russian surgical practice due to leg-

islation (AlloDerm, DermaMatrix, Dermalogen, Allo-
Derm, Cymetra), while materials from bovine colla-
gen can cause a severe allergic reaction.

The most promising are ADMs based on porcine
skin (Evolence, Strattice, Fibroquel, Permacol) that
significantly reduce the risk of allergic complications
in surgical practice [9]. The possibility of obtaining
porcine skin from secondary raw materials increases
the efficiency of the method for obtaining the mate-
rial. Nevertheless, these ADMs are extremely expen-
sive, which poses a challenge for modern regenerative
medicine to create a more economical analog. The
first stage in the creation of any ADM is assessment
of its biocompatibility [10]. It should not damage cells
or cause rejection, while its biomechanical proper-
ties should be comparable to those of native tissues.
Therefore, to assess the characteristics of the matrix,
it is necessary to compare early and long-term results
of heterotopic xenotransplantation of the developed
ADM and native porcine skin.

The aim of the study was to conduct a comparative
morphological analysis of the results of subcutaneous
implantation of the developed ADM and native por-
cine skin in rats.

MATERIALS AND METHODS

Samples of native skin of the Landrace pig with
a thickness of 0.7 mm were taken after preliminary
removal of the epithelial layer with a dermatome un-
der sterile conditions and frozen at —80 °C. To obtain
ADM, the skin was incubated for 6 hours (3 cycles,
2 hours each) at 37° C in a trypsin — Versene solu-
tion (Biolot, Russian Federation). Then, 2 treatment
cycles were carried out with 1% Triton X-100 (Sig-
maAldrich, USA) and 4% sodium deoxycholate solu-
tion (SigmaAldrich, USA) combined with 0.002 M
Na -EDTA for a total duration of 12 hours at room
temperature in the incubator shaker (170 rpm). Then
the samples were incubated in a solution of porcine
pancreatic DNase (SigmaAldrich, USA; 2,000 U in
200 ml of phosphate-buffered saline (PBS)) at 37°
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C for 4 hours. To ensure sterility of the samples, 1%
solution of gentamicin and amphotericin B was added.
The samples were washed with deionized water for
10 minutes between the cycles and at each change of
solution. For the quantitative determination of resid-
ual DNA in the matrix, a NanoDrop ND-1000 spec-
trophotometer (Thermo Fisher Scientific, USA) and
a DNeasy Blood and Tissue Kit (Qiagen, Sweden)
were used. To assess the quality of decellularization,
the samples of decellularized skin were stained with
hematoxylin — eosin (Histolab, Sweden) and DAPI
fluorophore (4’, 6-diamidino-2-phenylindole; Sigma
Aldrich, USA).

Subcutaneous implantation of the samples was per-
formed on male Wistar rats weighing 200-230 g and
aged 6 months (n = 32). The samples (3 x 3 mm) were
placed in a subcutaneous pocket on the withers. The
animals were divided into the control and the experi-
mental groups, each of which included 4 subgroups of
4 animals. The rats of the control group were implant-
ed with samples of native porcine skin, and those of
the experimental group — with ADM samples.

Biopsy material was taken for histologic and im-
munohistochemical analysis on day 7, 14, 21, and 60
after the subcutaneous implantation. The morpho-
logical analysis was performed on five independent
biopsy fragments of the samples, for each of them
nine sections were performed and analyzed. Tissue
staining with hematoxylin — eosin and Masson’s stain
(BioVitrum, Russian Federation) was performed ac-
cording to the standard protocol. Immunohistochemi-
cal study used heat-induced antigen retrieval, as well
as polyclonal antibodies to T-lymphocyte receptor —
CD3 (cat. Number ab11089, Abcam, UK) and to the
macrosialin of monocytes and macrophages — CD68,
(cat. Number ab955, Abcam, UK). All the samples be-
fore and after the implantation were examined using
the Olympus CX 41 microscope (Olympus, Japan) at

different magnifications. Computerized morphometry
was performed using the ImageJ software (National
Institution of Health, USA) and the IHC profiler. The
diameter of the blood vessels and collagen fibers was
assessed using the freehand selection tool. For quan-
titative analysis of the immunohistochemistry results,
we used color segmentation with highlighting of the
green channel, color binarization, and the particle an-
alyzer tool.

Statistical processing of the data was performed
using the MedCalc Statistical Software (Belgium).
The Shapiro — Wilk test was used to check the na-
ture of the distribution in the variational series. Since
the distribution was different from normal, the results
were presented as the median, as well as the first and
the third quartiles Me [Q,; Q,]. The significance of
differences was assessed using the Mann — Whitney
U-test. The differences were considered statistically
significant at p < 0.05.

RESULTS AND DISCUSSION

The spectrophotometry data showed that the quanti-
tative DNA content in the native porcine skin was 314.4
[300.7; 333.7] ng per 1 mg of tissue, and in ADM — 60.14
[55.34; 63.58] ng per 1 mg of tissue, which complied with
the criteria for tissue decellularization quality [11]. The
relatively low content of residual nucleic acids in ADM
indicated low immunogenic potential of the matrix.

ADM had specific milky-white color; the histologic
structure examination revealed no intact cells or nuclear
fluorescence after DAPI staining (Fig. 1).

On day 7 after the implantation, pronounced ster-
ile inflammation was registered in the animals of the
experimental group. The immunohistochemical anal-
ysis and computerized morphometry detected 12.70
[12.19; 13.09] macrophages and 1.87 [1.56; 2.04]
lymphocytes per 1 mm? of the section and an insignif-
icant number of neutrophils in the cell infiltrate. Intact

Fig. 1. Stages of skin decellularization and histologic analysis of the resulting ADM: a — appearance of the native porcine skin, b —
appearance of ADM, ¢ — hematoxylin — eosin staining, no cell nuclei after decellularization; x20

100 BionneteHb cMbUpcko meanumHbl, 2022; 21 (2): 97-104



Original articles

collagen fibers of the implanted structure with thick-
ness of 12.88 [11.87; 13.60] um were clearly visible
when stained with the Masson’s trichrome stain. In the
meantime, in the samples of the control group, pro-
nounced sterile inflammation with an admixture of eo-
sinophils in the inflammatory infiltrate and congestion
of skin vessels and muscular arteries were identified.
Infiltration of the implant with blood and inflamma-

tory cells was noted — 9.03 [8.94; 9.16] macrophages
and 1.91 [1.84; 1.99] lymphocytes per 1 mm? of the
section (Fig. 2) were revealed after staining with the
Masson’s trichome. It was noted that the number of
lymphocytes in the experimental group did not differ
from that of the control group (p = 0.062), and the
number of macrophages was significantly greater
(p = 0.043) (Fig. 3).

Fig. 2. Histologic evaluation of ADM and native porcine skin specimens after subcutaneous implantation in the experimental
animals on day 7: « — ADM, hematoxylin — eosin, b — native porcine skin, hematoxylin — eosin, ¢ — ADM, Masson’s trichrome, d —
native porcine skin, Masson’s trichrome; x20
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Fig. 3. Immunophenotyping of the inflammatory infiltrate at different periods of the experiment: ¢ — changes in the content of

T-lymphocytes (on the left), b — changes in the content of macrophages (on the right), Me [Q; Q,]. * — the significance of the

differences between the control and experimental groups, p < 0.05; # — the significance of the differences for the values in the control

group for different periods, p < 0.05; * — the significance of the differences for the values in the experimental group for different
periods, p <0.05

Bulletin of Siberian Medicine. 2022; 21 (2): 97-104 101



Melkonyan K.I., Verevkin A.A., Sotnichenko A.S. et al.

Morphological analysis of a local tissue response to subcutaneously

On day 14, the formation of a thin connective tis-
sue capsule around the implanted structure was noted
in the experimental group. The thickness of the cap-
sule was 18.17[14.73; 20.32] um, single macrophages
(3.50 [3.44; 3.54] CD68" cells per 1 mm? of the sec-
tion according to the computerized morphometry find-
ings) were observed in the capsule walls. There was
a thin layer of granulation tissue outside the capsule.
Weakly pronounced vascular congestion was noted
at the site of the implantation; the average diameter
of the vessels was 30.97 [29.71; 31.82] um. No evi-
dence of degradation of ADM collagen fibers and no
evidence of ADM infiltration by inflammatory cells
were identified. We observed inflammation around the
foreign body with predominance of a relatively large
number of macrophages (11.13 [9.79; 13.11] CD68*
cells according to the computerized morphometry
data) in the samples of native porcine skin compared

On day 21 after the ADM implantation, the thick-
ness of the capsule around the implant was 10.02
[9.95; 10.10] um, and a small number of inflammatory
cells was observed — 2.73 [2.54; 2.89] CD68" macro-
phages and 1.90 [1.76; 1.99] CD3* lymphocytes per
1 mm? of the section, which was significantly lower
than in the control group (p = 0.012 and p = 0.009,
respectively). The average capillary diameter was
26.61 [19.48; 31.52] um; no congested vessels were
observed. The collagen fibers of the encapsulated
ADM were completely preserved and had the diam-

with the same parameter in the experimental group on
day 14 (p = 0.007) and in the control group on day 7
(»=0.033). Around the implant, a denser, thick-walled
capsule with the average thickness of 165.2 [152.90;
188.80] um, compared with the experimental group
(» =0.003), was formed.

The collagen fibers of the implant were fragmented,
edematous, infiltrated with blood with an admixture of
neutrophils and macrophages, and characterized by a
pronounced oxyphilic reaction of the medium. A large
number of thin congested vessels were found in imme-
diate proximity to the capsule (the average diameter was
20.81 [19.41; 21.61] um) (Fig. 4). There was a greater
number of CD3-positive cells in both groups relative to
the previous period of sample explantation — 3.66 [3.42;
4.01] cells per 1 mm? of the section for the experimental
group (p =0.039) and 7.14 [6.87; 7.93] cells per | mm?
of the section for the control group (p = 0.041).

Fig. 4. Histologic evaluation of ADM and native
porcine skin specimens after subcutaneous
implantation in the experimental animals on
day 14: a — ADM, hematoxylin — eosin, b —
. native porcine skin, hematoxylin — eosin, ¢ —
* ADM, Masson’s trichrome, d — native porcine
skin, Masson’s trichrome; x20

eter of 11.67 [10.02; 14.50] pm. There was no accu-
mulation of leukocytes in the ADM or its infiltration
with blood. At the same time, the formation of a dense
connective tissue capsule with the thickness of 66.53
[61.24; 7.59] um was observed in the animals of the
control group. Numerous small clusters of T-lympho-
cytes, CD68-positive macrophages (the content was
14.37 [12.33; 15.65] cells per 1 mm? of the section),
and foreign body cells were detected. Moreover,
along with pronounced encapsulation, the presence of
congested vessels with the diameter of 23.80 [19.24;
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27.76] pm was noted inside the sample, which indicat-
ed active sample biodegradation. The collagen fibers
were swollen and partially destroyed — their thickness
ranged from 5 to 37 um. Macrophages and T-lym-
phocytes were present in the thickness of the implant,
which also confirmed immune rejection.

On day 60 after the subcutaneous implantation, the
ADM was surrounded by the connective tissue cap-
sule (its thickness was 13.83 [12.03; 15.54] pm), and
inflammation was completely absent. Immunohisto-
chemistry did not show the presence of macrophages
and T-lymphocytes at the implantation site. Atrophy
of surrounding tissues was absent; focal reactive lipo-
matosis was noted. The collagen fibers of the implant

Therefore, the results of immunophenotyping of
the inflammatory infiltrate around and directly inside
the implant at different periods of the experiment sug-
gested that the ADM had minimal immunogenicity
compared with the native porcine skin. A relatively
weak inflammatory response and a thin connective tis-
sue capsule around the implanted fragment, noted at
later stages of the experiment, confirmed low antigen-
ic properties of the ADM. Collagen fibers, which are
the main component of the extracellular matrix that
determine its mechanical properties, remained prac-
tically intact throughout the entire experiment. In the
meantime, the implanted native porcine skin under-
went significant biodegradation due to a pronounced

with the diameter of 15.06 [12.45; 15.99] um were
completely preserved, biodegradation was minimal.
In the control group, significant implant degradation
due to its lysis by macrophages and persistent peri-
focal inflammation were observed. A quantitative as-
sessment showed the presence of 15.79 [14.50; 17.67]
T-lymphocytes and 18.86 [16.09; 20.22] macrophages
per 1 mm? of the section, which was significantly
higher than the previous control value (p = 0.008 and
p = 0.048, respectively). A multilayer capsule with
the thickness of 107.20 [91.32; 117.50] um formed
around the fragment of the native porcine skin, the
vessels surrounding it were congested and had the di-
ameter of 28.50 [26.32; 31.45] um (Fig. 5).

Fig. 5. Histologic evaluation of ADM
and native porcine dermis specimens
after subcutaneous implantation in the
experimental animals on day 60: a —
ADM, hematoxylin — eosin, b — native
porcine skin, hematoxylin — eosin, ¢ —
ADM, Masson’s trichrome, d — native
porcine skin, Masson’s trichrome; x20

inflammatory response, which was confirmed by the
fragmentation of collagen fibers, the presence of con-
gested capillaries, and a dense connective tissue cap-
sule surrounding the implanted fragment.

CONCLUSION

The study showed that the developed ADM was
characterized by low immunogenicity and a low de-
gree of biodegradation. It allows to test the protocol
of its development and use this construct as a starting
point for further research on the biological and bio-
mechanical properties of ADM to create valuable sur-
gical material that is safe for application in clinical
practice.
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