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ARTICLE INFO ABSTRACT

Keywords: This study examined the effects of liquid nitrogen vapor on osteogenesis in the rabbit femur. Cryotweezers made
NiTi of porous nickel titanium alloy (nitinol or NiTi) obtained by self-propagating high temperature synthesis were
Cryotherapy used in this experiment. The porous structure of the cryotweezers allows them to hold up to 10 g of liquid ni-
Eg;fpggzztg:: trogen after being immersed for 2 min, which completely evaporates after 160 s. To study the effects of liquid
Cryotweezers nitrogen evaporation on osteogenesis, a rabbit femur was perforated. The formed holes were subjected to

cryotherapy with varying exposure times. It was found that a 3 s exposure time stimulates osteogenesis, which
was manifested in a greater number of osteoblasts in the regenerate compared to the control sample without
liquid nitrogen. It was observed that increasing the exposure to 6, 9 or 12 s had a destructive effect, to varying
degrees. The most severe damage was exerted by a 12 s exposure, which resulted in the formation of osteo-
necrosis areas. In the samples exposed to 6 and 9 s of cryotherapy, destruction of the cytoplasm of osteocytes and

osteoclasts was observed.

1. Introduction

Due to technological development, minimally invasive surgeries
have become an alternative to classical surgical procedures solving a
number of medical problems. For example, cryodestruction or cryoa-
blation is one of the approaches used in cryosurgery to remove skin
tumors and to treat heart arrhythmias by exposing tissues to extremely
low temperatures [2,14]. While metals and alloys are classic materials
for cryoinstruments, there are reports of cryoapplicators made from
sapphire single crystals [22]. There are multiple papers that demon-
strate the successful treatment of various diseases using refrigerants in
cryosurgery [2,6,14,22]. For example, in Ref. [6], a cryosurgical oper-
ation was performed to remove osteosarcoma in a child’s knee, followed
by reconstruction with a vascularized peroneal graft. The authors of the
study reported the absence of complications after surgery and the
attainment of good functional properties. Removal of warts using cry-
odestruction is another fairly common type of minimally invasive sur-
gery [2]. Cryodestruction has also been used for the treatment of
malignant and benign tumors of the liver [4,8], prostate [20,24], kidney

[3,23], breast [7,21], skin [13,27], and bones [6].

NiTi alloys are a popular choice for making cryosurgical instruments,
largely due to their high biocompatibility and corrosion resistance [11,
15,16,26]. The physical and mechanical properties of NiTi make it a
promising material in medical applications. Cooling NiTi to liquid ni-
trogen temperature does not lead to its embrittlement unlike ceramic or
polymer materials. Another feature of NiTi is that it does not stick to the
affected tissues during the procedure, so there is no need to heat the
instrument to safely detach it from the tissue. The operating principle of
a porous NiTi cryoapplicator is based on the capillary effect, which has
been studied in detail in many papers, especially using cryogenic liquids
[5,30,32,33]. The essence of this phenomenon is that when a liquid is
absorbed into a porous structure, it is retained due to capillary forces. It
was experimentally established that the optimal pore size is 90-120 pm
[33]. Liquid nitrogen is retained inside the NiTi cryoapplicator and
gradually evaporates, producing vapor used in cryotherapy, which is
confirmed by testing procedures [10]. Thus, cryotherapy occurs due to
the impact of liquid nitrogen steam absorbed in porous structure of NiTi
cryotweezers and touching tissue with metal cooled to ~196 °C, which
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leads to instant heat dissipation from the tissue surface [10].

Why did we choose nitinol made by self-propagating high tempera-
ture synthesis (SHS) as a material for cryotweezers? The choice of the
material for cryotweezers was made for a number of reasons. First, the
SHS technology is quite simple and does not require anything other than
powder and inert gas to create an ingot, from which the active element
for cryotweezers is cut out. Second, it is known that the material can
corrode upon contact with body tissues. NiTi undergoes passivation,
which has a positive effect on its corrosion resistance [18]. Third, NiTi
does not stick to tissues and mucous membranes at cryogenic tempera-
tures. This is ensured by a corrosion-resistant, refractory oxynitride
layer, which is formed on the surface of the porous alloy during SHS [12,
31]. Therefore, the use of nitinol obtained by SHS as an active element in
cryotweezers is quite promising. The features described above distin-
guish cryotweezers made of nitinol from those made by Brymill Cryo-
genic Systems, for example. The handles of the Brymill Cryogenic
Systems cryotweezers are made of stainless steel, the tips are made of
brass, and the entire tweezers are Teflon-coated [1].

Cold exposure has been shown to have an effect on osteoarticular
tissue, including potentiating the development of cartilage tissue and
osteohistogenesis processes. Cryoregenerative treatment has been the
subject of many research papers focusing on pathologies such as skeletal
bone fractures, osteoporosis of the knee joints, osteochondrosis of the
spine, etc. [9,17,29]. The purpose of this work is to enhance osteo-
genesis in rabbit bones through cryotherapy using porous NiTi
cryotweezers.

2. Materials and methods

The SHS method makes it possible to obtain NiTi with 30-70 %
porosity by controlling the synthesis process parameters. Titanium
PTOM-2 and nickel PNK OT-4 powders were used for the production of
cryoinstruments. SHS was carried out in the layer-by-layer combustion
mode in a flow reactor with an atmosphere containing both argon and
nitrogen. The mixture consisted of 44.9 wt% Ti and 55.1 wt% Ni pow-
ders to obtain a mixture of 50 at.% Ti and 50 at.% Ni. This mixture was
poured into a quartz tube and placed in a reactor. The sample was heated
to 350-380 °C before ignition. The gases were fed into the reactor at
0.01-0.05 MPa pressure. The samples were ignited with a hot molyb-
denum electric coil. The output was NiTi cylinders with 60-70 %
porosity. Active elements for cryotweezers were made from porous SHS-
NiTi, shown in Fig. 1. These active elements were cut out from a porous
ingot by electrical discharge machining.

The surface structure of porous NiTi was studied using scanning
electron microscopy (SEM, Thermo Fisher Scientific, USA, Axia Chem-
iSEM), in the secondary electron detection mode. The measurements
were conducted using 10-20 kV accelerating voltage, 100 mA beam
current, 10 Pa vacuum, and 4.5-6 pm spot size.

The research study investigated the effects of liquid nitrogen evap-
oration on osteogenesis using three rabbits of the “chinchilla” breed. The
rabbits used in the study were of both sexes and were at least 6 months
old and their weights ranged from 2.7 to 3.5 kg after a 15-day quarantine
period before the start of the experiment. Three other rabbits of the
“chinchilla” breed were also used as control group. Their bones were not
treated by liquid nitrogen. Samples of the resulting regenerate were
stained with hematoxylin-eosin. The study was performed using an Axio
Lab Al optical microscope (Carl Zeiss, Germany, Oberkochen) and
MIRAX MIDI scanner (Carl Zeiss, Germany, Oberkochen). Ultrathin
sections were prepared according to Weekley’s method [25] with a
thickness of 60-100 nm using an Ultrotome III (LKB, Sweden, Stock-
holm). Staining was carried out with uranyl acetate and lead citrate
without spraying. The samples were investigated using a JEM-100 CXII
electron microscope (JEOL, Japan, Akishima, Tokyo) with 25-30 pm
spot size operated at 80 kV.

Fig. 2 shows the full surgery process. The surgery was performed
under general anesthesia by intramuscular administration of the
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Fig. 1. (a) General view of the cryotweezer; (b) Active element made from
porous SHS-NiTi.

Zoletil® 100 drug at a dosage of 15 mg/kg, with preliminary premed-
ication with 0.1 % atropine sulfate solution at a dosage of 0.1 ml sub-
cutaneously. The surgical field was shaved under general anesthesia as
shown in Fig. 2(a) and a direct incision up to 9 cm long was made in the
animal’s skin. This incision was made in the projection of the left femur.
The thigh muscles were exfoliated in Fig. 2(b). After injecting the
muscles in the surgical wound area with 5 ml 0.5 % Novocain solution,
access to the femur was made along the diaphysis. Four 3 mm diameter
holes were made with an electric drill along the femoral shaft 1 cm apart
from the proximal to the distal parts of the bone in Fig. 2(c) and (d).
Cryotherapy was carried out with a special applicator made of porous
NiTi cryotweezers in Fig. 1. The cryotweezers were immersed in liquid
nitrogen for 30 s and then were placed in each hole from the proximal
edge. Different exposure times were applied to each hole: the first hole —
3 s, the second hole — 6 s, the third — 9 s, and the fourth hole — 12 s in
Fig. 2(e). This protocol was followed to investigate the influence of
exposure time of the refrigerant on the cryodestruction process within
the bone tissue. The wound closure was performed in layers and the skin
in the postoperative suture area was treated with an antiseptic in Fig. 2
(f). The antibiotic Cefazolin was introduced intramuscularly. The animal
smoothly emerged from anesthesia, and was provided with water and
standard postoperative animal care.

The studies were carried out according to the requirements of the
Declaration of Helsinki for the Treatment of Animals [28] and in strict
accordance with the International Ethical and Scientific Standards for
the Quality of Planning and Conducting Animal Research [19]. The
experiments were performed in compliance with the order of the Min-
istry of Health of the USSR No. 176 dated August 12, 1977. The Ethics
Committee of the Siberian State Medical University approved the
research work presented in this paper based on the protocol titled
“Surgical treatment of dysplastic diseases using cryotechnologies and
titanium nickelide implants” (experimental part) and found it to be
compliant with ethical standards and regulatory rules (registration
4669/1, dated March 21, 2016). The experimental studies were con-
ducted in the laboratory of biological models of the Siberian State
Medical University.
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Fig. 2. Surgery for introducing refrigerant into the femur; (a) Initial surgical wound; (b) Surgical wound after access to the femur; (c), (d) Making burr holes in the
femur; (e) Cryotreatment of burr holes in the diaphysis of the femur; (f) Postoperative suture of the right thigh area.

3. Results and discussion

Fig. 3 shows SEM images of porous SHS NiTi with ~60 % porosity.
Randomly oriented bridges ranging from 50 pm to 200 pm in size are
visible on the section plane in Fig. 3(a). A high level of porosity is a
feature of this material, which allows it to be used as a container for
refrigerant. The fracture surface cross-section demonstrates the presence
of a thin layer on the bridges in Fig. 3(b). This layer contains titanium
oxycarbonitrides formed during synthesis. The layer thickness is about
1.3 pm, and it provides a good level of corrosion protection. While this
slightly affects the shape memory and superelasticity of the alloy, these
properties are not relevant for cryotweezers because they are not me-
chanically deformed during the procedure. The pore distribution his-
togram shows that the vast majority of pores are smaller than 200 pm,

confirmed by the SEM images in Fig. 3. The presence of individual
bridges larger than 500 pm is also worth noting.

To obtain time-dependent coolant supply, a simple weighing exper-
iment was conducted three times. The weight of cryotweezers without
coolant is 109.3 g. Using an electronic scale, it was determined that after
immersing the cryotweezers in liquid nitrogen for 2 min, their weight
increased by 9-10 g as shown in Fig. 4. For every 3 s of liquid nitrogen
evaporation, the weight decreased by 0.3 g. After 12 s, approximately 1
g of coolant was released. After 1 min, half of the absorbed liquid ni-
trogen had evaporated. At 2 min and 40 s, all liquid nitrogen had
evaporated from the cryotweezers as its weight decreased to the original
109.3-109.5 g.

After a ten-day rehabilitation period, another surgical procedure was
performed on the animals to collect organic material for
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Fig. 3. SEM images of SHS-NiTi with ~60 % porosity: (a) Polished surface; (b) Fracture surface; (c) Histogram of the pore size distribution.

histomorphological studies to establish the influence of cryotherapy on
osteogenesis. The animal’s condition was normal during the post-
operative period in Fig. 5(a). The surgical intervention proceeded
smoothly and the animal’s condition corresponds to the severity of the
surgery. The wound healed by secondary intention. On the 10th day
post-surgery, the formed scar was excised intraoperatively under anes-
thesia. After excising the scar tissue, access to the femur was achieved
and a revision of the bone diaphysis was performed as shown in Fig. 5
(b). Upon visual examination, the burr holes with 3 s, 6 s, and 9 s coolant
exposure showed less pronounced destructive changes. In contrast, the
area of the burr hole with a 12 s exposure showed pronounced gray-
brown densely elastic whitish layers. These layers resemble necrosis.
The samples for histology and SEM were obtained using an Optimum
scalpel and a Volkmann micro-spoon from each of four burr holes in
Fig. 5(c).

In addition to the collection of the cryoregenerate, the regenerate
was taken from the hole without cryotherapy (control group) in Fig. 6. A
histomorphological study of the regenerate from the control group
revealed the usual formation of primary callus through the development
of cartilage and connective tissue. A similar microscopic examination

demonstrated typical processes of osteohistogenesis because the single
chondrocytes (black arrows in Fig. 6(b)) were observed in the sample.

Optical microscopy of the cryoregenerate with a 3 s coolant exposure
demonstrates very active calcification of the regenerate. Primary callus
consists of fibrous and reticulofibrous tissue. The regenerate is repre-
sented by chains of osteoblasts. There are no signs of destruction in
Fig. 7.

The results of optical microscopy of cryoregenerates with a 6 s and 9
s exposure time are presented in Fig. 8. Optical microscopy of tissue with
a 6 s exposure to a coolant revealed the presence of single osteoblasts,
callus formation, development of cartilaginous tissue, and predomi-
nance of connective tissue as shown in Fig. 8(a). The optical image of the
tissue sample exposed to the coolant for 9 s mainly shows connective
tissue in Fig. 8(b). It can be concluded, based on the analysis of the
histiocytic reaction in the 6 s and 9 s regenerates that cryodestruction
was quite active, as there are no osteoblasts and a low content of
cartilage tissue.

Optical microscopy results of tissue with a 12 s coolant exposure are
shown in Fig. 9(a). Optical microscopy of the tissue sample exposed to
the coolant for 12 s reveals abundant connective tissue development, as
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Fig. 4. Time-dependent coolant supply after immersing in liquid nitrogen for 2
min. The weight of cryotweezers without liquid nitrogen is 109.3 g. The
experiment was repeated three times.

evidenced by the absence of blood vessels. The histomorphological
picture resembles the development of connective tissue after cryonec-
rosis. A tissue sample exposed for 12 s showed moderate fibroblast
proliferation and moderate lymphoid infiltration in Fig. 9(b).

Cryobiology 115 (2024) 104894

The images of 5-7 pm thick sections obtained by optical microscopy
are presented in Fig. 10. In a tissue sample that was not subjected to
cryotherapy, a pronounced proliferation of osteoblasts is observed in
Fig. 10(a). Extensive areas are observed in which a large number of
osteoblasts are present, distributed uniformly. The sample subjected to
cryotherapy with a 3 s exposure shows a significantly higher number of
osteoblasts compared to the control group in Fig. 10(b). Osteoblasts are
distributed uniformly, and there are no areas in which osteoblasts aren’t
observed. It can be concluded that exposure of coolant for 3 s had a
positive effect on osteogenesis, accelerating it. Osteoblast proliferation
for 6 s and 9 s exposure samples was observed in Fig. 10(c and d), but to
a much lesser degree compared to the control group or sample witha 3 s
exposure. Therefore, it can be assumed that cryotherapy with 6 and 9 s
exposure slows down osteogenesis, and probably has a destructive effect
on the structure of osteoblasts.

In order to study the degree of destruction, SEM images of the re-
generates were obtained. A typical picture of osteocyte, formed during
osteoregeneration without cryotherapy is shown in Fig. 11(a). The SEM
images of a sample with 3 s exposure reveal a large number of osteo-
blasts, the cytoplasm of which is rich in cisterns of the endoplasmic
reticulum and mitochondria, which may indicate active synthetic ac-
tivity and remodeling of the bone matrix. The cells are surrounded by a
large number of collagen fibers and a relatively homogeneous intercel-
lular matrix. An osteoblast is pointed to with a white arrow in Fig. 11(b).
The cytoplasm of the osteocytes was destructed in the regenerate with 6
s exposure in Fig. 11(c). The destructed cytoplasm is characterized by
changes in the mitochondrial cristae, the appearance of a significant
number of vacuoles in the cytoplasm, and a significant expansion of the

Fig. 5. Obtaining material for histomorphological studies: (a) Postoperative scar of the right thigh on the 10th day after surgery; (b) Destructive deposits in the area
of the hole with a 9 s coolant exposure; (c¢) Tissue sampling from the burr holes of the femur on the 10th day after cryotherapy.
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Fig. 6. Structural changes in the tissue of an animal in the control group: (a) Formation of cartilage and connective tissue and (b) Single chondrocytes. Here, the
black arrows point to single chondrocytes.

endoplasmic reticulum cisterns. The surrounding matrix is heteroge-
neous. Collagen fibers are characterized by disorientation. The regen-
erate with a 9 s exposure revealed that osteoclasts are characterized by
hyperchromic cytoplasm, which is filled with vacuoles and inclusions of
various sizes as shown in Fig. 11(d). This indicates significant damage
and bone resorption. The intercellular substance is heterogeneous.
Collagen fibers experienced destruction phenomena. Comparing the
structure of the osteocyte that arose during the natural regeneration of
the control group with the osteocytes of the samples with 6 and 9 s
exposure, their pronounced destruction is observed. The 3 s cry-
oexposure not only had a positive effect on the proliferation of osteo-
blasts in Fig. 10(b), but also didn’t have any destructive effects on
cellular organelles in Fig. 11(b).

Marginal condensation of chromatin is observed in osteocytes at the
microscopic level. The cytoplasm of cells is hyperchromic and contains a
large number of vacuoles and dilated endoplasmic reticulum cisternae.
The mitochondrial apparatus is poor and subject to destructive changes.
The intercellular substance is characterized by the disorientation of

Fig. 8. Optical images of thinned tissue sections exposed to coolant for: (a) 6 s and (b) 9 s.

6
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1 mm

Fig. 10. The images obtained by optical microscopy of the samples: (a) Without cryo-influence; (b) After 3 s of cryotherapy; (c) After 6 s of cryotherapy; (d) After 9 s
of cryotherapy.

Fig. 11. SEM images of the regenerates from the holes: (a) Without cryo-influence. Osteocyte (white arrow); (b) After 3 s of cryotherapy. Osteoblast (white arrow);
(c) After 6 s of cryotherapy. Osteocyte (white arrow); (d) After 9 s of cryotherapy. Osteocyte (white arrow) with vacuolated cytoplasm.
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Fig. 12. SEM images of: (a) 12 s cryotherapy osteonecrosis zone. Osteoblasts (white arrows) with hyperchromic cytoplasm and violation of the orientation of
collagen fibers in the intercellular space; (b) Osteonecrosis zone (black arrow) with cryotherapy.

collagen fibers and inhomogeneous matrix density in Fig. 12(a). An
osteocyte with hyperchromic vacuolated cytoplasm is observed in
Fig. 12(b). There is a significant violation of the architectonics of
collagen fibers in the intercellular substance.

Electron microscopy of ultrathin sections also demonstrates the
destruction processes manifested by the hyperchromia of the osteoblast
cytoplasm, the expansion of the cisterns of the endoplasmic reticulum,
and the disruption of the architectonics of collagen fibers and the con-
centration of intercellular components. An optical microscopy
morphological study was carried out using histological preparations
stained with hematoxylin and eosin 10 days after experiments. The
macroscopic study revealed more pronounced destructive changes in the
cut holes with coolant treatment for 12 s compared to exposures of 6 s
and 9 s. In contrast to the 12 s exposure group, the cut holes subjected to
6 s and 9 s coolant exposure did not exhibit distinct development of
connective tissue. Thus, the pronounced cryonecrosis after a 12 s
refrigerant exposure exhibited qualitative differences compared with
other modes, therefore, additional morphometric quantitative assess-
ments were not required. The most preferable cryotherapy mode is with
a 3 s exposure because the cryoregenerate demonstrated active calcifi-
cation represented by chains of osteoblasts compared with the control
group, where typical processes of osteohistogenesis were observed.

The conclusion that a 3 s exposure is optimal is made only for this
study. A shorter cryotherapy of 1 or 2 s may either have an equally
positive effect on osteogenesis. In addition, since in this study a rabbit
femur with a thickness of 7-9 mm was subjected to cryotherapy, for
thinner bones a 3 s exposure can lead to their destruction. Therefore, it is
necessary to take into account the properties of bones before
cryotherapy.

4. Conclusions

The NiTi alloy produced through the SHS method offers a novel
approach to the manufacture and use of cryoinstruments due to its high
heat capacity and ductility, which provide rapid local cooling and its
ability to prevent sticking to moist mucous tissues. The developed
porous structure of the cryoinstrument consists of small and large pores
allowing the refrigerant (liquid nitrogen) to be retained inside the tool
providing cryotherapy due to the impact of liquid nitrogen vapor as it
evaporates and cool metal coming into contact with the tissue surface.
This leads to instant heat dissipation from the tissue surface. An in vivo
study conducted with rabbit bones showed that the optimal exposure
time of cryotherapy is 3 s because active calcification occurs. Increasing
exposure time leads to the destruction of bone tissue. The most
destructive signs, such as the formation of osteonecrosis areas were
observed in the regenerate after a 12 s exposure. At the same time, it was
observed that a 6 s and 9 s exposure resulted in the destruction of the
cytoplasm of osteocytes and osteoclasts, respectively. These results have
potential implications for the therapy of various bone diseases, such as
osteogenesis imperfecta.
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