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Abstract. Typical probes that are used for cryosurgical applications are 
manufactured from metals, since such materials as copper and brass feature 
high thermal conductivity at low temperatures and enable rapid growth of an 
ice ball in living tissues. Due to a favorable combination of properties, sapphire 
could be also widely used for tissue cryoablation. In this paper, a sapphire probe 
is experimentally compared with metal ones. Using a gel-based biotissue 
phantom, an ice ball volume and phantom temperatures in control points are 
analyzed for the considered probe materials aimed at revealing the advantages 
of using sapphire for cryosurgery. Next, the impact of probe-tissue contact on 
the sample and probe surface is studied. The experimental results and 
qualitative comparison of the considered cryoprobes demonstrate the abilities 
of the sapphire one for faster tissue freezing, reaching lower temperatures and 
featuring less damage of its contact surface and adjacent tissues, justifying a 
potential of sapphire as a material for tissue cryosurgery. © 2022 Journal of 
Biomedical Photonics & Engineering. 
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1 Introduction 
Cryoablation is the procedure of tissue damaging by their 
freezing [1, 2]. The main mechanisms of the cell death 
underlying the cryoablation are the appearance of 
intracellular and extracellular ice crystals in tissue, 
osmotic injury, hypoxia, and cell apoptosis [3, 4]. 
Cryoablation as a method of medical treatment is often 
used for abnormal tissues, in particular, malignant, and is 
considered as an alternative approach to conventional 
surgical resection in some cases, since it is relatively 
minimally invasive, well-tolerated and less painful. 

For the first time, tissue freezing was performed more 
than 150 years ago by James Arnott [5]. And since the 
introduction of the first system for cryosurgery [6], the 
instrumentation and technique for tissue cryoablation 
were improved significantly. The development of 
technology and navigation methods resulted in the fact 
that cryosurgical approaches today are applied in 

oncology, dermatology, urology and other fields for 
treatment of such diseases as renal [7, 8], hepatic [9], 
endometrial [4], lung [10], prostate [11], breast 
cancer [12–14], skin melanoma [15], as well as chronic 
rhinitis [16], and oral lesion [17].  

Despite the variety of nosologies and localizations of 
tissue lesions that can be treated by cryoablation, it is 
possible to distinguish percutaneous and superficial 
applications. Percutaneous cryoablation implies thin 
needle-like probes, which are often based on Joule-
Thomson effect and flow of high-pressure gas, for 
example, argon [12, 18–22]. Such probes can be even 
combined with an endoscope, since it is possible to make 
them flexible and thermally insulated, except for metal 
tips that are in the direct contact with tissues [23]. 
However, Ar-based cryoprobes require special safety 
procedures. In contrast, for superficial cryoablation, 
probes of different size and shape are applied. In addition 
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to Joule-Thomson effect, these probes of submersible and 
flowing types can be cooled down by the contact with 
circulating or stored coolant, for instance, liquid 
nitrogen [14, 24–26], which is less complicated than 
operation with high-pressure gas. 

Both superficial and percutaneous cryoprobes should 
meet a number of requirements: 

- biocompatibility and chemical inertness of the tip; 

- provide the tissue cooling rate that ensures the 
ablation; 

- enable rapid cooling down; 

- admit one or several techniques of monitoring of the 
freezing process to prevent damaging of the adjacent 
healthy tissues and complete freezing of the tissue 
lesion. 
According to them, commercially available probes 

and/or their tips are made of various metals, most 
commonly of stainless steel, aluminum, copper, or 
brass [27–29]. These materials ensure ablation of tissues 
and allow manufacturing of complex shape and various 
dimensions of the probes. However, such probes and tips 
are often disposable, since they do not withstand strong 
sterilization methods. Despite conventional imaging 
techniques for control of the tissue ice ball formation, 
such as ultrasound imaging (US) and computed 
tomography (CT), can be realized with these instruments, 
only a few types of probes can be combined with 
magnetic resonance imaging (MRI). 

Besides metal materials, sapphire also meets the 
requirements for efficient cryoablation [30]. It combines 

high thermal conductivity at low temperature, chemical 
inertness and resistance, biocompatibility and high 
hardness [31]. The latter makes it difficult to manufacture 
sapphire cryoprobes with complex shape. However, 
application of the Stepanov concept for crystal growth, in 
particular, the edge-defined film-fed growth (EFG) and 
non-capillary shaping (NCS) techniques [32–35], makes 
it possible to obtain sapphire crystals of various form, 
size, shape, and reduces the need of mechanical 
processing to the minimal level. Such growth methods 
equipped with the automated system of crystal weight 
control [36] provide maintaining of the desired form and 
ensure high quality of the growing crystal. The 
mentioned properties and growth techniques pave the 
way for considering sapphire as a material for tissue 
cryoablation. 

In this paper, we qualitatively compare the 
capabilities of typical metal cryoprobes with the sapphire 
one grown by the EFG technique, making them of the 
same size and shape. The manufactured copper, brass, 
and sapphire probes of the submersible type were equally 
cooled down by the same method using liquid nitrogen 
as the coolant. We analyzed the dynamics and 
dimensions of the ice ball formation in the ultrasonic gel 
phantom, measuring the temperature of the probe 
surface, as well as at two depths inside the phantom, and 
visualizing the ice ball shape using digital camera. Then 
we qualitatively compared the condition of the probe 
surfaces after a routine application and the effect of tissue 
sticking to the probe using ex vivo tissue samples. 

 

 

Fig. 1 Measurement of the ice ball formation. (a) Schematic of the experimental setup, where RTD stands for a resistance 
temperature detector. (b) Positions of the RTDs fixed inside the ultrasonic gel volume. (c) Photo of the experimental 
setup. 
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Fig. 2 Schematic of the sapphire shaped crystal growth (a) by the EFG technique, (b) by the NCS technique. 
(c), (d) Representative examples of sapphire cryoprobes of different shape. 

According to the obtained results, the sapphire probe 
ensures faster cooling down to the desired temperature. 
Thus, produced ice ball possesses larger volume, while 
the freezing dynamics is also higher for the sapphire than 
for the metal probes, completely satisfying the required 
freezing rate. Due to lower temperature of the sapphire 
probe contact surface, no tissue-sticking effect was 
noticed. Finally, the microscopic images of the sapphire 
probe show less damage after application, in contrast to 
the metal ones highlighting the advantage of being 
reusable. 

The experimental results confirm the possibility of 
using sapphire for cryosurgery and treatment, since its 
capabilities for cryoablation surpass those of metal. 
Although we consider submersible types of metal and 
sapphire probes, the same properties are expected for 
other types. Application of EFG and NCS growth 
techniques allows for making such probes of desirable 
shape and size. The results of this study pave the way of 
implementing sapphire for modern cryosurgical 
procedures. 

2 Materials and Methods 

2.1 Ice Ball Formation Using Gel-Based 
Biotissue Phantoms 

The capabilities of the metal and sapphire cryoprobes to 
form ice balls were studied during an experiment. For the 
visualization of the ice balls, the “Mediagel” ultrasonic 
gel (manufactured by Geltek-Medica, Moscow, Russia) 
was used as a biotissue phantom. It had thermal 
properties similar to biotissues [37, 38]. The 
90×90×90 mm gel-based biotissue phantom was heated 
to 37 °C. It was placed in the water-based thermostat 
(Termex, Tomsk, Russia, ±0.1 °C) to maintain the stable 
temperature near the borders (see schematic and a photo 
in Fig. 1). The ambient temperature was 24 °C. 

The cryoprobe was cooled and then touched the 
phantom surface. The process of the ice ball formation 

was recorded by a camera in order to estimate the ice ball 
dimensions. The measurement errors were no more than 
1 mm. The temperature measurements were performed 
by the three resistance temperature detectors (class A, 
Heraeus Sensor Technology, Hanau, Germany). The 
temperature detectors were calibrated using a set of the 
measuring equipment of the third category: a platinum 
resistance reference thermometer (PTSV-2/3/65, 
ELEMER, Ltd., Zelenograd, Russia) and a digital 
reference thermometer (TCE 005, ELEMER, Ltd., 
Zelenograd, Russia) in accordance with the State 
Verification Scheme (GOST 8.558-2009). For this aim, 
the method of direct comparison was used. The 
measurement errors were no more than 0.5 °C at 
temperatures below the end of the freezing of the 
biotissue phantom. The positions of RTD are shown in 
Figs. 1 (a) and (b). The first detector measured the probe 
surface temperature, the second and third ones were fixed 
inside the phantom at depths 2 and 10 mm. 

2.2 Sapphire Probe Manufacturing 
The sapphire cryoprobes are manufactured by the EFG 
technique of crystal growth from Al2O3 melt [32–34] 
(Fig. 2 (a)). It implies the growth chamber, the high 
purity Ar atmosphere as an ambient, which is under the 
pressure of 1.1–1.3 atm, the 22 kHz induction-heated 
graphite susceptor/molibdenium crucible setup, the die 
with one or several capillary channels that determines the 
shape of the grown crystal, and the crushed Verneuil 
crystal as a feed material. The melt rises up through the 
capillary channels and forms the meniscus on the top of 
the wettable die. The pulling rate of thus produced crystal 
is within the ranges from 4 to 6 cm/h. The high quality of 
the grown crystals and the almost absence of defects is 
provided by the relatively low pulling rate and the 
applied weight control system based on a precise weight 
sensor. In addition, NCS technique can be used instead 
of EFG for manufacturing of sapphire rods and tubes of 
large diameters [35] (Fig. 2 (b)). NCS implies melt 



A.V. Pushkarev et al.: Comparison of Probe Materials for Tissue Cryoablation... doi: 10.18287/JBPE22.08.040501 

J of Biomedical Photonics & Eng 8(4)   23 Nov 2022 © J-BPE 040501-4 

delivering to the growth surface through the non-
capillary channel. It is also suitable for segmented rods 
with transition from bulk crystal to hollow one [35, 39]. 
A variety of shapes and geometries of cryoprobes that 
can be achieved by the crystal growth techniques is rather 
wide. Representative examples of sapphire probes and 
tips are demonstrated in Figs. 2 (c) and (d). 

The complex form of the die along with maintaining 
of the technological parameters of the growth process 
enable the appearance of internal either closed or open 
channels in a crystal with significant variation of 
diameters, from several hundreds of microns up to 
several centimeters [35, 39, 40–43]. For this aim, no 
additional mechanical processing is needed. The altering 
of the crystal shape along its length, particularly, the 
transition from the bulk shape to the tube-like one 
(Fig. 2(b)), could be potentially used for storing coolant, 
maintaining more effectively the temperature of the 

sapphire cryoprobe and reducing the overall dimensions 
of the cryosurgical equipment. 

3 Results and Discussion 
Several physical properties that determine the 
performance of copper, brass and sapphire cryoprobes 
are compared in Table 1 [31, 44, 45]. Higher thermal 
conductivity and lower specific heat at cryogenic 
temperatures (77 K) of sapphire in comparison to metals 
imply the possibility to achieve high cooling rate of the 
material itself as well as an ambient and to maintain low 
temperature of a tissue that results in tissue 
cryonecrosis [46–49]. High melting point, hardness and 
solubility in acids open a wide range of methods for 
probe cleaning and sterilization. Thus, the sapphire 
seems to be a prospective material for making reusable 
cryoprobes. 
 

Table 1 Physical properties of cryoprobe materials. 

 

Melting 
point, °C 

Thermal 
conductivity 

at 77 K, 
W/(m∙K) 

Thermal 
conductivity 

at 300 K, 
W/(m∙K) 

Specific heat 
capacity at 

77 K, 
10−3 J/(kg∙K) 

Specific heat 
capacity at 

300 K, 
10−3 J/(kg∙K) 

Hardness, 
Mohs 

Solubility in 
HNO3, 
H2SO4, 

HCl, HF 

Copper 1085 544 397 0.192 0.386 3 – 

Brass 900–940 29 86 0.216 0.377 3 – 

Sapphire 2050 1100 47 0.060 0.779 9 
Insoluble up 

to 300 °C 

 

 

Fig. 3 The performance of copper, brass and sapphire cryoprobes studied by means of gel-based biotissue phantom. 

(a) Temperature dynamics measured at the probe surface (T1), at depth of 2 mm (T2) and 10 mm (T3) in the sample 
volume. Cooling rates at the depths of 2 mm (b) and 10 mm (c). (d) Ice ball volume obtained by the considered probes. 
Ice ball geometry estimated after 60 and 1800 sec since the sample contact with the copper (e), sapphire (f), and brass (g) 
probes. (h) A representing example of the ice ball grown in the ultrasonic gel-based biotissue phantom. 
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Fig. 4 The impact of the probe-tissue contact. (a) Schematic of the probe lifted after the contact with tissue. Observation 
of the tissue adherence to the copper (b), brass (c), and sapphire (d) probes. Microscopic images of (e), (f) the copper, (g), 
(h) the brass, and (i), (j) the sapphire probe surfaces before (left column) and after (right column) ex vivo application.  

To compare the performance of the considered 
probes, they were tested experimentally, as described 
above in Section 2. The copper, brass and sapphire 
probes with a diameter of 11 mm and a length of 18 cm 
had a mass of 152 g, 143 g and 68.5 g, respectively. The 
probes were cooled down and used for a formation of ice 
balls in a gel-based biotissue phantom, while the 
temperature was measured in three different points by 
means of resistance temperature detectors (RTD). The 
same geometry and the same pressure of each probe on 
the phantom make it possible to compare the freezing 
process itself without taking into account the influence of 
the shape of the instrument. The measured temperature 
dynamics is shown in Fig. 3(a). It stems from the results 
that sapphire features lower temperature of its surface 
near the value of liquid nitrogen. It leads to lower 
temperatures and faster freezing in the sample volume at 
the depths of 2 and 10 mm from the surface (see panels 
(a), (b), and (c) in Fig. 3). As it is followed from the 
ability to achieve lower temperatures, the sapphire probe 
produces ice balls of larger volume (panels from (d) to 
(g) in Fig. 3). This parameter implies the potential 
volume of tissue cryonecrosis that can be produced via 
single application. 

After comparing the freezing process performed by 
the considered cryoprobes, we studied the impact of a 
single cryoapplication on the probe contact surface. For 
this aim, a short 15-sec contact of preliminary polished 
probes with the ex vivo bovine liver specimen was 
performed (Fig. 4 (a)). It is seen form panels in 
Fig. 4 (e–j) that initially the sapphire probe features 
higher surface quality comparing to the metal ones. 
Moreover, the degradation of surface and appearance of 
tissue adherent scarp are obvious for copper and brass, 
while the sapphire probe almost retains its surface 
condition and remains untouched. 

The appearance of tissue adherent particles on the 
copper and brass probes are confirmed by the presence of 
tissue sticking effect after the application (Fig. 4 (b–d)). 
The images show the probe raising to heights of 4 mm 
and 8 mm and detachment. The noticeable sticking of the 
sample to the metal probes is observed, while the 
sapphire probe effortlessly disconnects from the sample. 
It highlights that the sapphire probe does not cause 
additional tension in the adjacent tissues, which can be a 
source of unpredictable tissue damages. 

According to the obtained results, sapphire is a 
prospective material for cryoprobes manufacturing. It is 
worth mentioning that crystal growth techniques give 
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opportunities for making sapphire crystals of various 
geometry covering wide range of diameters and lengths. 
Moreover, EFG technique allows for manufacturing of 
crystals with complex cross-section, having internal 
channels, which can serve either for coolant circulation 
or light delivering to tissues when accommodating 
optical fibers inside these channels. In the latter case, 
thanks to high transparency of sapphire in visible and 
near-infrared ranges, if the fiber is connected to the light 
source, the cryoprobe could perform additional laser 
ablation or provide diagnostic functions. Finally, 
sapphire is non-magnetic material, thus, its application 
can be accompanied by MRI monitoring of cryosurgical 
process. 

4 Conclusions 
In this paper, we qualitatively compare the performance 
of metal and sapphire cryoprobes. The temperature 
measurements, estimation of the sample cooling rate and 
ice ball volume reveal the advantages of sapphire over 
copper and brass. The higher cooling rate and larger ice 
balls obtained by the sapphire probe confirm the ability 
of achieving tissue cryonecrosis in larger volume during 
a single application. In addition, almost absence of tissue 
adhesion to the sapphire probe and its ability to retain its 

contact surface undamaged along with high thermal and 
chemical stability highlight the ability of sapphire 
cryoprobes for being reusable. Our results demonstrate 
high potential of sapphire cryoprobes for medical 
application. 
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