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ABSTRACT

In this work, we present a brief overview of sapphire medical instruments. Sapphire demonstrates a unique
combination of physical properties, such as high hardness and chemical inertness, biocompatibility and high
thermal conductivity, high transparency in a wide spectral range that makes it suitable for various medical ap-
plications. We demonstrate the examples of scalpel, capillary needle for laser therapy, neuroprobe and applicator
for cryosurgery. Each of them combines different modalities in one instrument. Among them are tissue resection,
therapy via electromagnetic wave delivering, aspiration, diagnosis, and tissue freezing. Sapphire instruments can
be accompanied with magnetic resonance imaging and allow multiple sterilization.
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1. INTRODUCTION

Sapphire demonstrates a unique combination of physical properties.1,2 It features high hardness, thermal con-
ductivity, significant chemical inertness, thermal stability and high melting point; moreover, it is transparent
or translucent for electromagnetic waves in a wide spectral range.3–5 Biocompatibility of sapphire, impressive
waveguiding properties, the ability to operate in contact with biological tissues and liquids, along with the
aforementioned properties, makes it rather promising material for designing of medical instruments.

Sapphire crystals with complex shape, often having internal hollow channels, provide different combinations of
medical modalities:

• electromagnetic wave delivering to the object using the waveguiding properties of a crystal itself or optical
fibers placed inside their channels;

• tissue exposure to electromagnetic radiation;

• surgical resection of tissues;
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• aspiration of tissues;

• laser-assisted thermal destruction;

• cryosurgery of tissues;

• application of the sapphire instruments during magnetic resonance imaging (MRI) of tissues.

Two or more of these properties can be combined in a single instrument. In this work, we overview the promising
sapphire instruments for medicine, demonstrate some examples, and discuss their advantages.

2. SAPPHIRE SHAPED CRYSTALS FOR MEDICINE

Due to the high hardness and anisotropy of sapphire, there is a challenging technological problem of making
sapphire instruments with complex shape by means of mechanical processing. This limitation is successfully
overcame by application of sapphire shaped crystal growth based on the Edge-defined Film-fed Growth (EFG)
and related techniques.6–8 This method is based on the crystal growth from an Al2O3-film melt, which is formed
on the top of a die with one or more capillary channels at the temperature of 2053 ◦C in an ambient high-purity
Ar-atmosphere. It needs

• an induction-heated graphite susceptor;

• a molybdenum crucible;

• a Verneuil crystal as a feed material.

The design of a die determines the further form and shape of a crystal. More information about this approach
can be found in Refs.2,9–11 We should note that applying the precise crystal weight measurements during growth
process,12 it is possible to significantly improve the crystal quality and produce crystals with as-grown optically-
smoothed surfaces. EFG-grown crystals can have one or more internal channels, various cross-sections, such as
cylinder or ribbon, and different tips; they do not need significant additional mechanical processing.

EFG technique is applied for making sapphire shaped cylinders with one or more internal hollow channels parallel
to the cylinder’s axis. Thin needle capillaries, for example, can have internal channel with diameter of ∼ 500 µm.
The channel can be closed from the one side of a needle capillary, in this case its end takes the semi-spherical
form and is determined by the crystal growth process as well as the capillary tip’s form. Additional processing
of the tips can be performed by mechanical shaping, if required. At the same time, one can produce sapphire
tubes, or multichannel sapphire shape crystals.13–16

It is quite challenging to grow sapphire thin ribbons with hollow capillary channels due to the difficulty of
maintenance the complex thermal conditions at the meniscus, which are necessary for rather small diameter of
the channel. Nevertheless, a special design of a molybdenum die effectively solve this problem.17–19 Such ribbons
with internal channels closed at the one side are used for producing of sapphire scalpels. Its blade is made by
means of mechanical grinding and polishing. In several cases, it is required to produce sapphire cylinder with
different segments, hollow or monolithic without mechanical shaping; for this purpose the Non-Capillary Shaping
Technique is used.20

3. SAPPHIRE MEDICAL INSTRUMENTS

The examples of sapphire instruments are shown in Fig. 1. Among them are neuroprobe for intraoperative
diagnosis, aspiration and coagulation of tissues, diagnostic scalpel that enables coagulation of blood vessels,
needles for interstitial thermotherapy and photodynamic therapy, and applicator for cryosurgery.

The sapphire contact neuroprobe demonstrated in Fig. 1(a) enables intraoperative optical diagnosis of brain
malignant tissues via fluorescent analysis, aspiration of tissues, and coagulation of blood vessels.21,22 It includes
one open channel for aspiration and two channels closed near the contact with tissue for placing optical fibers
for delivering and receiving laser radiation. Fig. 1(b) demonstrated the detected by the neuroprobe endogenous
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Figure 1. Sapphire medical instruments: (a) diagnostic neuroprobe for aspiration and (b) the fluorescence spectra of
rat brain tissues ex vivo registered by means of the neuroprobe; (c) sapphire diagnostic scalpel, (d) its application in a
model gelatin media containing fluorescent dye; (e) examples of needles for interstitial laser therapy, (f) radiation pattern
obtained in an intralipid-based scattering media; (g) applicator for cryosurgery, (h) a scheme for sapphire cryoapplicator
with optical diagnosis of freezing front in tissues.
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fluorescent signal (excitation is at the wavelength λ = 365 nm) from the ex vivo rat brain tissues, i.e. healthy
tissue (cortex) and tumorous (glioma model). The differences between the received signals are clearly observed.
It should be noted that the sapphire neuroprobe can be combined with other optical diagnostic methods thanks
to the high transparency of sapphire in optical range. In case of using optical fibers inside the closed internal
channels of sapphire shaped crystals, it is important to note that the fiber is protected from the direct contact
with tissues, correspondingly, from its degradation.

Sapphire scalpel demonstrated in Fig. 1(c) enables tissue resection, intraoperative optical diagnosis, and laser
coagulation. Two latter modalities are provided by three capillary channels inside the sapphire ribbon. Optical
fibers placed inside the channels are used for tissue exposure with diagnostic radiation and laser radiation for
coagulation,23,24 and detection of the fluorescent radiation. The fibers are protected since the channels are closed
near the blade. Analysis of the exogenous or endogenous fluorescent signal can help a surgeon to find the borders
of the resected malignancies. The radius of a cutting edge of this scalpel can achieve 25 nm; its blade features
low friction coefficient and high stability of the cutting edge; repeated sterilization does not damage the blade,25

therefore such scalpel is reusable.

Fig. 1(d) demonstrates the fluorescence of the gelatin phantom, which contain rhodamine 6G dye. The excitation
fiber was connected to the laser diode with the wavelength 465 nm. A strong fluorescent radiation is clearly seen
during the immersion of the scalpel inside the phantom.

Fig. 1(e) shows the examples of sapphire needles for interstitial thermal- and photodynamic therapy.26–29 Sap-
phire needles for light delivering inside tissues can replace the commonly used approach, which is the introduction
of a bare optical fiber into a tissue using removable catheters.26,30 In case of sapphire needle, there is no need
in remove of needles itself, because of high transparency of sapphire and the closed internal capillary channel.
Thus, the optical fiber is protected from the contact with tissue and the corresponding chemical damage, which
often leads to an additional unpredictable carbonization of tissues.31 The diameter of a sapphire needle can be
less than 1.5 mm and maintain the requirement of low invasiveness; the diameter of internal channel is near or
less than 500 µm; the length of the needle can exceed 200 mm. The demonstrated needles have different tips
therefore, they can form different radiation patterns inside or at the surface of biological tissues.32 The radiation
pattern obtained by a pointed needle in an intralipid-based scattering media served as a tissue phantom is shown
in Fig. 1(f).

Sapphire applicators for cryodestruction of tissues have a number of advantages due to high thermal conductivity
of sapphire at cryogenic temperatures. The example of such applicator is shown in Fig. 1(g). It also can be
combined with laser source for additional heating or laser therapy by placing optical fiber inside the internal
channel of this applicator.33 A promising scheme of cryoapplicator enabling optical control of tissue freezing
is demonstrated in Fig. 1(h). The problem of an intraoperative monitoring of the ice-ball formation is rather
challenging and limits the application area of cryosurgery. It can be solved by the proposed method of detecting
the diffuse reflected radiation,34 when several channels for tissue excitation with modulated optical radiation and
one receiver channel are used.35

4. CONCLUSIONS

In this work we present the sapphire medical instruments that are able to combine different modalities in the one
instrument body. The advantages of the EFG and related techniques of sapphire shaped crystal growth allow for
making such instruments without significant and expensive mechanical processing. The transparency of sapphire
enables tissue exposure and detection of optical radiation, thus, it can be applied for medical diagnosis and
therapy. The discussed functions of these instruments are rather wide, therefore, sapphire shape crystals meet
the demands of modern trends in medicine.
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