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Abstract.  The state of the art in the field of design and study of 
photonic crystal fibres for biomedical applications is considered 
and some original results recently obtained by the authors are pre-
sented. Optical properties of the fibres that offer prospects of their 
wide application as biological sensors, ‘labs-on-a-chip’, and facili-
ties of electromagnetic radiation control in a wide range of wave-
lengths aimed at designing novel biomedical instrumentation are 
considered.

Keywords: photonic crystal fibre, biological sensors, nanobiophoto-
nics. 

1. Introduction

Nanobiophotonics  is  the  field  of  photonics,  related  to  the 
design and technology of manufacturing nanostructure devices 
for generation, amplification, modulation, transmission and 
detection of electromagnetic  radiation and  instrumentation, 
using such devices for the purposes of biology and medicine. 
Nanobiophotonics also deals with the study of physical phe-
nomena that determine the interaction of photons with nano-
scale structures of both devices and biological objects. 

At present a promising area of study is creating new mate-
rials for designing transducers with controllable optical response. 
Nanostructured materials  offer  new unique  possibilities  for 
biophotonics. The driving  force of  creating new nanostruc-
tured materials is, first of all, the understanding of their wide 
applicability and prospects of new discoveries in various fields 
of science and technology, including biology and medicine. 

The progress of micro- and nanosystem instrumentation 
and sensor technologies results in fabrication and implemen-
tation of microanalytical systems that allow proceeding to a 
new  level  of miniaturisation  of  equipment  and precision  of 
measurements. Among the important reasons for that is the 
possibility to combine the sampling and probing functions in 
a single device.

In the present review we discuss the basic physical factors 
that cause the specificity of interaction of radiation with micro- 
and nanostructures, namely, with photonic crystal fibres (PCFs). 
Such structures not only provide a high degree of localisation 
of electromagnetic radiation due to the high gradient of the 
refractive  index  profile,  but  also  allow  higher  efficiency  of 
nonlinear optical processes [1]. All this offers new possibilities 
for  solving  the  problems  of  biophotonics  concerning  both 
the miniaturisation and sensitivity improvement of biosensor 
devices and the essential extension of the field of biomedical 
application of laser technologies. 

2. Types and classes of photonic crystal fibres

The concept of a photonic crystal (PC) [1, 2] was introduced 
in  the  1980s.  The  structure  of  a  photonic  crystal  possesses 
spatial  modulation  of  the  refractive  index  with  the  period 
comparable with the wavelength of the interacting radiation. 
With respect to the character of the refractive index variation, 
photonic  crystals  may  be  divided  into  three  basic  classes, 
namely, one-, two- and three-dimensional PCs. In one-dimen-
sional crystals the refractive index periodically varies in one 
spatial  direction.  Such  photonic  crystals  consist  of  parallel 
layers of different materials with different  refractive  indices 
and can manifest their properties  in the only direction, per-
pendicular to the layers. Bragg structures, i.e., periodical struc-
tures  of  dielectric  layers  having  the  thickness  l/4  and  two 
alternating values of  the  refractive  index are an example of 
one-dimensional photonic crystals. Two-dimensional photo-
nic crystals have the refractive index that periodically changes 
in two spatial directions, and they can also manifest their prop-
erties in two spatial directions. In three-dimensional photonic 
crystals the refractive index periodically changes in three spa-
tial directions, and hence they are able to exhibit their proper-
ties in three coordinates; they can be represented as arrays of 
spatial bodies (spheres, cubes, etc.), arranged in a 3D crystal 
lattice.

Similar to electric media, photonic crystals can be divided 
into  conductors,  i.e.,  the  substances  that  can  transmit  light 
along paths of large length with minor losses, dielectrics, i.e., 
next-to-perfect mirrors,  semiconductors,  i.e.,  the  substances 
able,  e.g.,  to  reflect  selectively  the  photons  with  a  definite 
wavelength, and superconductors, in which due to collective 
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phenomena  the  photons  can  propagate  along  the  paths  of 
practically unlimited length [3].

We also distinguish between the resonance and non-reso-
nance photonic crystals. The former differ from the latter by 
the use of materials whose dielectric  constant  (or  refractive 
index) as a function of frequency possesses a pole at a certain 
resonance frequency. 

Any inhomogeneity in a photonic crystal is called a defect 
of the photonic crystal, since it violates the periodicity. The 
region of the periodicity violation is, in fact, a microresona-
tor,  in  which  an  electromagnetic  wave  is  restricted  in  two 
dimensions, its intensity exponentially damping along the axis 
directed into the crystal. The wavelength of the fundamental 
radiation mode, concentrated  in  the defect of  the  structure, 
can be varied within the bandgap width by changing the size 
or shape of the defect [4].

Periodic  structures  with  pronounced  colouring  often 
occur in nature [5 – 7]. Examples of one-dimensional periodic 
structures  are  the  layers,  coating  the wings of  some butter-
flies,  the peacock tail  feathers,  the shells of some bugs. The 
role of  interference  in the colouring of the peacock feathers 
was  noticed  as  far  back  as  in  1730  by  Isaac  Newton.  The 
structures with two-dimensional periodicity are present in the 
eyes of  some  insects, e.g.,  the moth, as well as humans and 
other mammalians, and also in some kinds of algae [8]. Two-
dimensional periodicity is inherent in natural pearl, consisting 
of packed cylindrical elements.

The  functionality  of  the  living  organism  constitution, 
developed under the conditions of natural selection, suggests 
the special-purpose use of  the optical properties of periodic 
structures in living nature. In many cases such purposiveness 
is obvious. The regular porous structure of the eyes of insects 
is an efficient antireflecting interface, providing the transmis-
sion of light and, simultaneously, the possibility of physico-
chemical metabolism  between  the  inner  eye  tissues  and  the 
surrounding medium [7, 9]. The regular fibrillar structure of 
the eye cornea in humans and mammalians is also a photonic 
crystal with  the property of  interferential  suppression of all 
scattered waves in the transverse direction and amplification 
of waves  in  the  longitudinal  direction  [10]. Recently  it was 
suggested  that  the  periodic  structure  of  diatoms  promotes 
more efficient light collection, thus increasing the photosyn-
thesis  productivity  [11].  The  utility  of  interference  coatings 
has  no  unambiguous  interpretation  yet.  One  may  suppose 
that  as  a  mechanism  of  colouring  of  living  organisms  the 
interference is preferable in comparison with the absorption 
because  the  interference colouring does not  involve absorp-

tion and dissipation of the light energy and, therefore, is not 
accompanied with heating and photochemical destruction of 
the pigment coating. 

Three-dimensional periodic structures occur in nature in 
the form of colloid crystals [12]. They were first observed in the 
studies of viruses [13]. The semiprecious stone opal is a colloid 
crystal, consisting of monodisperse spherical globules of silicon 
oxide [14]. It is just the light interference in the three-dimen-
sional periodic structure that determines its sparkling colour, 
depending on the angles of incidence and observation.

A point defect in a photonic crystal, in fact, creates a wave-
guide. Based on this principle of trapping of electromagnetic 
radiation by the point defect, the conductors of optical radia-
tion were designed which are referred  to as photonic crystal 
waveguides [15]. The term ‘photonic crystal fibres,’ introduced 
by P. Russell in 1995 [15, 16], is a collective name for optical 
waveguides with a complex structured cladding, whose cross 
section  represents  a  two-dimensional  photonic  crystal.  An 
optical waveguide with the structured cladding, representing the 
geometry of a one-dimensional photonic crystal, is referred to 
as a Bragg waveguide [17]. The idea of designing optical fibres 
with a periodic cladding was formulated in 1978 [17]. Its nov-
elty was to form a multilayer cladding, whose concentric lay-
ers  have  alternating  (high/low)  refractive  indices.  In  such  a 
structure the radial photon bandgaps appear that give rise to 
new guiding properties of  the  fibre. Note,  that although  the 
first  publications  on  this  issue  are  dated  1978,  actually  the 
work in this field began not long ago, in 1999 – 2000 [18, 19].

In such fibres a new method of controlling the structure-
dependent refractive index of the cladding is implemented. As 
the refractive index of the fibre cladding decreases, the law of 
total  internal  reflection  comes  into  effect,  forming  the base 
of the mechanism for trapping the electromagnetic radiation 
inside the fibre. The fibres of this type belong to the class of 
PCFs with solid core (Fig. 1a). 

The second large class of PCFs are the hollow-core fibres 
(Fig. 1b, c). In these fibres the localisation of the optical radi-
ation  inside  the  core  due  to  the  total  internal  reflection  is 
impossible. The guiding properties of a hollow-core PCF are 
due to the presence of a bandgap in the periodic structure of 
the cladding. The mechanism of reflection from the boundary 
between  the  core  and  the  cladding  is  based  on  the  Bragg 
reflection  form  a  two-dimensional  periodic  dielectric  struc-
ture  [20].  The  optical  radiation  with  resonance  frequencies 
lying within the crystal bandgap does not penetrate through 
the structured cladding of the fibre and propagates along the 
hollow core [21].

a b c

Figure 1. Photonic crystal waveguides (PCFs) with the solid (a) and hollow (b, c) core. 
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3. Technology of manufacturing photonic  
crystal fibres

Photonic  crystal  fibres  were  first  made  in  1995  [15, 17]  of 
quartz capillaries stacked into a dense package and subjected 
to drawing. As a result the fibre was obtained with regularly 
distributed  holes  having  the  characteristic  size ~1  mm.  In 
PCFs the structured cladding is the region with longitudinal 
air-filled channels, packed into a hexagonal of square lattice, 
surrounding the core (solid or hollow), in which electromag-
netic radiation is localised. The holes of the lattice may be of 
circular or arbitrary shape. The variation  in the  lattice type 
and spacing, the shape of air channels and the glass refractive 
index allows  the properties  that do not exist  in usual  fibres 
[22 – 26].

Photonic crystal fibres made of soft glass were first designed 
and fabricated by our research group  in 2000  [27, 28]. They 
consist of regularly stacked capillaries or rods. The shape of 
individual elements, forming the fibres, and the topology of their 
stacking depend on the purpose of the manufactured article. 
The geometric parameters both of individual elements and of 
the whole structure may be arbitrary. In PCFs various types 
of glasses, differing in optical, electrical and chemical proper-
ties, may be combined. Combinations of glass with metal or 
graphite are also possible. All these combinations are designed 
based on the main requirement of matching the thermal prop-
erties  of  the  elements  (in  particular,  the  thermal  expansion 
coefficient). 

The PCF fabrication is based on the following technolog-
ical  processes:  drawing  glassware  from  softened  glass  and 
redrawing the glassware [29]. Drawing is the most established 
classical  technology of  fabricating glassware  in  the  form of 
tubes and rods of different shape and with different size of cross-
section. In principle, the technology is the following. A block 
of glass wrapped in a heat-resistant cloth is placed on the fila-
ment extrusion device inside the furnace. When the block is 
heated  up  to  the  softening  temperature,  the  softened  glass, 
forced through the die hole by its own weight, moves down, 
where it is gripped by the drawing unit. Thus a rod or a tube 
is drawn. The shape of the cross section of the glassware and 
its  size are determined by  the geometry of  the die hole,  the 
drawing speed and the temperature of the softened glass. The 
stability  and  precision  of  keeping  the  furnace  temperature 
constant and the rotational velocity of the drive of the draw-
ing unit are largely responsible for the stability and precision 
of the geometric dimensions of the glassware cross section. 

Besides the drawing from melt, the PCF fabrication tech-
nology includes the redrawing of the preform (tube, rod, pack-
age of tubes or rods) in similarity. Mathematically the proce-
dure is described as

D0
2V = d0

2 u,

where D0 is the initial size of the preform (diameter, diagonal 
length of a hexagonal package or its size along double apothem); 
V  is the speed of delivery into the furnace; u  is the speed of 
drawing; and d0 is the resulting size of the element.

The multistage  technology  of  manufacturing  the multi-
channel  preforms  consisting  of  many  individual  capillaries 
improves the regularity of stacking and allows producing the 
glassware of arbitrary size and with arbitrary channel diame-
ters. The diameter of an individual channel may be as small as 
50 nm. Due to different speeds of delivery and drawing the 

product acquires the cross-section pattern similar to that of 
the initial preform, but of smaller geometric size. 

Thus,  the  shape  of  the  glassware  is  determined  by  the 
shape of the preform, while its geometric size depends on the 
delivery-to-drawing  speed  ratio.  To  fabricate  multichannel 
structures the elements are sorted out and stacked into a pack-
age, e.g., of hexagonal shape. The bundle is then heated up to 
the glass softening point, pulled-off with pincers and gripped 
by  the  feed motion  that  delivers  it  into  the  furnace.  Being 
heated  up  to  the  softening  point,  the  package  is  pulled-off 
with pincers and gripped in the drawing unit. 

The desirable  factor of  cross-section  size  reduction with 
respect  to  the  cross-section  size  of  the  preform,  referred  as 
redrawing  coefficient,  is  provided  by  choosing  the  proper 
delivery-to-drawing speed ratio of the appropriate drives. 

The  stability and precision of  the motion parameters of 
the drives largely determine the stability and precision of the 
geomet ric size of the cross sections of the product structures. 
For this reason high precision electric drives are used for the 
redrawing.  Schematic  diagrams  of  the  fibre  manufacturing 
and the drawing setup are shown in Fig. 2. Finally, the PCFs 
may  have  the  following  dimensions:  the  outer  diameter 
0.1 – 30.0 mm, the length 1200 mm, the diameter of inner chan-
nels 0.07 – 400 mm, the error in geometrical dimensions of the 
product ±(0.5 –1.0) %.

4. Optical properties of the photonic crystal 
fibres

The  scope  of  the  PCF  properties  [30 – 34]  is  very wide  and 
many  aspects  related  to  the  physics  of  these  structures  still 
remain unexplored. 

The waveguide performance of these PCF is implemented 
via the internal reflection from the periodic structure and the 
appearance of a wide bandgap for the radiation, propagating 
along the axis of the waveguide. The photonic bandgaps and 
the  dispersion  for  different  wavelengths  may  be  tuned  by 
changing the structure geometry only. It  is not necessary to 
use other dielectric materials.

In  a  wide  spectral  range  only  the  modes  of  the  lowest 
(zero) order propagate  along  the waveguiding defect of  the 
photonic bandgap structure, while the higher-order modes exit 

1
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a b

Figure 2. Schematic diagram of PCF manufacturing (a) and the setup 
for PCF drawing (b): 
( 1 ) mechanism for the delivery of glass elements into the furnace; ( 2 ) fur-
nace; ( 3 ) control unit for delivery and drawing parameters; ( 4 ) chain 
drawing mechanism [29].
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into the cladding and decay. This phenomenon was called modi-
fied effect of total internal reflection, when the band structure 
of the photonic crystal manifests itself only implicitly, and its 
waveguide  properties  for  the  zero-order  modes  are  deter-
mined by the total internal reflection. The number of guided 
modes  in  the  defect  is  determined  only  by  the  ratio  of  the 
diameter d of the air channels and the separation L between 
their axes. In the case when d /L G  0.2 the PCF is single-mode 
in the whole spectral range of quartz transparency [35].

In this situation (Fig. 1) no perfect periodicity of hollow 
channels in the cladding is required, since the crucial factor is 
the value of  the mean  refractive  index of  the  cladding. The 
presence of the hollow channels allows the difference between 
the refractive indices of the waveguide defect and the cladding 
be enlarged by more than an order of magnitude as compared 
with the standard fibre. This fact mainly determines the prin-
cipal novelty of the PCF properties. 

Besides  the mentioned  possibility  of  designing  a  single-
mode PCF in a very wide spectral range, the PCF dispersion 
properties that depend on the size and relative location of the 
air channels are also unusual. Photonic crystal fibres can pos-
sess  anomalous  dispersion  of  the  group  velocities  in  much 
shorter-wavelength spectral region, than the usual fibres. The 
absolute  value  of  the  dispersion  in  holey  fibres may  be  an 
order of magnitude larger that in standard single-mode fibres 
and  the  dependence  of  the  dispersion  upon  the wavelength 
may be very weak in a wide spectral range.

However,  changing  all  the  geometric  sizes  of  the wave-
guide structure (provided that the proportion between them is 
conserved),  one  can  achieve  single-mode  operation  of  the 
waveguide with both the small and the large effective cross-
section area of the mode [35], which is of primary importance 
for  practical  applications. The  large  size  of  the  core  allows 
reducing the effect of nonlinear phenomena on the light pulses, 
propagating through the fibre, and vice versa, at small mode 
field size the role of nonlinear effects may be essentially greater 
than in standard fibres.

To describe the mode propagation in PCFs with solid core 
and  triangle  stacking  of  the  cladding  the method was  pro-
posed [35] to estimate the transparency of the structured clad-
ding using the period and diameter of air capillaries, based on 
the calculation of the effective refractive index, well-known in 
common waveguides. The results of the calculation are then 
applied to a common fibre model, comprising the core with 
the refractive index of pure quartz nc = 1.45 and the cladding 
with the calculated effective refraction index ncl of the struc-
tured domain. 

The first approximation of the method of effective refrac-
tion index neff consists in the determination of the field Y of 
cladding modes, which results from the solution of the scalar 
wave equation within the simple centered cell, comprising a 
single  hole. The diameter  of  the  cell  is  equal  to L,  i.e.,  the 
separation between the axes of the holes.

Using the mirror symmetry properties, the boundary con-
ditions  at  the  cell  perimeter  are  formulated  as  dY/ds  =  0, 
where s is the normal to the boundary, i.e. at the angle points 
of  the  cell  the  constant  field  is  equal  to  that  on  a  circular 
boundary of the cell. The propagation constant of the funda-
mental  mode  bfm  is  found  from  the  equation  neff  =  bfm/k, 
where k is the wave vector.

Significant interest is attracted by the ability of photonic 
crystal fibres to demonstrate nontrivial laws of refraction that 
change depending on the frequency of  the  incident  light. In 
particular, from the practical and scientific point of view an 

important manifestation of unusual dispersion in periodic media, 
or photonic crystals,  is presented by  the negative  refraction 
[36, 37], i.e., the refraction in which the group velocity vector 
of the refracted wave forms an acute angle with the tangential 
component  of  the  wave  vector  of  the  incident  wave.  The 
refraction of such kind is typical for so-called left-hand media, 
or media with negative permittivity and permeability. A pho-
tonic crystal is able to demonstrate negative refraction, pos-
sessing positive effective values of both permittivity and per-
meability and having the period, comparable with the wave-
length, at which the mentioned effects are observed. Negative 
refraction  offers  additional  opportunities  of  manipulating 
with  the refracted beams, which, alongside with  the normal 
refraction, can be potentially used in complex light-controlling 
systems. 

It is known that the spectral characteristics of PCF depend 
on the configuration of the structured cladding, because the 
structural properties together with the presence of the central 
defect in the lattice are the conditions for the formation of a 
photonic bandgap. One can vary the spectral composition of 
the  radiation  output  from  the  waveguide  by  changing  the 
parameters of the structured cladding, namely, the number and 
position of channels and their diameter.

The change of at least one of the geometric parameters of 
the structured cladding causes the transformation of the spec-
trum  of  radiation,  transmitted  by  the  waveguide.  Figure  3 
presents the spectra of radiation transmitted through the PCF 
samples with the same number and stacking of channels in the 
structured cladding. The difference between the samples con-
sists only in the channel diameters. From the analysis of the 
presented spectra it is seen that in the first waveguide (Fig. 3a) 
the structured cladding possesses high reflectance in the wave-
length  intervals  400 – 500 nm and 740 – 820 nm. The guided 
modes in these intervals essentially contribute to the registered 
signal. In the interval of wavelengths 500 – 740 nm the optical 
radiation is unable to propagate in the waveguide. The second 
waveguide (Fig. 3b) has the transmission band in the interval 
600 – 800 nm.

Nonlinear  effects  in  PCFs  [38]  are  very  interesting  and 
much less explored. When an  intense  laser radiation propa-
gates through a medium, the induced polarisation arises in it

  ... ,P E EE EEE0
1 2 3e c c c= + + +^ ^ ^ ^ hh h h

where e0 is the dielectric constant of vacuum; c( j ) is the sus-
ceptibility  of  the  jth  order;  E   is  the  electric  field.  For  any 
three-wave process c(2) is equal to zero, because the medium 
possesses inversion symmetry, and c(3) becomes the most sig-
nificant nonlinear component. This component is responsible 
for such processes as phase self-modulation, phase cross-modu-
lation, third harmonic generation, four-wave mixing, Raman 
and Brillouin scattering. 

In [20] it was proposed to introduce a nonlinear material 
into  the  channels  of  the  periodic  structure,  and  in  [39]  the 
implementation of  such  structure was  reported. The manu-
factured waveguide with  the  core  diameter  1.7 mm had  the 
coefficient g of nonlinear transformation 25 times greater than 
in common optical fibres. Let us briefly consider the origin of 
such  a  great  nonlinear  transformation  coefficient.  Assume 
that  a PCF has  air  channels  filled with  an  efficient nonlinear 
medium, with the linear refractive index n0, exceeding that of 
the glass matrix, and with positive nonlinear refractive index 
n2. Under applying an intense signal Ip the difference between 
the  refractive  indices of  the matrix and  the medium will be 
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increased, ncl  = n0 + n2Ip. According  to  the  calculations  of 
[40], the increase in the difference between the refractive indi-
ces leads to the increase in the bandgap width.

From the issues, considered above, it follows that since at 
the edge of the bandgap the light propagation velocity tends 
to  infinity,  the  PCF  simulates  a medium with  the  effective 
dielectric constant, close to zero [41]. Far from the bandgap 
the effective permittivity is determined by the mean permittiv-
ity  of  a  unit  cell  of  the  structure. Within  the  bandgap  the 
effective permittivity must be negative, since the electric field 
is damped in the structure and, therefore, at the edge of the 
bandgap a transition zone is expected to exist, where the per-
mittivity vanishes. As shown by calculations and experi ments 
[42, 43], a light beam (incident on such a layer) with the wave-
length corresponding to the thickness of the transition zone 
experiences large-angle refraction in the direction, opposite to 
that  occurring  in  classical  materials  with  the  permittivity 
greater than 1. This phenomenon is called  ‘superprism’ and 
may be used to design ultra-miniature high-resolution single-
chip spectrometers [43].

The authors of [44, 45] report the propagation of a mega-
watt-power laser pulse in a hollow-core PCF, which is practi-
cally impossible in common fibres because of frequency conver-
sion caused by the Raman scattering and phase self-modulation. 
From the practical point of view,  the  transmission of high-
power pulses may be used in the solution of many problems of 
technology and biomedicine [46]. 

One of  important applications of nonlinear optics  is  the 
generation of supercontinuum, i.e., the coherent electromag-
netic radiation with a superbroad spectrum. The generation of 
supercontinuum, first observed in the glass sample using a mode-
locked laser [47], was also demonstrated in water [48] and gas 
flow  [49].  The  appearance  of  femtosecond  lasers  operating 
at the wavelengths 1.3 and 1.5 mm allowed supercontinuum 
generation in common optical fibres. The parameters of the 
supercontinuum are significantly improved, if the wavelength 
of the pump pulses falls within the wavelength region of zero 
group velocity dispersion of the waveguide. In this case non-
linear effects in the fibre predominate over the dispersion ones 
[50], which makes it possible to reduce the length of the fibre 
from  kilometres  to  a  few  tens  of metres.  In  this  case  wide 
application was acquired by the waveguides, comprising the 
materials with a high nonlinearity  coefficient  in  their  struc-
ture, as well as by the fibres with a special dispersion profile, 
varying along the fibre length [51]. Their use allowed the gen-
eration of supercontinuum more than 300 nm wide.

In PCFs the supercontinuum generation was first demon-
strated  in  [25].  In  the  experiments  [25, 26]  the  100-fs  pulses 
from a 800-nm Ti : sapphire laser were used. The pulses were 
introduced into a 75-cm-long PCF, the output radiation had 
a continuous spectrum in the region 400 – 1600 nm. 

In the experiments [52] they used a Ti : sapphire laser (70 fs, 
850 nm, 300 mW) and a tapered (conical) Corning SMF-28 
fibre. The supercontinuum spectrum width was greater than 
two octaves (370 – 1550 nm).

The first results of the study and modelling of supercontin-
uum generation in PCFs were presented in the papers [53 – 55], 
from which it followed that the supercontinuum generation is 
affected by soliton effects. The confirmation was obtained in 
2010  [56]. When  ultrashort  light  pulses  are  sent  through  a 
PCF for producing supercontinuum, the spectrum broaden-
ing  over  the whole  visible  and  near  IR  ranges  gives  rise  to 
solitons,  i.e.,  nonlinear  solitary  waves  that  conserve  their 
shape and velocity in the course of their own motion and col-
lisions with similar waves. The only result of the interaction 
between  solitons may be a phase  shift  [57, 58]. The  solitons 
block the light pulses that follow them, making them to reduce 
their wavelength and  to shift  to  the blue, while  the solitons 
themselves shift towards longer wavelengths (to the red). This 
double effect  leads to the broadening of the spectrum. As a 
result, the radiation with ultrawide frequency spectrum, which 
is a characteristic feature of supercontinuum, is generated at 
the output of the fibre.

Generation of supercontinuum in a PCF with a periodi-
cally structured cladding was first reported by us in 2003 [59]. 
The use of a two-dimensional periodic photonic crystal lattice 
allowed strong localisation of radiation in the defect without 
using  the  effect  of  photonic  bandgaps.  In  this  case,  due  to 
total  internal  reflection,  the  radiation propagates  along  the 
defect,  generated  by  the  structure  crossing  point  of  the  so-
called kagome lattice.

The PCF (Fig. 4) was made of electron-tube C-52-2 glass 
and had the following parameters: the outer diameter of the 
structure 212.98 mm, the defect diameter 4 mm, the outer diam-
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Figure 3. Spectral characteristics of PCFs with the diameters of hollow 
core 113 mm (a) and 89 mm (b), diameters of a single channel 2.6 mm (a) 
and 2.1 mm (b), the wall thickness near the hollow core 240 nm (a) and 
180 nm (b) [32 – 34].
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eter of defect 12.54 mm, the diameter of small holes 2.62 mm, 
the period of holes in the defect 4.23 mm, the diameter of sur-
rounding holes 8.09 mm, the structure period 11.09 mm, the 
area  of  intermediate  triangles  4.41  mm2,  the  optical  trans-
mission  of  the  structure  69.4 %.  The  nonlinear  refractive 
index  of  the waveguide  glass was n2  =  4.5 ́  10–16  cm2 W–1, 
which corresponds to the nonlinearity coefficient of the glass 
g = 0.15 W–1 m–1 [59].

The experimental setup for supercontinuum generation [59] 
is shown in Fig. 5. The radiation from the Ti : sapphire laser 
( 1 ) after the rotary mirrors ( 2 ) was incident on the beamsplit-
ter ( 3 ) and split  into two beams. The beam passed through 
the microscope objective ( 4 ) (magnification 65´, focus length 
2.67 mm, numerical aperture NA = 0.85) and the PCF seg-
ment  ( 5 ). The  ends of  the PCF were  fastened  to  the  three-
coor dinated table with micrometer feed motion. After passing 
the PCF the radiation passed through the lens ( 6 ) ( f = 8 mm) 
and entered the CCD-camera with the beam analyser ( 7 ). The 
rotary mirror  ( 2 )  placed  between  the  lens  and  the  camera 
could  direct  the  radiation  either  into  the  spectrometer  ( 9 ) 
(wavelength range 350 – 1800 nm) with the matching lens ( 8 ) 
( f = 150 mm), or into the UV spectrometer ( 12 ) (wavelength 
range 180 – 340 nm) with  the  lens  ( 11 )  ( f = 80 mm). In  the 

other  arm of  the  setup  the  laser  radiation was  sent directly 
into the spectrometer ( 10 ).

The Tsunami 3941-MIBB mode-locked Ti : sapphire laser 
(Spectra Physics) was used as a source of  intense ultrashort 
pulses.  It  comprised  the cavity with  the acoustic modulator 
and the active feedback for generating ultrashort pulses [60]. 
The dispersion compensation in the laser cavity was implemented 
using a prism. The laser generated pulses of Gaussian shape 
with  the duration ~100  fs  and  the  repetition  rate 80 MHz. 
The  laser wavelength was  tunable  from 700  to 900 nm,  the 
radiation bandwidth in the pulsed regime was ~15 nm with 
the mean power of 900 mW at the wavelength 800 nm. The 
1/e2 diameter of the beam was less than 2 mm. In the course 
of the experiment the laser radiated at l = 790 nm, the pulse 
duration being ~220 fs.

The laser radiation was focused with a microscope objec-
tive exactly onto the crossing of the structured lattice, i.e., onto 
the kagome-type PCF defect  (Fig. 4). Then  the  laser power 
was increased until the waveguide started to generate super-
continuum. Using such a structure (the defect size 1.41 mm, 
the sample length 30 cm) the supercontinuum radiation was 
obtained, measured with  the  spectrometer  having  the  band 
350 – 1800 nm (Fig. 6b). The registered spectrum occupied the 
whole spectrometer operation band (1450 nm), and the addi-
tional measurements of the broadening using the UV spectro-
meter (Fig. 6a) have shown that the total width of the spectral 
contour was 1620 nm.

One can see from Fig. 6с that the supercontinuum genera-
tion using the defect of the PCF with a kagome lattice is pos-
sible under the excitation with the same laser providing nearly 
the same power density (~40 GW cm2) in the fibre samples of 
different length up to 1.5 cm.

An  important  factor, affecting  the  supercontinuum gen-
eration, is the input power of the pumping radiation, which in 
our case was 660 mW, providing the power output from the 
fibre about 6 mW.

The  structure,  designed  by  us, with  the  1.41-mm defect, 
surrounded by holes with the diameter, smaller than that of 
the holes of  the main matrix, allowed the shift of  the  lower 
supercontinuum  boundary  to  180 nm.  In  [61]  the  spectral 
broadening to somewhat wider range (350 – 2200 nm) is reported 
with the excitation of the fibre at larger wavelength (1.55 mm) 
and the defect diameter 2.6 mm. Recently [62] the supercon-
tinuum generation was reported in the IR region of 700 – 250 nm 
under the excitation of a solid-core PCF, made of lead – bis-
muth – gallium glass. The pump  from an optical parametric 
oscillator (1540 nm, 120 fs) provided high uniformity of the 
spectrum (at the level of 5 dB) in the range 1000 – 2500 nm.

In 2008 the PCFs with chirped cladding (CPCF) were first 
designed and investigated [63]. Chirped photonic crystal fibres 
are  hollow-core  waveguides  whose  structured  cladding  is 
formed by layers of holes, arranged in correspondence with a 
certain law (Fig. 7a). The radiation with different wavelengths 
is reflected from different layers of the photonic crystal struc-
ture (Fig. 7b). 

To prove the efficiency of the chirped waveguide opera-
tion, the laser pulse with the duration 13 fs and the energy 4.3 nJ 
was introduced into the PCF hollow core (Fig. 8a). The sample 
length was 1 m and the diameter of the hollow core was 53 mm. 
The duration of the output pulse was 26 fs (Fig. 8b), the trans-
mission coefficient being equal to 21 %. For comparison, in a 
standard commercial PCF with the hollow-core diameter 9.5 mm 
a similar input pulse is broadened to 3.5 ps at the transmission 
coefficient of 47 %. Therefore, CPCFs offer new facilities for 

2.0 mm

1.5 mm

Figure 4. PCF with a periodically  structured  cladding of  the kagome 
type (local dimensions 2.0 mm ́  1.5 mm) for supercontinuum generation.
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Figure 5. Schematic diagram of  the  experimental  setup  for  supercon-
tinuum generation: 
( 1 ) Ti : sapphire laser; ( 2 ) rotary mirrors, ( 3 ) beamsplitter; ( 4 ) micro-
scope objective; ( 5 ) PCF; ( 6, 8, 11 ) lenses; ( 7 ) CCD-camera; ( 9, 10 ) spec-
trometers (350 – 1800 nm); ( 12 ) UV spectrometer (180 – 340 nm).
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transporting femtosecond radiation over the distances, suffi-
ciently long for many applications in biophotonics, with min-
imal losses and distortions of the pulse shape [63, 64].

Supercontinuum  generation  in  PCFs  can  have  multiple 
applications, e.g., as a broadband (low-coherence) source for 
biological  tissue  imaging  [65],  for  wavelength  multiplexing 
in  communication  systems,  in  systems  of  precise  frequency 
metrology [66 – 71]. In telecommunication high-density wave-
length multiplexing systems [72] a single supercontinuum source 
may be used instead of multiple sources for spectral channels, 
providing the generation of more than 1000 channels [73 – 75], 
which will surely also find application in biophotonics in the 
nearest future.

The stimulated Raman scattering in PCFs was first used 
for optical amplification  in  [76]. In the experiment the  laser 
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Figure 6. Supercontinuum  generation  using  the  kagome-lattice  PCF: 
the UV part  of  the  supercontinuum  spectrum  (a),  the  visible  and  IR 
parts of the supercontinuum (b) and the spectra, excited in the PCF by 
the radiation of the femtosecond Ti : sapphire laser (~800 nm, ~220 fs) 
at nearly the same power density (~40 GW cm–2) in the fibre and dif-
ferent fibre lengths (c) [59]. 

a b

Figure 7. Cross section of a waveguide with chirped cladding (a) and 
the scheme of reflection from the waveguide chirped cladding (b). 
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Figure 8. Profiles of a femtosecond laser pulse at the input (a) and out-

put (b) of the chirped PCF.
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radiation with the wavelength 1536 nm was introduced into 
the 75-m-long PCF. At the output of the fibre the power gain 
was 42 dB.

The development of new types of PCFs opens a new stage 
in the progress of optical technologies for biomedicine, allow-
ing  drastic  enhancement  of  all  basic  nonlinear  optical  pro-
cesses and offering the possibility of supercontinuum genera-
tion using nano- and sub-nanojoule femtosecond pulses. The 
supercontinuum generators on the base of micro- and nano-
lightguides help to provide extreme precision of optical mea-
surements and open the ways for designing new compact mul-
tiplex radiation sources for nonlinear spectroscopy and micro-
scopy, laser therapy and cell nanosurgery [77 – 79]. 

5. Biological sensors based on photonic crystal 
fibres

Biosensors are a new class of analytic devices,  in which  the 
immobilised biological materials are used for the recognition 
of molecules. The idea of creating a biosensor device was first 
stated about 30 years ago [80]. This idea was to use an enzyme 
electrode,  i.e.,  an  electrochemical  sensor  with  an  enzyme 
immobilised  over  its  surface.  During  the  passed  decades 
numerous  studies  were  carried  out  in  relation  to  different 
aspects of protein electrochemistry on the electrode surface, 
which made it possible to create a number of biosensors on 
the base of enzyme electrodes, some of them already imple-
mented  commercially. Depending  on  the  specific  biological 
sensitivity  of  the  element,  the  biosensors  are  divided  into 
enzyme, immunological and microbe ones, and depending on 
the detector type into electrochemical, optoelectronic, acoustic 
and optical ones. 

Optical biosensors possess high sensitivity and resolution 
in the detection and quantitative assessment of chemical sub-
stances  and  biological  processes  [16, 81]. Depending  on  the 
type of the optical sensors, their action is based on different 
optical  phenomena,  including  absorption  and  reflection  of 
the incident flux of light, luminescence, surface plasmon reso-
nance, and the effect of photonic bandgaps. The signal of an 
optical biosensor can be described in terms of the variation of 
the  wavelength,  intensity,  phase  and  polarisation  of  light 
depending  on  the  concentration  of  the  detected  substances 
and the influence of the environment. Typically a biosensor 
includes a light source, a unit introducing the radiation into 
the sensor, and a device for analysing the radiation spectrum, 
mode profile, etc. [16, 82]. 

Many optical  fibre biosensors are designed  to make use 
of the exponentially decaying (evanescent) waves, localised in 
the cladding of the fibre [16, 83]. The light guide consists of a 
high-index  cylindrical  core  and  a  low-index  cladding.  The 
radiation propagates in the core of the fibre due to total inter-
nal  reflection.  In  the  cladding  the  penetration  depth  of  the 
evanescent field is of the order of the wavelength and depends 
on the mode refractive indices and the cladding material. By 
partially  removing  the  cladding  material  one  can  provide 
direct  interaction of  the evanescent  field with  the biological 
analyte, which allows plotting  the evanescent  field  intensity 
versus the analyte refractive index [16, 83]. 

Biosensors  based  on  the  surface  plasmon  resonance  are 
one more class of optical sensors that allow real-time analyte 
detection without using fluorescent probes [84 – 86]. The plas-
mon  resonance,  i.e.,  the  surface  excitation  of  plasmons  by 
light, occurs at the surface of metals under the conditions of 
total internal reflection and is characterised by certain refrac-

tive index and reflection angle. The measurements are based 
on the migration of the plasmon resonance energy from the 
surface of the metallic film into the solution, where, due to the 
intermolecular interaction, the change in the resonance angle 
and, therefore, in the refractive index in the near-surface layer 
occurs.  Basing  on  the  change  in  the  latter,  one  can  judge 
about the  interaction between the biological molecules. The 
variations  in  the  refractive  index are  largely affected by  the 
medium, surrounding the metallic nanostructure. The change 
in the refractive index is detected in the immediate vicinity of 
the nanostructure, owing to which the phenomenon of local 
plasmon resonance may be used for the label-free assay. The 
films are most frequently made of gold or silver. Other metals 
can be also used for the assay, provided that the frequency of 
the plasmon resonance overlaps with that of the protein opti-
cal  absorption  [87]. The  sensitivity  limit of  such a  sensor  is 
1 pg mm–1 [84].

At present PCFs are considered as one of the most prom-
ising  sensitive  elements  of  fibreoptical  sensors  of  physico-
chemical  quantities,  the  use  of  which  would  substantially 
improve the performance capabilities of traditional fibre bio-
sensors. Their basic advantages  include  the  electromagnetic 
noise immunity (as in many fibreoptical sensors), high sensi-
tivity, reliability, reproducibility, wide dynamic range of mea-
surements, the possibility of spectral and spatial multiplexing 
of  sensitive  elements,  located  in  one  or  a  few  waveguides, 
short time of response to the variation in the measured quan-
tity, small outer dimensions, the possibility to combine wave-
guide principles and microfluidistics.  

The position of the optical radiation transmission regions 
and the photonic bandgap of a hollow PCF are largely affected 
by the refractive index of the medium, filling the space in the 
hollow core and the channels of the cladding. The sensitivity 
of the PCF spectral characteristics to the physical parameters 
of  the medium  (gas  or  liquid),  filling  its  internal  structure, 
determines  the promising applications of  the waveguides  in 
the  analytic  devices  (biological  chips  and  sensors),  used  in 
biology and medicine. The possibility of using PCFs as sen-
sors was  first  noticed  in  [88], where  the  absorption  spectra 
were measured  for  acetylene  that  filled  a  waveguide  under 
pressure. In [89] the possibility of designing a photonic crystal 
sensor was reported that allows detection of individual mole-
cules  via  their  two-photon  fluorescence.  The  possibility  of 
selective detection of antibodies in a hollow PCF was shown 
in [90].

Two  protocols  of  implementing  biological  PCF-based 
sensors were demonstrated [91]. The first protocol is based on 
the waveguide with a double periodic structured cladding and 
core. The radiation from a diode laser (532 nm) is introduced 
into the core of the waveguide and is captured there due to the 
guiding properties of the first structured cladding. The radia-
tion is transported to the probed sample and the excited fluo-
rescence is collected by the second structured cladding. In the 
second protocol the biological sample, marked with a fluores-
cent  dye,  is  introduced  into  the  structured  cladding  of  the 
waveguide. The laser radiation is focused into the core, and 
the radiation, passing through the waveguide, is studied. As 
shown in Ref. [91], these two protocols are completely identi-
cal with respect to the character of the acquired data about 
the biological analyte.

To  design  a  new  generation  of  biosensors  one  needs 
detailed investigations of the character and the degree of influ-
ence of the substances under study on the spectral properties 
of the PCF [92]. For example, we used aqueous solutions of 
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riboflavin and cyanocobalamin of different concentrations as 
the model of a liquid, strongly absorbing light in the visible 
region of wavelengths.

The  aqueous  solution  of  riboflavin  (at  large  concentra-
tions) is a liquid having intense yellow-orange colour. Ribo-
flavin is a biologically active substance. Its molecule is formed 
by  the  ribose and  the yellow pigment  flavine  (from Latin 
‘flavus’  meaning  yellow).  Riboflavin,  excited  at  the  wave-
length 370 nm, is used, e.g., as a photodynamic photosensi-
tiser for generating singlet oxygen and other superoxide free 
radicals that participate in the process of extracorporal pho-
todynamic therapy of the whole blood and its individual com-
ponents [93]. It is used also in the form of the Medio-Cross® 
preparation (the solution of riboflavin and dextran), owing to 
which the generated radicals provide the creation of physical 
bonds between collagen fibres  in biological  tissues  (e.g.,  the 
eye cornea), necessary  for mechanical  strengthening of  the 
tissues in the treatment of numerous diseases [94]. The deriva-
tives  of  riboflavin,  flavine mononucleotide  (FMN)  and  fla-
vine adenine dinucleotide (FAD) enter into the composition 
of many redox enzymes as coenzymes. Aqueous solutions of 
riboflavin have two broad absorption bands at 370 nm and 
at 445 nm.

To explore the mechanisms responsible for the change in 
the PCF spectral properties depending on the concentration 
of riboflavin solution, introduced into the channels, we used 
the chirped-cladding waveguide, consisting of five concentric 
layers (Fig. 7a) with the diameter of the hollow core 284 mm 
and the outer diameter 1 mm.

Figure 9 presents the spectrum of radiation, passed through 
the  PCF  sample  with  the  abovementioned  parameters  and 
with the channels filled with air. The spectrum has a comb-
like structure, and eight intensity peaks with a large modula-
tion depth appear in the sensitivity interval of the spectrome-
ter. For further analysis of solutions one should first obtain 
the  reference  signal,  i.e.,  the  transmission  spectrum  of  the 
PCF with its channels filled with pure solvent. In the present 
case this solvent was water. Figure 10 presents the spectrum 
of  radiation,  passed  through  the  50-mm-long  PCF with  its 
channels filled with distilled and deionised water. Now only 
six intensity maxima are present in the spectrum, not eight, as 
in the case of filling with air. The spectrum transformation is 
due  to  the  significant  change  in  the  refractive  index  of  the 

medium in the hollow channels of the fibre. The presence of 
the  intensity maximum at 450 nm in the spectrum is of pri-
mary importance, because its position exactly coincides with 
that of the intrinsic absorption maximum of riboflavin. It is 
reasonable to expect that the amplitude of this peak will be 
most sensitive to the variations in the solution concentration.

Five solutions with the riboflavin concentrations 0 (water), 
0.001, 0.003, 0.005, and 0.01 mg mL–1 were used in the experi-
ment. The transmission spectra are presented in Fig. 11. It is 
seen that with the growth of concentration the transmission 
spectrum of the filled PCF is apparently transformed. Signi-
ficant reduction (up to suppression) of the intensity maximum 
at  450  nm  occurs,  as  well  as  considerable  lowering  of  the 
neighbouring maximum  (l »  520 nm). Using  these  spectra 
we plotted (Fig. 12) the peak amplitude at l = 450 nm versus 
the concentration of the solution. The height of the peak at 
l = 450 nm decreases  exponentially with  the  growth of  the 
solution concentration, which is well confirmed by the proper 
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Figure 9. Spectrum of optical radiation, passed through the PCF sample 
with chirped cladding.
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Figure 10. Spectrum  of  radiation,  passed  through  the  PCF  sample, 
filled with water (n = 1.33).
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Figure 11. Spectra of radiation, passed through the PCF samples after 
filling  the channels with aqueous solution of riboflavin with different 
concentrations.
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approximation. On the contrary, the intensity maxima (Fig. 11) 
in  the  longer-wavelength  region of  the  spectrum are practi-
cally insensitive to the variations in the riboflavin concentra-
tion. This  fact  shows  that  it  is  the  absorption  at  the wave-
length 450 nm that affects the character of light propagation 
most strongly.

The studies carried out have shown that the use of a PCF 
for  measuring  the  solution  concentration  allows  the  detec-
tion of the concentration change in the solution under study 
at  the  level ~10–4 mg mL–1  (10–5 %)  and  the  detection of  a 
substance at concentrations ~10–5 mg mL–1 (approximately 
10–8 mol L–1).

The change  in  the spectral characteristics of waveguides 
due to the change in the refraction index of the medium filling 
the PCF channels makes it possible to use the waveguides for 
measuring the refractive indices of liquids and gases. Thus, in 
Fig. 13 three transmission spectra of waveguides with chan-
nels  filled with glucose solutions of different concentrations 
are  shown. The  glucose  concentration  affects  the  refractive 
index of the solution, namely, when the concentration changes 

from  1 %  to  40 %  the  refractive  index  varies  in  the  interval 
1.3356 – 1.3919 (at 20 °C). 

The analysis of the spectra (Fig. 13) shows that with the 
increase in the medium refractive index the short-wavelength 
peak in the spectrum of the output radiation is shifted towards 
the long-wavelength region and grows in amplitude. On the 
contrary, the central maximum is shifted towards the shorter-
wavelength region, and the adjacent shorter-wavelength max-
imum also increases in height. Such shifts of the peaks in the 
spectrum occur owing to the uniform growth of the refractive 
index at all wavelengths.

One more  example  of  PCF  application  is  the  measure-
ment  of the cholerogenum concentration in aqueous medium 
(Fig. 14). The subject of study is the liquid, containing chole-
rogenum. The latter is a toxin of protein nature, produced by 
comma bacillus. It is fixed by the receptors of the cells of the 
small  intestine mucosa  and  causes  diarrhea  in  the  cases  of 
cholera. One can see from Fig. 14 that within the limits, neces-
sary for monitoring the toxin in the laboratory conditions, the 
increase  in  the  solution  concentration  considerably  changes 
the spectrum of the light transmission.

It  is  important  that  even  though  the  sensitivity  to  the 
changes  in  the  refractive  index  of  three  studied  solutions 
appeared relatively small and slightly lower than in the com-
mercial refractometers, PCFs still demonstrate essential advan-
tages over them. They include the possibility to acquire infor-
mation at many wavelengths at once and information about 
the absorption of the studied substance, and also to automate 
the  process  by  using  disposable microcuvettes with  built-in 
PCFs. Besides, the optimisation of the spectral data process-
ing would increase the sensibility by at least an order of mag-
nitude.

It should be noted that the high sensitivity of the intensity 
of  radiation, passed  through a waveguide,  to  the  change  in 
concentration  of  scatterers  in  the  hollow  core  of  the wave-
guide may provide the base for a new method of blood group-
ing in humans [95 – 97].

Table 1 gives a brief description of known biosensors and 
the data about their sensitivity [98].

Basing on the photonic crystals, an ‘intelligent’ Petri dish 
was designed [99]. The principle of its operation is the follow-
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Figure 12. The peak amplitude at l = 450 nm versus the concentration 
of riboflavin solution in PCF.
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Figure 13. Spectra of radiation, passed through the PCF samples after 
filling  the  channels with  aqueous  solutions with  different  refractive 
indices.
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Table 1. Relative characteristics of biological sensors

Design concept  Optical method
 

Analyte  Sensitivity limits  References

Surface plasmon  SPR  Solutions  10–5 – 10–6 (RI)  [131 – 136]
resonance  Broadband SPR  Solutions   10–7 – 10–8 (RI)  [137, 138]
  SPR tomography  Solutions   10–5 – 10–7 (RI)  [139 – 142]
  SPR tomography  Proteins   1 nmol  [143] 
  Optical heterodyne SPR  Proteins   0.2 nmol  [144] 
  Phase-sensitive SPR  Proteins  1.3 nmol  [145] 
  Wavelength-modulated SPR   DNA  10 nmol  [146] 
  SPR tomography  DNA and RNA  10 nmol  [147] 
  Flow-injection SPR  DNA  54 fmol, 1.38 fmol  [148, 149] 
  Angle-modulated SPR  Protein (PSA)  0.15 ng mL–1  [150]
  SPR  Protein (CA19-9)  66.7 ml–1  [151]
  SPR  Protein (a-fetoprotein)  50 ng mL–1  [152]
  Prism-based SPR  Bacteria (E. coli)  106 CFU mL–1  [153]
  Prism-based SPR  Bacteria (Salmonella yphimurium)  100 CFU mL–1  [154]
  SRP BIAcore 2000  Bacteria  25 CFU mL–1  [155]

Interferometry  Mach – Zender interferometer  Solutions   10–7 (RI)  [156]
    Proteins   20 pg mm–2  [157]
  Young interferometer  Solutions  10–7 (RI)  [158, 159]
    Viruses   1000 particles mL–1  [160]
  Hartman interferometer  DNA  4 ng mL–1  [161]
    Proteins  5 ng mL–1, 0.1 ng mL–1  [161, 162]
    Viruses  107 PFU mL–1  [161]
    Bacteria   5 ́  108 CFU mL–1  [161]
      5 ́  106 CFU mL–1 
  Porous silicon BSI  DNA  2 pmol  [163] 
  BSI  Proteins   0.1 ng mL–1  [164]
  Microchannel back scattering  Solutions  7 ́  10–9 (RI)  [165]
    Proteins  1 fmol, 1 pmol  [166, 167]

Waveguides  Resonance mirror  Proteins  0.1 pg mm–2  [168]
    Cells  106 ml–1  [169]
  Waveguide with metallic cladding  Bacterial spores  ~106 spores mL–1  [170]
    Cells   ~10 cells mm–2  [171]
  Reverse-symmetry waveguide  Cells   60 cells mm–2  [172]
  Waveguide with symmetric metal  Solutions   2 ́  10–7 (RI)  [173] 
  cladding

Ring resonator  Ring chip  Solutions  10–4 – 10–7 (RI)  [174 – 177] 
    DNA  ~100 nmol  [178]
    Proteins  20 – 250 pg mm–2, 0.1 ng  [174, 179, 180]
    Bacteria   105 CFU mL–1  [178]
  Dielectric microsphere  Solutions  10–7 (RI)  [181]
    DNA  1 pg mm–2  [182]
    Proteins  10 pg mm–2 (trypsin)  [183, 184]
      1 unit mL–1 (thrombin) 
    Viruses  ~1 pg mm–2  [185]
    Bacteria   100 CFU mm–2  [186]
  Optical capillary liquid ring  Solutions  10–6 – 10–7 (RI)  [187]
    DNA  4 pg mm–2  [188]
    Proteins  1 pg mm–2  [189]
    Viruses  1000 particles mL–1  [190]

Optical fibres  Fibre Bragg grating  Solutions  10–6 (RI)  [191 – 196]
    DNA  0.7 mg mL–1  [196]
  Large-period grating  Solutions  10–4 (RI)  [197]
    Proteins   2 mg mL–1  [198]
  Nanofibres  Solutions   10–7 (RI)  [199, 200]
  Fabri – Perot fibre resonator  Solutions  10–5 (RI)  [194, 201]
    DNA  76 mmol  [202]
    Proteins  25 mg mL–1  [203]

Photonic crystals  2D PC  Solutions  10–5 (RI)  [204, 205]
    Proteins  0.4 pg mL–1  [194,201]
  2D PC resonator  Solutions  10–5 (RI)  [206, 207]
    Proteins  1 fg  [208] 
  2D PCF  Proteins  0.15 mmol  [209]
  One-dimensional micro-cavity array  Solutions  7 ́  10–5 (RI)  [210]
  based on PCF 
  PCF  Solutions  10–4 (RI)  [197, 95]
    Proteins  10–8 mol L–1  [92, 96]

Notes: SPR is the surface plasmon resonance; RI is the refractive index; BSI is the backscattering interferometer; 2D PC is the two-dimensional 
photonic crystal.
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ing. A cell culture is applied onto a photonic crystal substrate. 
The  growth of  cells  is monitored by measuring  the  scatter-
ing of radiation. Such a method allows the detection of even 
minor changes in the cell shapes and the characterisation of 
the introduced toxin effect. 

The systems considered above make it possible to design 
individual  label-free sensor elements of the devices, referred 
as  ‘lab-on-a-chip’  (LOC).  The  lab-on-a-chip  is  a  miniature 
system, allowing realisation of hundreds and thousands of bio-
chemical  reactions,  including  the  stages  of  separation,  con-
centration, mixing of the intermediate products, moving them 
into different reaction micro-chambers, and simultaneous read-
out of the final results aimed at the diagnostics of diseases and 
detection of bioterrorism agents [100]. The main advantages 
of LOC are  the simplicity of use, high speed of assessment, 
minor  expenditure  of  probed  substance  and  reagents,  and 
high  reproducibility  of  results  due  to  using  standard  tech-
nologies and automated equipment. In future LOCs may be 
used for assays that presently require specialised laboratories 
with expensive equipment, e.g., the point-of-care diagnostics 
of oncological and infectious diseases or the rapid analysis of 
environmental pollution in field conditions. Moreover, there 
is  a  prospect  of  using  LOCs  as micro-reactors  in  synthetic 
chemistry. 

6. Photonic crystal fibres as radiation sources 
for biomedical applications

6.1. Optical coherence tomography

Optical coherence tomography (OCT) allows in vivo imaging 
of sub-surface tissues of the human organism with high spatial 
resolution [16, 101 – 105]. The radiation of the probing beam 
is  focused  at  a  biotissue,  and  the  intensity  of  the  signal, 
reflected from the tissue  internal microstructure at different 
depths  is  depth-sorted  and  measured  using  interferometry 
under  the  condition  that  the  radiation  is  low-coherence 
(broadband). Alongside with the depth scanning (A-scan) the 
probing beam is scanned in the lateral direction over the tissue 
surface  (B-scan), providing  the  transverse  image sweep  that 
yields a 2D image. It is also possible to get 3D images.

Longitudinal  (depth) and transverse  (lateral)  resolutions 
are independent quantities. The depth resolution Dz is deter-
mined by the coherence length of the light source:
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where l0 is the central wavelength; D l is the radiation band-
width. The lateral resolution depends upon the degree of spatial 
coherence of the light source and the focusing optics, which 
should be sufficiently  long-focus to provide minimal distor-
tions in the course of the tissue depth scanning. For a Gaussian 
light beam with perfect spatial coherence the transverse reso-
lution is defined as 
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where f is the focus length of the lens, d is the diameter of the 
beam, incident on the lens. The focus depth is given by
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The  resulting  data  (the OCT  image)  form  a  two-dimen-
sional  pattern  of  backscattering  (or  reflection)  from micro-
scopic optical inhomogeneities (cell structures) of the biologi-
cal tissue. Therefore, an OCT image actually contains  infor-
mation about the morphological structure of the near-surface 
tissues. The OCT is interesting for clinical applications for sev-
eral reasons. The resolution of commercial OCT devices is 6 – 10 
mm. This is tens or thousands times higher than the resolution 
of other practically used diagnostic methods (for comparison, 
the resolution is 240 – 640 mm for X-ray computer tomography, 
slightly less than 1 mm for magnetic resonance tomography, 2 
mm for positron emission tomography, and 1 – 3 mm for ultra-
sound  imaging). This  implies  the microscopic  level of study. 
The  information provided by OCT  is  intravital and exhibits 
not only the structure of tissues, but also the features of their 
functional  state. Noninvasivity  of  the method  follows  from 
the use of low-intensity sources of radiation within the thera-
peutic  window  (0.83 – 1.3  mm)  in  the  near-infrared  region. 
Such radiation does not damage tissues and cells. 

Increasing  the  resolution  of  OCT  systems  requires  new 
types of  radiation  sources with a broad  (up  to hundreds of 
nanometres) spectrum, the coherence length of a few microme-
tres, and a very high degree of spatial coherence, necessary for 
efficient  excitation  of  single-mode  fibre  interferometers,  on 
which OCT systems are based [101 –  106].

The broadband optical radiation appears from the output 
of a PCF, excited by femtosecond laser pulses in the course of 
supercontinuum  generation  [22, 31, 59, 107 – 110].  The  spec-
tral width of the PCF radiation is much larger than the gain 
bandwidth of all crystals known at present. Figure 15 demon-
strates a  typical OCT  image of  the pig  eye  retina, obtained 
with such a light source [107]. 

The  authors  of  [111, 112]  demonstrate  an  OCT-aimed 
source  of  supercontinuum  based  on  the  stimulated Raman 
scattering in PCFs (Fig. 16) [111]. The radiation from a 10-W 
cw single-mode fibre Yb laser was introduced into a PCF with 
abnormal dispersion. As a result, the continuous spectrum was 
generated in the range 1090 – 1370 nm with the power 300 mW. 
The transverse resolution of the OCT in this case was 4.8 mm. 
As an illustration, Fig. 17 shows an in vivo image of the cheek 
skin of a golden hamster [111]. 

The  longitudinal  OCT  resolution  less  than  1.3  mm was 
obtained using the PCF-generated supercontinuum radiation 
with the spectral band ranging from 800 to 1400 nm and the 
power 100 mW [113].

Figure 15. The image of the pig eye retina (2000 ́  1010 pixels, 1 ́  2 mm) 
[107].
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6.2. Fluorescence confocal and broadband spectroscopy  
and cytometry

In 2006 the papers appeared in which the light sources, gener-
ating  supercontinuum,  began  to  be  used  also  in  confocal 
microscopy [114]. Figure 18 shows the typical schematic dia-
gram of a fluorescence confocal laser scanning microscope with 
the light source on the supercontinuum base. The generation 
of supercontinuum occurs in a tapered PCF. The width of the 
supercontinuum is 1000 nm (400 – 1400 nm) [114]. In Fig. 19 
the image of a neuron-like cell is presented with the resolution 
of the diffraction limit order, obtained using the fluorescence 
confocal laser scanning microscope [114].

A year later, in 2007, the optical scheme and appropriate 
technique was developed for fluorescence imaging of tissues 
in vivo [115]. With the purpose of fluorescence imaging the laser 
radiation (1061 nm, 5 ps, 8 W) was introduced into a tapered 
PCF, generating supercontinuum with the lower spectral limit 
at the wavelength of 350 nm. In the fluorescence image of the 
rat tail (Fig. 20) one can easily see hair follicles, dermis, and 
collagen bundles [115].

In  the confocal  fluorescence microscope  [116], proposed 
in 2008, the broadband radiation source was used having the 
central wavelength 1064 nm and the spectral range from 460 
to  2000  nm.  Figure  21  shows  the  image  of  the  may  lily 

(Convallaria majalis) flower obtained using the excitation at 
the wavelengths 620 nm and 530 nm [116].

The excitation of fluorescent probes in flow cytometry is 
traditionally implemented using a few discrete wavelengths of 
laser  radiation.  The  application  of  commercial  PCF-based 
supercontinuum  sources  removes  this  limitation  [117].  At 
present two companies, Fianium Ltd. (Southampton, Great 
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Figure 16. OCT system with a PCF source of light: 
( 1 ) cw ytterbium fibre laser; ( 2 ) PCF; ( 3 ) spectral multiplexer; ( 4 ) scan-
ning unit  in  the  reference  arm;  ( 5 )  polarisation  controllers;  ( 6 )  elec-
tronic detection unit; ( 7 ) computer; ( 8 ) controllers of galvanic drives 
for scanning along the x, y, and z axes; ( 9 ) laser beam of visible radia-
tion  for  aligning  the  interferometer;  ( 10 )  sample;  ( 11 )  xy-scanning 
probe; (PD1 and PD2) photodetectors [111]. 
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Figure 17. In vivo image of the cheek skin of a golden hamster with the 
longitudinal  resolution 4.8 mm: cornified epithelial  layers  ( 1 ), muscle 
layers ( 2 ), blood vessels ( 3 ), cover glass ( 4 ) [111].
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Figure 18. Confocal  laser  scanning microscope based on  a  supercon-
tinuum source: 
( 1 ) Ti : sapphire laser with mode locking; ( 2 ) 5- W NdYVO4 pump la-
ser; ( 3 ) Faraday optical isolator; ( 4 ) objective (10´, NA = 0.3); ( 5 ) ta-
pered PCF; ( 6 ) objective (4´, NA = 0.1); ( 7 ) fibre communication unit; 
( 8, 10 )  acousto-optical  beamsplitter;  ( 9 )  detector;  ( 11 )  scanner;  ( 12 ) 
microscope; ( 13 ) objective (40´, NA = 1.25) [114].

10 mm 20 mm

a b

Figure 19. Neuron-like cells, stained with a fluorescent dye; the fluores-
cence excitation occurs at the wavelengths 488 nm (a) and 543 nm (b) 
[114].
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Figure 20. Rat tail image: hair follicle ( 1 ), dermis ( 2 ), collagen bundles 
( 3 ) [115].
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Britain) and Koheras A/S (Denmark), produce such source, 
having  the  power  5 W  (460 – 2000  nm)  and differing  in  the 
spectral distribution of intensity and signal-to-noise ratio. It is 
shown in Ref. [117] that the supercontinuum sources demon-
strate  several  apparent  advantages,  being  applied  to  flow 
cytometry. The progress in the field of semiconductor lasers 
allowed creation of a number of light sources with different 
wavelengths for using in flow cytometry; however, they still 
do  not  cover  all  spectral  regions.  Thus,  the  yellow-orange 
region (570 – 620 nm) remains undeveloped. Supercontinuum 
sources easily provide visible light of any wavelength, which 
makes  it  possible  to  choose  fluorescent  probes  more  accu-
rately and removes the necessity to use multiple lasers, oscil-
lating at different wavelengths,  including even those shorter 
than 400 nm.

Moreover,  the  supercontinuum  sources will  allow more 
precise observance of the excitation conditions for particular 
fluorophores. This is particularly useful in such applications, 
as FRET (fluorescence resonance energy transfer), where the 
excitation/radiation wavelengths should be precisely chosen.

Thus, the design of radiation sources based on supercon-
tinuum generation in a PCF with controlled spectral compo-
sition,  coherence  and  power  is  a  promising  solution  of  the 
problems of optical coherence tomography, fluorescence con-
focal  and  broadband  spectroscopy  of  molecules,  and  flow 
cytometry.

6.3. Photodynamic and photothermal therapy

Photodynamic  therapy  (PDT)  is  a method  of  curing  onco-
logic and tumour diseases, some skin and numerous infection 
diseases, based on the use of photosensitisers and, as a rule, 
visible light with definite wavelength and moderate intensity 
[16, 118 – 124]. 

The  sensitiser  is  usually  introduced  into  the  organism 
intravenously, but oral or topical administration is also pos-
sible. The substances used  for PDT possess  the property of 
selective accumulation in a tumour or any other pathological 
tissues (cells). The tissues affected by the pathological process 
are exposed to the light illumination with the wavelength, cor-
responding  to  the  absorption maximum  of  the  photosensi-
tiser. The laser systems are used as light sources. The absorption 
of light quanta by the photosensitiser molecules in the pres-
ence of oxygen causes the photochemical reaction resulting in 
the transformation of molecular oxygen  into the chemically 
active singlet oxygen and in the formation of multiple high-
activity  radicals.  The  singlet  oxygen  and  the  radicals  cause 
necrosis and apoptosis of tumour cells, two basic mechanisms 

of cell death. Photodynamic therapy also violates the tumour 
nutrition and leads to its further destruction due to the dam-
age of surrounding blood microvessels [125]. At present sev-
eral types of photosensitisers are widely used (Table 2) [126].

To achieve high efficiency of singlet oxygen excitation one 
has to choose an optimal light source. This role may be played 
by the supercontinuum source based on the stimulated Raman 
scattering (SRS) in a PCF [112] that provides the sufficiently 
high power of generation (2.3 W). The PCF-based SRS-laser 
for  photodynamic  therapy  is  now  developed  by  Russell’s 
team [127].

The use of broadband PCF-based radiation sources in the 
study and practical application of photobiological and photo-
dynamic  processes  in  medicine  is  undoubtedly  promising 
[16,  123, 124]. Note, that in many cases the multiphoton pho-
todynamic  therapy,  in  which  the  sources  of  femtosecond 
pulses  are  used,  may  appear  essentially  more  efficient  and 
noninvasive. For  example,  the  new phototherapy  technolo-
gies based on the photothermal action of optical radiation on 
tumours  and microorganisms,  sensitised with  plasmon  reso-
nance  nano particles,  require  broadband  light  sources  [124]. 
Such  sources  are necessary also  for  the  excitation of multi-
component photosensitisers aimed at the targeted therapy of 
different parts of the pathological process. This photosensitiser 
may be implemented as a set of dyes with different excitation 
wavelengths, each having his own mechanism of attaching to 
a pathological cell, or as a mixture of dyes with nanoparticles 
[128]. 

6.4. Laser ablation

Laser ablation is a process of laser-induced removal of sub-
stance (usually, in microscopic amounts) under the action of 
short pulses at wavelengths, efficiently absorbed by the sub-
stance  [129]. Laser ablation with picosecond  laser  radiation 
using a hollow-core PCF was first demonstrated in [130]. The 
radiation, passed through the waveguide with the diameter of 
the hollow core 130 – 150 mm, was focused on the steel target; 
as a result, a crater with the diameter ~60 mm appeared on 
the target surface.

The use of laser picosecond system for ablation of tooth 
hard tissues is described in [38] (Fig. 22). The PCF exploited 
had a 2D periodic cladding, formed by the lattice of identical 
glass capillaries. The hollow core of the PCF was formed by 
extracting seven capillaries from the central part of the struc-
ture. The period of the cladding structure is ~5 mm, the diam-
eter of the hollow core  is ~13 mm. The radiation of a pico-
second pulsed Nd : YAG  laser  (1060 nm)  is  passed  through 
the PCF and focused onto the tooth surface to cause ablation 
of  hard  tissues. The  radiation  from  the  arising plasma  gets 
back to the PCF and is transmitted to the registration system 
to control the ablation process. It is important that the profile 
of the beam outgoing from the PCF is nearly Gaussian, which 

a b

Figure 21. Images of may lily (Convallaria majalis) obtained upon exci-
tation at the wavelengths 620 nm (a) and 530 nm (b). The size of each 
image is 355 ́  355 mm [116].

Table 2. Comparative characteristics of photosensitisers

Photosensitiser  lambasx /nm  Wth /mW cm–2  h

Photofrin-2 (USA)  625±5  30 – 40  ~ 0.55
Photogem (Russia)   625±5  50  ~ 0.55
Photosense (Russia)   670±10    5  ~ 0.3
Chlorine e6 (Russia)  660±10  10  ~ 0.5

Notes: lambasx is wavelength of the absorption maximum, Wth is threshold 
energy flow density for initiating the photodynamic effect; h is quantum 
yield of the singlet oxygen.



  Yu.S. Skibina, V.V. Tuchin, V.I. Beloglazov, G. Steinmeyer, et al.298

makes its sharp focusing onto the object possible. The radia-
tion was focused into a spot with the diameter 15 mm on the 
caries-affected surface of the tooth tissue in vitro. In the course 
of  ablation  the  emission  band  of  calcium,  contained  in  the 
tooth enamel, was found in the arising plasma radiation.

Moreover, laser ablation using PCFs has multiple poten-
tial  applications  in  biomedicine,  including  the  removal  of  
haemangiomas, tattoos, etc. 

7. Conclusion

The main fields of PCF application in medicine are related to 
the design of novel bright emitters of white light for optical 
coherence tomography, spectroscopy and microscopy having 
superhigh  resolution,  new  types  of  biosensors  (particularly, 
on the base of hollow-core PCFs) and high-intensity laser sur-
gical and therapeutic systems, where it is necessary to trans-
mit  high-power  ultrashort  pulses with  next-to-perfect  beam 
shape quality for subsequent diffraction-limited focusing.

In the review the main trends and prospect of PCF appli-
cations in biomedicine are outlined. This field of research and 
applications is very young and, therefore, the continuing fun-
damental studies of PCF properties are expected to promote 
the discovery of  novel  fields of  their  application  in biology 
and medicine. However, already now the PCF-based sensors 
demonstrate the sensitivity at the level of 10–7 mol L–1 in terms 
of concentration and ~10–5 in terms of refractive index. The 
possibility to create an optical coherence tomograph with the 
longitudinal resolution less than 1.5 mm is demonstrated. Unique 
facilities are exhibited by confocal and fluorescence micros-
copy and spectroscopy, as well as flow cytometry, provided 
that  the  broad-band  PCF-based  systems  are  used  as  light 
sources.  Such  sources will  find  applications  in  the  complex 
photodynamic therapy and photothermal therapy of cancer, 
involving multiple mediators of the light action with different 
wavelengths,  as  well  as  in  the  multiphoton  photodynamic 
therapy.

The application of PCFs is promising for transmitting high-
power ultrashort laser pulses without beam shape distortion 
and sometimes even with its correction owing to spatial filtering. 
These pulses are used both in nonlinear microscopy of tissues 
at the molecular level and for high-precision ablation of tissues 
and nanosurgery of cells.

In the review we used the results of the research, carried 
out in the International Research-Educational Centre ‘Photo-
nics’ at N.G. Chernyshevsky Saratov State University (Russia), 

Max Born Institute of Nonlinear Optics, Institute of Applied 
Photonics, Institute for Scientific Instruments GmbH (Germany), 
and LLC SPE ‘Nanostructural Glass Technology’ (Saratov, 
Russia).
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