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Abstract:

The review covers the current state of the artiofihescent biosensors based on various types of
microstructed optical fibers so calledicrostructed optical waveguides (MSWSs). The unique
optical and constructive properties of MSWs thakend possible to consider them one of the
most promising integrated platforms for bioassaydescribed. Separate sections are devoted to
a) MSWs classification, b) MSWs materials, c) aspexd biosensing, based on biomolecules
incorporated into MSWs, d) development of modelspi@diction of effectivity of luminescent
signal processing. The authors' view on curremtdseand limitations of MSWs for biosensing

and the most promising areas and technologiespfaication in analytical practice is presented.

Keywords. microstructed optical fiber, photonic crystal fibbiosensor, luminescence, optical
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Abbreviations: MOF, microstructed optical fiber; MSW, microstredt waveguide; PC,
photonic crystal; PCF, photonic crystal fiber; PRiRotonic bandgap fiber; LPG, long period
gratings; QD, quantum dots; SCW, solid core wavwguHCW, hollow core waveguide; SC
MSW, microstructed waveguide with suspended cor@; RCF, hollow core photonic crystal
fiber; HC LPG, microstructed hollow core LPG waviegs; PC6, enzyme proprotein convertase
5/6; ER, estrogen receptor; CRP, C-reactive protein; MBleatular beacons; LAPAP, laser-

assisted protein adsorption by photobleaching.

1. Introduction

Bioassay is one of modern trends in analytical a¢beyn In this field of
knowledge the most tempting is the development aftifanctional platforms,
which integrate the functions of solid support asignal transducer. Sensor
systems based on optical fibers are the promigiobin this field. They combine
the advantages of miniaturization, long interactiength, small sample volume
and possibility of integration to various sensasteyns [1]. In terms of improving
the analytical characteristics, systems with pogsis of selection and
reorganization of the target optical analyticahsigare especially important in the
development of technologies for life sciences redeabiosafety, biomedical
diagnosis, tissue pathology and blood flow monmgri Microstructed optical
fibers (MOFs) so called microstructed waveguidesSYW&), which are 2D

photonic crystals (PCs), occupy a special placengnaptical fibers.



They are characterized by a presence of a solldbbbow core, which acts as a
waveguide defect, surrounded by a structural clagdignificantly affecting on

the transmission of the optical signal.

A number of recent reviews focus on the use of MSkVéhe development of
various sensory systems, including biosensors .[2Application of photonic
crystals in the development of modern methods o&dsay is discussed in [2, 8].
The review [8] examined and summarized results e tevelopment and
application of materials based on PCs: PC filmscrowarriers, fibers and
optofluidic devices to enhance both fluorescenak label-free analysis. The use
of photonic crystal fibers (PCFs) as the sensotfgsta and high-performance
micro-reactor for chemical sensing and photocheynist discussed in [9]. High
efficiency of PCFs for photoactivation, sensing loblogical objects and their
ability to study the photochemical and catalytiaat®ons is demonstrated. Features
and characteristics of the MSWs in UV, visible alitl spectral regions for
biomedical research and clinical practice are dised in [10]. Modern trends in
the development of sensors based on PCFs are skstus [11]. The different
platforms that can be applied for PCF sensors dpwatnt, such as Bragg

gratings, long period gratings (LPG) and PCF imtenineters are compared.

The analysis of these works allows us to highligkttain advantages and

disadvantages of biosensors based on MSWs usimguganethods (Table 1).

Table 1



Luminescence spectroscopy is one of the most sadeand sensitive optical
analytical methods. In our opinion, in spite of @amier of works devoted to the
study of the luminescence properties of organicsdyed quantum dots (QDSs) in
MSWs and developing MSW based luminescent senaopsradoxical situation
has emerged in this field. On the one hand, thea-bigh sensitivity of MSWSs
based sensory systems, including luminescent, It deenonstrated, but at the
same time these systems are not put into pradtimeinstance, the authors [12]
discuss in detail fluorescence based fiber optat @lanar waveguide biosensors,
however MSWs based bioluminescent systems arepeaifically addressed. The
main reasons for this are the insufficient awarsrmdéshe analytical community of
potential of MSW based sensors, the limited comrakavailability of such fibers
[13, 14], as well as the lack of simple and cheapiaks for analytic signals
detection. The luminescence detection in MSWs canpéformed with optic
scheme including in general case: broadband anafmowband light source, fiber
fixing device, lenses and spectrum analyzer. In ¢hse of flow assay, fiber
couplers are used as adaptors for liquid flow tghoMSWs. Some examples of set
ups are presented in the section “Microstructedcabfiber based luminescent

bioassay”.

Here we present the practical view on analyticgliaption of MSWs for the
analysis of biological molecules using luminescespectroscopy at the present
and future. The overview can simplify the selectadrthe necessary components

for specific applications in analysis.



2. Types of microstructed waveguides

At present there is no clearly accepted classiboabf microstructed fibers
therefore we based on Russell's classificatioraf@] extended it to others MSWs.
The main classes of structured waveguides iareo(id core waveguides (SCWSs)

and (i) hollow core waveguides (HCWSs).

Solid core waveguides

The following subclasses of SCWs can be distingadsimicrostructed solid core
LPG waveguides, microstructed waveguides with sudpe core (SC MSWSs),
nonlinear photonic crystal fibers with solid col&ge mode area photonic crystal
fibers with solid core, Kagome photonic crystakfib with solid core [15] (Fig. 1).
The total internal reflection is the main light pagation mechanism in this class
waveguides [16]. It should be noted that SCWs \pitlotonic bandgap guidance

are recently investigated [17].

Figure 1

Some of the remarkable properties of SCWs definihgir applicability in

analytical practice are endlessly single-mode behdy6, 19], high birefringence
[20], large mode area [21] and efficient dispersmanagement, including ultra-
flattened [22] and strongly anomalous dispersio8].[Zhese SCWSs properties
allow to improve precision of target analytical readf The long length of light
interaction with analyte is of particular importanin terms of the MSWs

application in analytical practice for increasingnsitivity. SCWs could be
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applicable as solid support for heterogeneous aksayats, where reagents are

immobilized on the SCW central defect surface.

Hollow core waveguides

The following subclasses of HCWs can be distingeash hollow core
microstructed waveguides, photonic crystal fiberghvinollow core (HC PCFs),
Kagome with hollow core, Bragg waveguides with bwall core, microstructed

hollow core LPG waveguides (HC LPG) (Fig. 2).

Figure 2

Several light propagation mechanisms tenperformed in HCWs. Constructive
interference of scattered light (or light propagatunder the influence of photonic
forbidden bands) is observed in case of latticestont less than the optical
wavelength. The Fabry-Perot etalon reflection spettis formed for waveguides
with lattice constant larger than the optical waweith. In [24-26] HC LPGs are
considered as the system with embedded Fabry-Resaator which is formed by
the capillary walls of structure cladding. Lighttiwvia resonance wavelength
penetrates into the cladding, leaving a hollow citmal defect, and the
corresponding light mode in the waveguide rapidlgm@s. Hollow core

microstructed waveguides with anti-resonant liglttpagation are perspective for

analytical applications.

HC LPGs are characterized by a large hollow coaendter — more than 1Q0n,

and proportionally big diameter of capillaries Iadding [27]. Microphotograph of
6



the cross section of HC LPGs (chirped HCWSs) andrassmission spectrum are
presented on the Fig. 3. Shown spectral charattsrecquired for HC LPGs with
wide capillary walls (2.6m) and large (28@Qm) hollow core prove the assumption

that internal glass walls representing a build-abfy-Perot interferometer.

Figure 3

And finally the third way of light propagation meatisms is Bragg’s reflection
from periodic array of cladding [16, 28] and argmaant reflecting from the first
high-index layer [26]. Bragg PCFs can provide ueigdispersion [29] and
nonlinear characteristics that have been used moodstrate a number of new
effects, including the generation of a broadbarmkstontinuum and a zero group-

velocity dispersion [30-32].

It should be noted that whereas for SCWs the iotiena of light with analyte takes
place exclusively on the surface of the centradrBbdefect, then for HCWs the
process passes in the hollow defect volume [9]clisignificantly increases the
interaction degreeklCWs could be applicable as solid support for lugteneous

assay formats, (immobilization of reagents on hollcore inner surface) and

microcontainer (all reagents are dissolved indmgehollow core).

It should be noted that the classification of MS@igen above is by no means
complete or fully worked. Continuing emergence afied MSWs architecture and
their application in original analytical scheme8-0] suggests we shall see the

great progress in developing of MSWs based sesoreats in the near future.
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3. Materialsfor microstructed waveguides manufacturing

Currently, a range of different materials can beduto make MSWs. A lot of
reports of MSWs have described fibers made ofas[Hd., 42], of different types of
glass (soft glass [27, 43, 44], fluoride and chagérode glasses [45-48], tellurite

glass [49, 50], flint glass [51]) and of polymeR[%3].

Silica is the dominating material due to its odtmad mechanical properties, such
as good transparency in UV, visible and NIR spéatiages, high mechanical
strength against pulling and bending [41, 42]. &éht types of soft glass may be
suitable for making MSWs, since they have simitasitica optical properties, but
much lower melting point, which is near 6@and such glasses are, commonly,
cheaper [27]. The MSWs made from fluoride and abhgdnide glasses have low
transmission losses and can be used for generatiosupercontinuum, i.e.
generation of coherent optical radiation with ulbmad spectrum (few optical
octaves). The major disadvantages of fluoride dmacogenide glasses are high
cost and high brittleness. It is necessary to simgit so-called hybrid MSWs, in

which chalcogenide is deposited on the inner wadlthe MSW holes [54].

Polymer fibers provide high numerical aperture, atel chief advantage is
robustness under bending and stretching, so thieses fare well suited for data
transmission [55]. The first fluorescence-based/(omaéthyl methacrylate) MSWs
biosensor was discussed in [56]. Polycarbonate npelyMSWs [57] and in

particular humidity insensitive TOPAS [58] and Ze&n[59] MSWSs can be



prospect in biosensing because they will not swetl change properties when

being in liquids such as blood and water.

4. Microstructed optical fibers based luminescent bioassay

MSWs were used as a base for DNA, immuno- and eatgnassays with

luminescent evaluation of outcomes. Two main fosm@tluminescent assays are

commonly used in sensor$) Heterogeneous, where one reagent (single stranded

oligonucleotide, antibody, antigen or enzyme) isifmbto a solid surface. In the
case of reagent attachment to MSWs surface, tike filays the role of both a solid
support and a signal transduceri) (Homogeneous, where all reagents are
distributed in solution, providing fast kinetic @ihe-phase reaction. Since the
interaction of reagents occurs in solution, a lwsoent signal appears in the

volume of solution filled hole(s).

The enzymatic, immunochemical methods and DNA amlydedicated to

luminescent analysis of biomolecules in MSWs ararsarized in Table 2.

Table 2

4.1. DNA detection

The DNA detection is important in medicine, phargadorensics and
archaeology. It is therefore not surprising thatagp fibers, including MSWs have
been employed for this purpose. The current state mospects of application

various types of optical fibers biosensors, inahgdiuminescence based, for DNA



analysis are discussed in detail in [60]. The krtiocuses on DNA assay by
evaluating the effect of different DNA sequences tbe modification of the
properties of optical fibers and comparison of efiént formats of analysis and
immobilization. The authors consider the prospedtdMSWs for DNA optical
fiber sensors development. There are several exasngbllabel-free DNA sensors
based on localized variations in the refractiveemndf MSWs coating with DNA
layer upon hybridization with complementary DNA gegces [61]. Drawbacks of
DNA label-free sensing are possibility of non-sfieddinding and problems with
detection of multiple DNA targets. Therefore, ldzkIDNA detection based on
fluorescence label is still the preferred approaxDNA sensing. The first to
demonstrate the implementation of MSW biosensote small biochips for

controlled fluid and light handling were Rindorfat[62].

Sensor for specific DNA sequences based on molecbieacons (MB)
immobilized on the internal surfaces of suspenda@ silica glass optical fibers
was demonstrated by [63]. MB is single-strandedasiucleotide hybridization
probes with covalently linked fluorophore and quesrc The fluorophore’s
emission is restored when MB bind to a target na@eid sequence. Therefore the
MB applying does not require the labeling of compdatary DNA sequences
before detection. The high cost and complicatedhggis of MB prevent their
wide application for practical purposes. In thiped, the low-volume MSW
sensing capability is a critical for using of MBope and MSWs with possibility of
combination of low sample and reagents volume Jathg optical way. The
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geometry of SC MSWs and the schematic diagramefittal surface state of the

MB functionalized fibers are presented at the Eig.

Figure 4

Combination of the layer-by-layer technique and lhain-streptavidin binding
was performed for linking of biotinylated MB on tearface of the SC MSWs. The
hybridization test was carrying out between theNb®Ns immobilized with MB
and the complementary, non-complementary sequddddsand oligonucleotides
differing by a single base. The enhancement of mestence was observed in a
case of solution contained complementary sequebd®s. It is interesting to
mention, luminescence was enhanced for 30% (congparwith non-
complementary DNA) in a case of oligonucleotidegusmces differing from the
target by just one base. Thus, the data [63] detraiad that the functionalized SC

MSWs can serve as a base for highly specific DN#Asse

The interesting approach - laser-assisted protdsoration by photobleaching
(LAPAP) was presented in [64]. This method involves facile photo-
immobilization of biomolecules (fluorophore-conjugd) on albumin-passivated
substrates resulting in the photobleaching of thpbiore. The protocol of LAPAP
included two steps: (i) passivation of pure siRfaFs air holes with a base layer of
bovine serum albumin and (ii) photo-immobilizatiof biotin-4-fluorescein via
excitation 490 nm. The formed bioactive surface wpslified with dye-

conjugated streptavidin-Atto488 (Atto488Strep). c488’s absorption (500 nm)

11



and emission (523 nm) peaks were observed andatedicof the presence of
biotin-bound Atto488Strep, implying a successfubgghimmobilization of biotin-

4-fluorescein. Fiber-coupled LED (2.3 mW, Thorld&¥490F1) was employed as
for photo-immobilization as well as for luminescerdetection of Atto488 (Fig. 5).
According to authors [64] the main advantage of BRRcomparing with covalent
or electrostatic layer-by-layer coating is an albseaf any surface pre-activation

procedures.

Figure 5

The high reproducibility of measurements after twdoridization steps in DNA
assay and possibility of re-using of the same fitmgr several detections was

demonstrated by [60].

The introduction of polymerase chain reaction (P@Ro a wide practice allowed
to increase the sensitivity of DNA assay in comgari with the microscopy of
native and labelled samples by more than 1000 timiee combination of PCR
with the use of MSWs based biosensors, which aehhoretically ideal collector
and transducer of the optical signal and can détectuminescence at picomolar
level, allows to hope for the soon developing of DNetection techniques with
significantly  lower detection limits due to addital enhancement of
luminescence signal in MSW site than currently gaised methods. It is worth
mentioning a much smaller required volume of the@a and a possible reduction

in the sample preparation time in this case.
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4.2. I'mmunochemical analysis

Conventional approach for heterogeneous immunoasmnalysis in MSWs is
the pretreatment of its inner surface for immungesds binding. Some features of
this pretreatment, including those related to tlusspbility of estimating the
amount of silanol groups at HC PCF surface werentg described in [65].The
deposit of surface layers within the fiber holes tise best way for
biofunctionalization of the MSWs. Poly-L-lysine andh-scale silane layers were

successfully used for silica and glass LPG PCF fizadiion [66, 67].

Monro et al. [68] has investigated the applicapibtt this technique for antibodies
immobilization inside soft glass microstructed feThis approach combines the
sensitivity based on the long interaction lengtlih \ihe selectivity occurs by the
use of highly specific antibodies. The soft F2 gl&C MSWs used in work [68]
had a fiber core that was suspended in air by § fare struts within a robust
jacket (Fig. 6). The SC MSWs were functionalizednir the fiber ends and
technique for depositing coatings on the internafages of the holes within the
cross-section and along the length of the fiber waseloped. The antibody
immobilization procedure includedi)(the silanization of surface with 3-
mercaptopropyltrimethoxysilaneji) the attaching of cross-linking layer @N-
maleimidobutyryloxy succinimide ester) and)(the attaching of antibodies to the
crosslinker. To determine whether the antibodiesevegtached to the glass, they
were labeled with QDs (Qdot800) and the lumineseentensity measurements of

Qdot800 were made at the opposite end of the frioen which the pump light is
13



launched. The strong QDs luminescence indicatedthiealabeled antibodies have

become attached to the core surface.

Figure 6

It should be noted that the choice of QDs as balkamust also take into account
the spectral features of used MSWs. Red shift o§ @inescence in HC PCFs

was described in [69].

A method for estrogen receptor (&ERprotein detection in commercially available
silica F-AIR-6-800 HC PCF [70] using specific lurestent-labeled antibody was
described by [71]. The determination of breast icaroa cell lysates direct
immobilized inside HC PCF was carried out using-&R primary antibody and
goat anti-rabbit IgG labeled with green (Alexa™ d#fll88) and red (Alexa™
Fluor 555) fluorescent dyes as the secondary atib®@rotein immobilization on
fiber inner surface was performed by the pre-atbwaof surface with poly-L-
lysine (0.01%). The immobilization protocol inclubdsubsequent binding of target
protein (positive MCF-7 or negative MDA-MB-231 bst@arcinoma cell lysates),
anti-target protein antibody (primary rabbit antlpoaised against ER protein) and
secondary antibody with fluorescent tagfjse schematic setup used for the spectral
analysis of luminescent proteins is shown in Fig.asers with two wavelengths (
473 and 532 nm) were used for the excitation. Tiegepn binding inside the fiber
was detected with fluorescence microscopy and wuoefl by spectroscopic

analysis. The control fibers showed no emissiorkgeahereas green and red dyes

14



emission was observed in MCF-7 contained fibersnibescent signals of both
dyes were found to increase linearly to the comeéinh of cell lysate. The
described methodology demonstrates high sensitanty can detect 20 pg of ER

protein in 50 nL sample volume.

Figure 7

Highly efficient biosensing based on detection afminescent labeled
biomolecules signal was suggested in [72]. The reehef set up is presented in

Fig. 8.

Figure 8

Small solid core low index soft glass SC MSWs (lsdidate glasses SF57, F2 or
LLF1) performed as the triangular central core agily isolated from the outer
solid glass region via three fine supporting stés used in this work [72]. The
luminescence of CdTe/ZnS QDs labeled goat F(@i)i-mouse antibody within
SC MSWs was detected using near infrared lighalaled antibody concentration
as low as 1 nM via direct measurements from theuwiuend of the fiber.
Extremely small sample volume (of order 10 pL) weed. According to the
authors, the results obtained are limited excligiviey the intrinsic glass

luminescence and the formation of crystals fromithiéer solution components.

Most of MSW biosensors described are designed tectisingle type antibodies,
In [73, 74] authors present the selective measunewietwo different antibodies

inside a polymer SC MSWs. MSWs were fabricated fobiamically inert polymer
15



(cyclic olefin copolymers, TOPAS) and photolinkettaraquinone was attached to
the surface and activated by UV light. Multianasygias carried outn different
sites of sensor layer inside a single fiber. s purpose antigens (streptavidin
and C-reactive protein, CRP) were immobilized dfedent ends of the SC MSWs
and specific to streptavidin and CRP labeled adid® were detected. Standard
fluorophore marker molecules CyR2a¢s =550 nm,Ac,= 570 nm) and Cy5A(ys
=649 nm,Aen= 670 NmM) were used for labeling of antibodies msfastreptavidin
and CRP, respectively. The luminescence was detextethe output end of the

fiber and “cross-talk” between the two sensor sestiwvas observed.

4.3. Enzyme based analysis

Although enzymatic reactions are extensively usedevelop fluorescence based
fiber optic and planar waveguides biosensors [(f&re is only single example of
enzyme analysis in MSWs [76]. A luminescence-basethogeneous assay of
enzyme proprotein convertase 5/6 (PC6), as imponpatential biomarker of
endometrial receptivity, caused by its cleavingvagt has been demonstrated
within a small-core SC MSWs [76]. The fibers arebtture is shown in Fig. 6. The
analyzed solution was placed into silica MSWs withany core surface
pretreatment. PC6 concentration was detected inehsmlution at level down to
50 U/mL by appearance of luminescence after reledsspuenched 7-amino-4-
methylcoumarin from a peptide substrate, which thestomes fluorescent.

Enzyme activity was measuring as the rate of irmengaof luminescence intensity.

16



Low sample volume (210 nL) and, potentialiy, vivo application as the main

advantages of the supposed platform has been shown.

In the work [65] authors presented detailed scheyheenzyme horseradish
peroxidase covalent binding to functionalized wkaminopropyl) triethoxysilane
hollow core surface of PCF and demonstrated thsilpitisy for biosensor element
creation.

Nevertheless, no more enzyme-based MSW sensors reparted. Potential
restrictions for this approach could be relatechwdistortions, associated with the
accumulation of products of an enzymatic reactioa small MSW volume.

As an outcome for luminescent labeling it is neags$o mention, that the high
density of the light field in MSWs makes it diffitdo use luminescent dyes (even
modern with high photostability) as labels becao$dheir high sensitivity to
photobleaching [77]. Opposite, luminescent nanoges, first of all
semiconductor QDs, which are extremely stable fbotgbleaching and emit
narrow emission bands, could be a promising alteag78-80]. It is very
important to mention the appearance of modern sgghconception of QDs with
high quantum yield [81] and new detection strated&?, 83]. Moreover other
new luminescent inorganic nanomaterials, especraliyal nanoclusters, become
to be more and more popular because of some ady@nis properties and are
currently recommended for bioanalysis because efr thiocompatibility and
optical stability [84-87].

5. Luminescent signal optimization
17



Development of models linking the MSWs geometrradure with the properties
of resulting luminescent signal is an importanktas creating of sensor devices
based on MSWs. At the same time it is importantiégelop approaches for the
optimization of MSF-based biosensors in the terfrisminescent signal detecting

technique.

For the best of our knowledge, the first to consitie problem were Konorov and
Zheltikov in [88]. They compared two PCF sensors.the first sensor, laser
radiation was delivered to a sample through thérakoore of dual-cladding PCFs
with a diameter of a few micrometers, while theg&ardiameter cladding was used
for collection and guiding of the luminescent sigimaa detector in the backward
direction. In the second sensor, liquid sample eakected by the PCF claddings
and interrogated by laser radiation guided in PCédes. Cross-referencing
measurements thus demonstrated the equivalengectr@scopic data from these
two PCFs and the data obtained in standard cella# established that for liquid
samples with refractive indexes exceeding the céfra index of PCF material,

PCFs can guide laser light by total internal reftet, providing an 80% overlap of

interrogating radiation with fluid.

The first attempt to establish a common model aftjexcitation and emission
within the fluid-filled SCWs was made by Monro ¢89-91]. An expression for
the efficiency of luminescence capture fraction &or arbitrary MSWs based on
vectorial solutions of Maxwell's equations was deped [89]. The effective

radius was found by the assuming that the holéeseoMSWSs are circular with the
18



same area as that of the real fiber. The discrgpbatween the theoretical and
experimental results was explained due to accomdamith the severity and
carelessness of this assumption. Theoreticallyigieti improvement of capture
luminescence fraction up to 2 orders of magnitumtettie MSWs from the glass
with high refraction index was established. It lv@en experimentally confirmed
that this effect results in localized, high intenskectromagnetic field at the
interface of the glass and holes, making them aal itbr thin layer sensing of the
analytical signal. It was shown that the normatiziraction of input power to the
capture of the luminescence excitation compendgdiessignal loss, due to the
small diameter of the holes, by increasing powethef excitation signal in the

fiber and the use of buffer fibers with high nurmariaperture.

The authors made an attempt to extend the propuseel taking into account the
effect of not only forward propagating mod&%)( but the luminescence radiation
propagating in the backward modes) relative to the excitation source [90]. The
theoretically calculated and experimentally tespatameters®, and & were

compared. On the basis of the calculated and expeatal data it was found that
the radiation propagating in the backward modesase powerful and thus more
suitable for analytical signals registration [9@, registration is characterized by
the follow possibilities: implementing real time aseirement, dip-sensing
configuration, higher signal to pump ratio, eassnesuse in terms of keeping the
launching end of the setup intact and using theesnd for filling. The dependence
of the luminescence intensity of the detected sidoa @, and @; from fiber

19



lengths was calculated. The authors demonstrateegalsibility of a significant
increase in®, due to the formation of high-intensity regions iretcase of an
optimal geometric configuration of the fibers, désghe relatively low power
level in the holes. Established results in [91]vel®C MSW fluorescence sensors

can be up to 55 more efficient in comparison tovemional fiber tip sensors.

Selectivefiling of MSWs with the collapsed (closed) coresdaseparation out
excitation and collection signal was discusse®ir95]. The launching in to only
one core of the fiber and using a second coredteation of the fluorescent light
was investigated by [92]. Due to focusing of lunsicence generation within the
holes inside the fiber it is more efficiently caygd in to the second core than glass
fluorescence, which overlaps more strongly with fir& core, what results in an

improvement in the signal fluorescence to backgddiluorescence ratio.

To resume this paragraph it is important to mentioat currently developed
mathematical methods are in relatively good agre¢meth the experimental
results. Their further development in conjunctionthwthe improvement of

experimental techniques will allow for full usetbe MSWs sensor advantages.

Conclusion and outlook

Among the main advantages of MSWs as a promisimggebising analytical
platforms it is necessary to note: the nature of\WdSas a highly efficient
microreactor, rather simple surface modificatiootpcols and the possibility of

relatively simple integration into perspective atiabl devices for creating a
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complex optical path configuration with practicatlgro dispersion of the signal. It
Is important to mention the substantial stabilityM5Ws to the fluctuations in the
spectral structure of the light source due to gingbde behavior of the light inside
the fiber allowing using not only single-mode, bumultimode sources with
coherent light. This phenomenon also significantBduces the effects of
irregularities in incoherent sources emission spettand makes it possible to use
low cost LED in sensor system. The management @dtion forbidden photon
energy bands in transmission spectra by desigmiMgSW architecture allows to

significantly reduce non-target signals by cuttng some spectrum ranges.

Application of luminescence as analytical signapexially QDs luminescence
which is characterized with high intensity and oparr emission bands, in
combination with the above-described propertiethef MSWs [96, 97] and their
opportunity to act as a theoretically absolute wrel signal collector allow to

move from mainly described so-called "luminesceM&WN sensors" which are in
fact detectors to Wolfbeis’s definition of real emsor as "miniaturized analytical
devices that can deliver real-time and on-line nimfation on the presence of

specific compounds or ions in complex samples” [1].

However, the development of real MSW sensors foa$say is currently in the
infant state. This is due to a number of reasomduding the relatively high
current cost of MSWs in comparison with conventlofiaers, a fairly limited

range of manufacturers, the difficulty of accuratedeling of complex systems

based on the MSWs. However, in order to create iemglement real MSWSs
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luminescent based biosensors in the analyticatipeaadt is necessary to determine

a certain road map and solve the following issues:

1. MSW-based luminescent biosensors are by no ne@asacea. It is necessary
to define more precisely the range of tasks forcWwhihe application of these
systems can yield breakthrough results. It is ¢leach complex systems would
not be relevant for the routine assay of regulaldes. They will be very relevant
in a relatively narrow field of application, whehegh sensitivity, low sample
volume and the use of expensive or rare reageatseguired. In our opinion, such
tasks, for example, may include the rapid detertrona of picomolar
concentrations in the diagnosis and treatment oteatumors, and analysis of
toxicants such as dioxins. The use of MSW basedassrin these cases can be
justified not only by high sensitivity, but also bye possibility of minimizing the

sample preparation time.

2. SCWs and HCWs with different types of architeetuespecially SC MSWs,
LPGs and HC PCFs, can be the most promising phaffdior the creation of
luminescent based biosensors. These structuresimemioect and, as a result, the
most effective interaction of light with a sample the surface of a suspended or in
the volume of a hollow central defect, microliteangple volumes and the
possibility of a significant increase in pump pow€&he use of such structures in
combination with QDs based labels allows us to h@mean increase in the

sensitivity of the sensors to the level of picoma@ancentrations.
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3. It is extremely important to continue improvirtge MSWSs production
technologies, their subsequent processing, creasimgple and low cost

luminescence signal readers.

The combination of these properties and approachiésvs us to look
optimistically into the future and hope that in tbeming years we will see the
light at the end of the tunnel of creating effeetisnd commercially available

fluorescence MSFs based biosensors.
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Tablel
Advantages and disadvantages of main approactiks ttevelopment of biosensors based on microsttweseeguides

Advantages Disadvantages

L abel free analysison Bragg and long period gratings
Possibility to measure strain, temperature, cureaforessure on the base of  High sensitivity to strain, temperature, curvatymessure

changes in the location and characteristics ofghiotband gaps. may decrease the results reproducibility.
Simple interferometric devices. Operation mostly in transmission mode and broadasce
The comparative cheapness and easiness of fabriaatd detection. peaks (for long period gratings) leads to low siaty.

High sensitivity to refractive index changes.

Molecular absorption based on surface plasmon resonance

High sensitivity to changes in the refractive inadxthe dielectric medium. Coating the MSW holes with metal film is difficidhd time-
Low optical loss of the Gaussian guided mode. consuming.

Refractive-index resolution for aqueous analytesli§ RIU. Control of polarization state of the optical wavegagating
Easy achieving of phase matching between the coderand the plasmon. in the fiber is required.
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Advantages Disadvantages

Surface-enhanced Raman scattering
Possibility of label-free detection because alneestry compound (in particular Low Raman cross-section leads to poor sensitivitli WOD

organic compounds) has its own Raman spectrum. above 10 M for Raman spectroscopy and <1Q0" M for
Insensitiveness to the presence of oxygen. SERS.

Possibility of multicomponent analysis due to narfeaman peaks. Requirement of sorption and strong attachmentrgkta
For gas analysis possibility to use continuous ftatection and ability to molecules to the SERS substrate.

multiple- time application. Possible decreasing of SERS substrate signal ihd&la/'s

due to light absorbance and scattering on metal
nanoparticles.
Only disposable sensors are reported.
L uminescence spectrometry
Intense signals, possibility to use both inherkminescence of analytes and Luminescence signal enhancement (decreasing) in MSW
luminescence of labels. could results in non-linear dependence of the taagalytical
Possibility to use both stationary and pulse ekomaregimes. signal on the concentration.
Possibility to use both signal intensity or sigaahancement (decreasing) in thePossible distortion (shifts) of luminescence signal
presence of target compound. High risk of photobleaching of organic compounds.

Possibility of label-free detection of analyteshwittherent luminescence.

36



Table2

Microstructed waveguides based luminescent bioassay

Type of Geometrical Analyte Detected Signal LOD Conditions Sample Applicability of Ref.
MSWs parameter s* (detected volume result
level)

DNA detection
Silica A=10um, Specific Enhancement of 4 uM Fuzzy nanoassembly [63]
glassSC L=7cm DNA molecular beacons technique and the biotin-
MSWs (filling 4 cm) sequences luminescence streptavidin binding

Aex=532 nm
I mmunochemical analysis
Soft F2 A=1.3um, Purified Luminescence of (100 nM)  Functionalization of MSWs - [68]
glass SC B=4.3um, mouse IgG Qdot800 goat F(ab')2 hole surface (3-
MSW L=19.2cm anti-mouse 1gG mercaptopropyltrimethoxysil

conjungate
Aex=532 nm
Aem=790 Nm
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Type of Geometrical Analyte Detected Signal LOD Conditions Sample Applicability of Ref.
MSWs parameter s* (detected volume result
level)

SiicaHC A=6um, Estrogen Luminescence of 20 pg Functionalization of the PCF50 nL Medical diagnostic  [71]
PCF B =122um, receptor green and red hollow core (poly-L-lysine) and therapeutic
(Crystal L=10cm (ERa) fluorescent dyes and cell lysate applications
Fiber A/S— protein (Alexa™ Fluor) immobilization.
AIR-6- labeled goat anti-
800). rabbit 1IgG

Aex=473(green), 532

(red) nm

Aenr=515 (green), 585

(red) nm
Silicate A=15um, GoatF(ab’) Luminescence of 1nM Filling of the fibers holes 10 pL [72]
softglass C=7.5um, anti-mouse CdTe/ZnS QDs with sample via capillary
(F2) SCW L=18cm IgG labeled proteins forces.

Aex=532 nm
Aeni=800 nm
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Type of Geometrical Analyte Detected Signal LOD Conditions Sample Applicability of Ref.
MSWs parameter s* (detected volume result
level)
Polymer A=12um, Two Luminescence of - Attaching of anthraquinone [73]
(TOPAS) B=40um, antibodies: Cy3-labelled - to the hole surface;
SCMSW D =200um, specificto specific to sequential activation of the
L=30cm streptavidin streptavidin antibody photolinker (UV light) and
and C- (Aex=532 NnmAgm = immobilization antigens in
reactive 570 nm) and Cy5- different sections of MSWs,
protein labelled specific to- probing with labeled
(CRP) CRP antibodies antibody
(Aex =532 nmAgm =
670 nm)
Enzyme based analysis
SilicaSC A=2.1um, Proprotein Appearance of 7- 50 U/mL Pre-mixing the enzyme and 210 nL  Minimally invasive [56]
MSW D ~ 120um, convertase amino-4- peptide substrate. and non-disruptive
L=10.0cm 5/6 (PC6) methylcoumarin diagnostic tool for

luminescence
Aex=372 nm,
Aen=405 nm

assessing
endometrial

receptivity.

* L is length of MSWs sample; for solid (suspendedg ddSWs:A is the solid core diametds,is the hole diameteg is the strut lengthH) is outer

fiber diameter; for HC MSWHA is the hollow core diametds,is the cladding diameteg is the outer fiber diameter.
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Captionstoillustrations

Figure 1. Cross-section of commercially availablelids core waveguides:
microstructed solid core LPG waveguides [18] (a)nlmear photonic crystal
fibers with solid core [13] (b), large mode areafoimic crystal fibers with solid

core [13] (c), Kagome photonic crystal fibers wsthlid core [14] (d).

Figure 2. Cross-section of commercially availaldédw core waveguides: hollow
core microstructed waveguides [14] (a), HC PCF§ (b3 Kagome with hollow

core [13] (c).

Figure 3. The microphotograph of the cross sed@rand transmission spectrum
(b) of the chirped microstructed waveguide. Hollooare diameter is 280 um;

thickness of the capillary walls is 2uH.

Figure 4. A scanning electron microscope imagehef ¢ross-section of the SC
MSWs and the schematic diagram of the final surfatate of the MB
functionalized. PAH - poly(allylamine) hydrochlogd PSS - poly(sodium 4-
styrene sulfonate) [63]. Copyright 2012, with pession from The Optical

Society.

Figure 5. Schematics of optofluidic platform andcragraph of defected-core
photonic crystal fibers with schematics of coategsembly comprising a base
layer bovine serum albumin (BSA), photobleachedimié-fluorescein (pbB4F)
and Atto488-conjugated streptavidin (Atto488Strig)]. Copyright 2014 Society

of Photo Optical Instrumentation Engineers.
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Figure 6. Small-core microstructed optical fibersthwa periodic triangular
arrangement of cladding holes: A is the solid abeeneter, B is the hole diameter,

C is the strut length, D is outer fiber diameter.

Figure 7. Experimental setup for MSW spectral asialy MO - microscope
objective; FC - fiber coupler [71]. Copyright 20X%bciety of Photo Optical

Instrumentation Engineers.

Figure 8. Experimental setup for protein detectj@d]. Copyright 2007, with

permission from The Optical Society.
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Highlights

* The luminescence detection in microstructed opfibaks (MSWS) is
reviewed.

» Current trends of application MSWs for luminesaehmsensing are
discussed.

» Potential and limitation of MSWs based biosensoesanalysed.
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