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Abstract This paper provides an up-to-date overview on
the use of microstructured optical fibers (MOFs) in chemical
sensing during the last ten years, more specifically, applica-
tions in liquid media including the use of solid-core photonic
crystal fibers, hollow-core PCFs and other MOFs and related
microstructures. To this aim, a classification of different types
of fiber-based chemical sensors is first made, followed by a
description of the most important MOFs and their operation
principles in chemical sensing. Then, studies on the use of
MOFs in fluorescence, Raman and SERS detection among
other detection principles are discussed. Finally, literature in-
cluding the implementation of these microstructures in home-
made and commercial analytical equipment is summarized.
This review intends not only to give a current perspective on
the use of MOFs and microstructures in chemical sensing, but
also to make an approach between the fields of optical fiber and
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analytical chemistry, in order to understand the basic princi-
ples of operation in this promising frontier of knowledge.

Chemical and biochemical sensing applications
of microstructured optical fiber-based systems

Matias Calcerrada'-*, Carmen Garcia-Ruiz', and Miguel Gonzalez-Herraez?

Abbreviations

AU (absorbance units); CE (capillary electrophoresis);
COC (cyclic olefin copolymer); DC-PCF (defected-core
photonic crystal fiber); DNA (deoxyribonucleic acid); DNB
(Dinitrobenzene); FCS (fluorescence correlation spec-
troscopy); FPR (Fabry—Perot resonator); HC-PCF (hollow-
core photonic crystal fiber); HPLC (high-performance lig-
uid chromatography); HSW (hollow silica waveguide); ID
(internal diameter); LC-PCF (liquid-core photonic crystal
fiber); LOD (limit of detection); MMF (multimode fiber);
MOF (microstructured optical fiber); MSC (microstruc-
tured capillary); OD (outer diameter); PCF (photonic
crystal fiber); PMMA (poly(methyl methacrylate); RI (re-
fractive index); RIU (refractive index units); SC-PCF
(solid-core photonic crystal fiber); SEM (scanning elec-
tron microscope); SERS (surface-enhanced Raman spec-
troscopy); SMF (single-mode fiber); SP-PCF (strong
penetration photonic crystal fiber); SPR (surface plas-
mon resonance); TIR (total internal reflection); USP
(United States Pharmacopea unit); UV (ultraviolet); UV-
Vis (ultraviolet-visible); WGM (whispering-mode reso-
nance); «-CRP (C-reactive protein);

1. The role of optical fibers in chemical
sensing

An optical fiber is a flexible, transparent thread made of
high-quality silica, soft glass or polymer. It is usually used

as a medium for telecommunication because of its large
transmission bandwidth, low cost and flexibility. It is es-
pecially advantageous for long-distance communications,
as light propagates through the fiber with little attenuation
compared to electrical cables. Optical fibers have been de-
veloped since the 1970s [1-4]. In these structures, light can
propagate along the fiber in a single-mode (single-mode
fibers, SMF) or multiple modes (multimode fibers, MMF),
depending on the core diameter and the refractive-index
(RI) contrast between core and cladding. Figure 1A left
shows a scheme of this type of fiber.

In the 1990s and the beginning of this century, a dif-
ferent type of fiber structures was conceived, called mi-
crostructured optical fibers (MOF) [5-8], in which air holes
were developed along the fiber structure. Figure 1A right
shows an example of MOF. These structures can lead to
many different types of interesting propagation effects and
a wide variety of the propagation parameters. Due to its
ability to confine light in hollow cores or with confinement
characteristics not possible in conventional optical fibers,
MOFs are applied in fiber lasers, nonlinear devices, high-
power transmission, supercontinuum light sources, high-
power rod amplifiers, or highly sensitive sensors [9].

Considering their high versatility, fibers play an impor-
tant role in sensing applications. SMFs and MMFs have
been employed for physical and chemical sensors for the
last 30 years [10-14]. For instance, Polynkin et al. designed
an optical fiber sensing device to measure the RI of liquids
using a tapered fiber [15]. El-Sherif et al., used optical fibers
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for the analysis of toxic and biological vapors for military
purposes, by recording changes in any modification pro-
duced in the optical properties of the fibers [16]. In other
cases, fiber is used to connect a nonfiber optic sensor to a
measurement system. They are also useful in sensing strain,
temperature, pressure, flow and other parameters by mod-
ifying their physical properties [17]. For example, Zheng
et al. used interior nanofilm-coated fibers long-period grat-
ings as humidity sensors, showing high sensitivity [18].
Nowadays, optical fibers in chemical-sensing systems are
showing unique applications [19,20]. In fact, reviews con-
cerning the use of fiber optics in different parts of analytical
systems and with a wide range of purposes have been re-
cently collected in the literature [21-23].

This review focuses on MOFs and their versatility to
develop novel (bio)chemical-sensing systems [24]. These
structures were first used for sensing purposes in 1999,
when Monro et al. proposed for the first time the use of
the evanescent field within a solid-core photonic crystal
fiber (SC-PCF) for making devices sensitive to the material
within the holes. As shown in Fig. 1B, in these structures
light is guided by TIR, thus the evanescent field allows
interaction between the light fraction in this zone and the
analytes inside the holes surrounding the fiber core [25,26].
Later, other MOFs called suspended-core PCFs were fab-
ricated, showing a larger overlap between light and analyte
[27,28]. In parallel, Cregan et al. proposed new structures
in which light was guided through a hollow core. These
structures, contrary to the previous ones, guide light by the
bandgap effect, a totally different principle that allowed

MICROSTRUCTURED
FIBRE

Figure 1 (A) Scheme of a conventional
fiber (left) and a MOF (right) and their
principal components; (B) scheme show-
ing the light guiding through the core of a
conventional fiber by TIR.

trapping the light in certain wavelength bands in a hol-
low core [29,30]. These structures, called hollow-core PCF
(HC-PCF), were soon proposed as ideal platforms for sens-
ing purposes. Benabid et al. demonstrated stimulated Ra-
man scattering in a hydrogen-filled HC-PCF [31], and other
authors such as Fini also demonstrated the efficiency of HC-
PCFs in chemical sensing, with analyte—light overlaps over
90% [32]. Their applicability for gas sensing [33] or Ra-
man spectroscopy [34] was also demonstrated. Since then,
great efforts have been made with the aim of developing
novel and efficient fiber-based chemical-sensing devices.
This review discusses the most relevant articles on ana-
Iytical and bioanalytical sensing in liquid media through
MOFs as a promising platform. In addition, related struc-
tures not designed for waveguiding are being employed
for chemical and biochemical sensing applications, thus a
general overview of the most recent studies is also useful
to know the state-of-the-art of this promising frontier of
knowledge. This manuscript not only reviews recent pa-
pers on this topic, but it also describes the fundamentals
of these structures to use them in analytical and bioana-
lytical approaches. Thus, the first part of the manuscript
describes the different fiber-based chemical sensors and
fundamentals of the different designs. Afterwards, the dif-
ferent types and manufacturing processes involving MOFs
are shown, to finally describe the most relevant works dur-
ing previous years regarding the use of MOFs and related
structures for chemical and biochemical analysis in liquid
media. In addition, works that have employed MOFs and
microstructures as sensing platform in classical analytical
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instrumentation and their implementation in conventional
systems are discussed, to finally give a general overview of
the state-of-the-art in this convergent field between photon-
ics and analytical chemistry.

2. Classification of sensors

Fibers and related microstructures are great candidates for
chemical sensing due to some of their properties: they are
mechanically flexible, versatile and small, thus minimal
sample volumes are needed for chemical detection. In ad-
dition, small fragments are efficient enough to detect and
quantify compounds, making them ideal for lab-on-a-chip
and portable equipment.

Depending on the function of the structure, sensors
based on fibers and related microstructures can be clas-
sified into extrinsic (here fibers are used only to guide light,
thus there is no sensing region in the fiber), intrinsic (where
fibers guide light and, at the same time, there is a sens-
ing region in some part of the structure), and finally other
microstructured-based sensors that employ, for example,
multihole capillaries and other microstructures (which are
used to enhance the sensitivity and no light guidance is
required or desired).

Therefore, before describing the applications of MOFs
and related microstructures in chemical-sensing systems,
the different types of sensors and their basic sensing princi-
ples are described in this section. In addition, some sensing
strategies have been proposed over previous years to en-
hance the sensitivity of these systems, thus the last subhead-
ing collects some representative examples of these strate-
gies to achieve enhanced sensing systems.

2.1. Extrinsic sensors

Extrinsic sensors usually employ SMF or MMF (Fig. 1A
left) to solely transport light from the source to the re-
cipient where the analyte is contained. Here, the fiber is
used due to its exceptional light-guiding properties, but
these systems do not benefit from the fiber structure for
chemical-sensing purposes. Many analytical instruments
employ fibers to transport light from the laser source to the
sensing region and/or from the sensing region to the de-
tector. For example, laser-induced fluorescence or UV-Vis
detectors are used in conventional analytical chemistry in-
strumentation and consist of lasers or lamps where optical
fibers transport and collect the light. As this review focuses
on sensing systems that employ microstructures, extrinsic
sensors are not in the scope and will not be included.

2.2. Intrinsic sensors
Regarding intrinsic sensors, light—analyte interaction oc-

curs inside or on the fiber, but depending on the struc-
ture, the sensing principle will be different. Therefore,

conventional-fiber sensors and MOF sensors can be dif-
ferentiated. Also, note that interaction between light and
analyte can be made in the extremes of these structures,
thus fiber-tip sensors can also be considered here.

2.2.1. Conventional-fiber intrinsic sensors

In these systems, conventional fibers are employed to carry
out the interaction between light and analyte. As depicted in
Fig. 1A, an optical fiber consists of a cylindrical tube, clas-
sically made of silica, though other materials like polymers
or soft glass can be used as well, and with three differen-
tiable parts: the core, the cladding, and the coating. The
core is the central region, the cladding is the surrounding
part, and the coating is the protective jacket, usually made
of polymer, which provides tighter bend radii of optical
fibers. Classical optical fibers (Fig. 1A, left) have both the
core and the cladding made of silica. The silica core is
usually doped with Ge to increase the RI of this medium.
This difference in RI (RI.,™ Rl) produces a phenomena
known as total internal reflection (TIR). In general terms,
with TIR, the light is guided throughout the core, avoid-
ing losses along the optical fiber (Fig. 1(B)). This property
makes optical fibers ideal for telecommunications, as those
structures can transmit light signals along kilometers with
low attenuation. However, a minimal part of this light is not
guided through the center, and propagates in the surround-
ings of the core, a phenomenon known as the evanescent
field, which is depicted in Fig. 1B [35,36].

On the basis of this principle, both for SMF and MMF
(Fig. 1A, left), the core and the cladding have to be re-
moved in order to create a sensing region where the in-
teraction between the light fraction of the evanescent field
and the analyte takes place. Figure 2A shows one possi-
ble scheme where the cladding is removed to measure an
analyte, in this case, nitrite concentration in water samples
[37]. However, fibers were made to confine light and due to
this reason, the penetration depth is so low (typically less
than 1% of the light comes out of the core), that the inter-
action between the light and the analyte is too weak [38].
Due to this reason, studies regarding the influence of the
cladding in optical-fiber sensor performance have been re-
ported in the literature, as penetration depth will depend on
the fiber structure [39]. Also, the fiber without the cladding
becomes very fragile and nonpractical for routine analyses.
Other perturbations can be made on the surface of the fiber,
such as heating the fiber to form diameter variations with the
aim of obtaining defects that cause light-propagation losses
and hence more interaction with the analyte allocated in the
surrounding part of the core. In addition, U-shaped optical
fibers are employed to enhance sensitivity. Figure 2B de-
picts one scheme used to measure the oxygen concentration
in air, where a U-Shaped geometry was selected to enhance
the sensitivity of the system [40]. Other examples include
the use of U-shaped optical fiber systems for vapor-phase
detection of explosives like 2,4,6-trinitrotoluene and cy-
clotrimethylenetrinitramine [41], or the detection and quan-
tification of melamine, frequently added in products (e.g.
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milk) to increase their protein values, but with prejudicial
side effects for human health [42]. On the other hand, the
use of fiber loop resonators have been recently used in SMF
to enhance the sensitivity in the evanescent-field area of the
systems [43-46].

2.2.2. MOF intrinsic sensors

When using MOFs different sensing strategies can be used
depending on the geometry of the internal structure, i.e. the
type of MOF, and also the RI of the fluids and fiber mate-
rials. There are some typical designs widely employed for
sensing. Figure 3 shows different types of MOFs such as
SC-PCEF, a specific type of SC-MOF called a suspended-
core MOF, HC-PCFs and a kagomé HC-MOF. PCFs pos-
sess a periodic arrangement of holes in the cladding, as can
be seen in Fig. 3A, however, this term is often employed
when propagation of light occurs due to a photonic defect
or bandgap defect.

Depending on the structure employed, two different
intrinsic sensors can be described:

® SC-MOFs comprising SC-PCFs and suspended-core
MOFs intrinsic sensors. These sensors employ fibers that

PCS Fiber

HOLLOW

Figure 2 (A) One experimental
setup where the cladding of a MMF is
removed to measure the nitrite con-
centration in the water surrounding
the core. Figure taken from [37] with
permission of IOP Science. In (B) an-
other more complex setup to mea-
sure the oxygen concentration where
a U-shaped geometry is selected to
enhance the sensitivity. Figure taken
from [40] with permission of Elsevier.

| 1Light Source

Figure 3 Schemes showing some typi-
cal structures of MOFs used in chemical
sensing: (A) SC-PCF; (B) suspended-
core MOF; (C) HC-PCF; and (D)
Kagomé HC-MOF.

KAGOME

have a solid core, whereas the fluids with the analyte of
interest are injected into the cladding holes. Therefore,
the fraction of light on the surroundings of the core will
overlap with the surrounding holes of the fiber through
the evanescent-field effect.

® HC-MOF comprising HC-PCFs and Kagomé HC-MOFs
intrinsic sensors. Contrary to the previous case, this sen-
sor employs a fiber that possesses a hollow core. There-
fore, under nonselective filling of the structure, inter-
action between light and analytic will occur under the
photonic bandgap effect, where the interaction between
light and analyte is much higher than for SC-MOFs.

Note that, however, different modifications and strate-
gies can be performed on these fibers in order to increase
the sensitivity of the systems or the sensing principle. For
example, a commercially available solid-core PCF (SC-
PCF, Crystal Fibre A/S, ESM-12-01) of 10 cm length was
employed to create a novel sensor architecture with a sen-
sitivity of 38 000 nm per refractive index unit (RIU) and
detection limits of 4.6 x 1077 RIU. This novel architec-
ture consisted of blocking all the fiber holes but one with
ultraviolet (UV) curable polymer, and using it as fluid car-
rier with the analyte of interest (employing only a volume
of 800 pL). To achieve a high sensitivity in this structure,
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fluorinated polymer PCFs were proposed as an alternative
material with RI lower than the analyte solution [47]. More
recently, a step-index fiber with a hollow microchannel was
fabricated for the same purpose. In this case, the fiber was
manufactured following the stack-and-draw technique and
calculating parameters to collapse all the holes except a hol-
low microchannel parallel to the core. A 30-cm length of
the fiber was filled with fluids of different RI and dynamic
studies were carried out to demonstrate that the system
was valid for areas such as nonaqueous optofluidics and
RI calibration [48]. The most important strategies will be
described in Section 3.

2.2.3. Fiber-tip-based sensors

The light that passes through the core of a fiber can be ma-
nipulated by using external objects or systems located on
the fiber end, with the aim of increasing sensitivity or re-
liability of the chemical sensor. Fiber-tip chemical sensors
are based on this principle, but instead of using external
systems, modifications on the fiber end are made, allow-
ing more compact, more durable, and simpler systems than
those that employ external objects [49, 50]. Different fiber-
tip-based sensors have been proposed, from which tapered
fiber tips and others such as ball-shaped fiber tips and side-
firing tips are used for chemical sensing.

Tapered fibers are constructed by increasing or decreas-
ing the diameter of the fiber at the beginning or the end.
Figure 4A shows the scanning electron microscopy (SEM)
image of a tapered fiber [51]. On decreasing the fiber diam-
eter we obtain a down tapered fiber, whereas on increasing
the diameter, we have an up tapered fiber. A down taper
tip spreads the light, while, on the contrary, an up taper
concentrates the light in one point. With this approach, im-
provements in sensitivity are achieved. For example, Ran
et al. employed a 157-nm laser micromachining to fabricate
a cavity at the end of a SMF. This configuration allowed
measurement of the external RI, producing temperature-
independent measurements for fluids with RI larger than
that from the air, and resolutions of approximately 4 x
107 RIU [52].

Coating the fiber end is another possibility to enhance
the analytical sensitivity of the fiber-tip sensor [53]. In
fact, some research is uniquely devoted to new method-
ologies for the successful deposition of nanostructures
(nanoparticles, gold crescents, or nanowires) on the fiber ex-

Figure 4 Example of fiber-tip-based
chemical sensors. (A) SEM images of a
tapered fiber for an interferometer sys-
tem. Figure taken from [51] with permis-
sion of OpticsinfoBase. (B) Ball-shaped
fiber tip for a medical laser system. Fig-
ure taken from [50] with permission of
Springer.

fiber
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Laser Beam
(514.5nm)

Notch Filter

White Light
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Holder
Mend
AgNO4+NasCeHs0,(aq)

Figure 5 Scheme of a Raman spectrometer where interaction
between light and the analyte takes place in the fiber tip. Figure
taken from [55] with permission of ACS Publications.

tremes [54]. Thanks to these coatings, Raman spectroscopy
performance in SMFs has been enhanced, as we will de-
scribe later in Section 3. For instance, Zheng et al. proposed
the scheme depicted in Fig. 5. Here, the tip of the fiber was
modified by depositing a layer of Ag nanoparticles [55].
Andrade et al. also developed a SERS sensor with a SMF
with Ag nanoparticles at the fiber tip, detecting Rhodamine
6G in concentrations of 200 nM [56]. More recently, An-
drade et al. also developed circular and bow tie Au nanohole
arrays, which used to coat a SMF to enhance Raman signal
[57]. Not only metallic coatings, but also functionalized
ones have been proposed for sensing purposes. To give
a representative example, Goicoechea et al. employed the
layer-by-layer electrostatic self-assembly technique to fab-
ricate an optical fiber pH sensor based on the colorimetric
pH indicator neutral red. This approach, contrary to the
previous works without the neutral red/(poly)acrylic acid
multilayer, demonstrated higher responses times and dy-
namic pH ranges between 3 and 9 [58].

In addition, standard optical fibers have proven to be
useful sensors to study liquid droplets on the fiber end [59],
especially for monitoring the dynamics of the evaporation
process of liquid droplets of pL volumes. Preter et al. de-
veloped a simple system to undergo study of droplets of
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different solvents. This simple sensor was used to measure
the rate of evaporation of pL droplets, and results were
in good agreement compared to direct visual examination.
This sensor was also adequate to study the composition of
binary systems (water/ethanol) with 2% accuracy [60].

Ball-shaped fiber tips are fibers whose end terminates
at a certain curvature, or a hemispherical object is attached
at the end. These fiber tips act as focusing lenses, as light
beams are focused in one point near the tip. Alternatively, a
fiber tip can be sculpted to a ball shape to adjust beam diver-
gence and spot size and vary the depth of focus of a probing
light source. Figure 4B shows a representative example of
a ball-shaped fiber tip used for a medical application [50].
Others, like side-firing tips redirect the light over a range
of angles away from the fiber axis. These sensors are often
employed in therapeutic applications such as photodynamic
therapy. Although they have also been employed as optical
sensors for measuring the radiance distribution in turbid
media [61, 62].

2.3. Other microstructured-based sensors

Finally, other types of sensing systems employ microstruc-
tures similar to MOFs that are used to enhance the sensing
properties of the configurations. These systems can em-
ploy microstructures such as multihole capillaries or mi-
crostructured capillaries [63], and are usually employed in
microchips or conventional analytical instrumentation to
enhance the analytical performance (such as sensitivity) of
the systems. Contrary to the previous systems, light is not
usually guided, thus the structures are employed to enhance
the performance of the systems solely, and sensing princi-
ples such as the evanescent field or bandgap effect are not
present. Detailed applications of this type of sensor will be
described in Sections 5.3 and 5.4.

3. Sensing mechanisms and typical
strategies for sensitivity enhancement
in fiber-based sensors

As described in the former configurations, sensors can be
grouped regarding their sensing area (i.e. where the inter-
action takes place). Independently of the sensing region,
different sensing mechanisms can be considered to achieve
the detection of the analytes or substances of interest. In
this review, the most employed optical mechanisms will be
briefly described before discussing the specific applications
in Section 5.

It is well known that absorbance changes can be de-
tected when light interacts with analytes. This sensing
mechanism is typical in fiber-based chemical sensors and
in conventional analytical instrumentation. Although dif-
ferent wavelengths can be selected, UV-Vis absorption is
one of the most employed light-based methods for chem-
ical identification of analytes due to its universal nature,
i.e. many analytes can be detected through their absorp-
tion changes in this region. For example, Cao and Duan

employed a conventional fiber to carry out the detection of
oxygen deficiency in air through changes in the absorbance,
obtaining a logarithmic linear response for concentrations
in the range 0.6-20.9% of oxygen [40].

Fluorescence is usually complementary to absorption
spectroscopy, and it uses a beam of monochromatic light
that excites the electrons in the molecules of the com-
pounds and causes them to emit fluorescence, which is reg-
istered in the system. In contrast to absorption spectroscopy,
this mechanism is much more selective but only valid
when molecules present fluorescence properties, otherwise
derivatization processes are required. For instance, Chu
et al. were able to detect the explosive 1,4-dinitrobenzene
(DN(B) in acetone, loaded in a MOF, by measuring the
fluorescence decay based on the fluorescence quenching of
conjugated polymers attached to the fiber surface [64].

Raman spectroscopy is another typical optical sensing
mechanism that also employs a monochromatic light from
a laser to observe vibrational, rotational, and other low-
frequency modes in a system. This sensing mode can pro-
vide a fingerprint for each chemical specie, being therefore
highly selective. Raman spectroscopy is gaining popularity
over previous years in conventional analytical instrumen-
tation and also in fiber-based chemical. However, the sen-
sitivity of this mechanism is usually lower than the others
due to the weak response of Raman signals. To enhance
the signal intensity, surface-enhanced Raman spectroscopy
(SERS) can be used [65-73]. The increase in sensitivity
occurs because of an enhancement in the electric field pro-
vided on the surface where localized surface plasmons are
excited. The use of metallic nanoparticles is extended in
some chemical and biochemical applications to enhance
SERS signals in different fiber-based systems.6

Finally, other sensing mechanisms consist of detecting
the changes in RI. Despite being an established and well-
known mechanism in the fiber-sensing field [39], this is not
typical in conventional analytical instrumentation. It con-
sists of determining the changes in RI due to the presence
of analytes that are in solution or adhered to the surface of
the fiber in the sensing region. Despite possessing high sen-
sitivity, many strategies can be performed to enhance the
sensitivity of these systems. Here, some representative and
typical examples will be described. An interesting option
for chemical sensing is the use of metallic nanoparticles.
Surface plasmon resonance (SPR) based sensors have been
widely used over previous years for obtaining an enhanced
response to RI changes. Surface plasmons can be consid-
ered as a charge-density oscillation that may exist at the
interface of two media with dielectric constants of opposite
signs, being one of the media usually a metal (such as Au or
Ag) [74]. In the case of SPR sensors, the metal is exposed
to the analyte. The increase in sensitivity is achieved when
the frequency of the incident light matches the frequency
of the surface electrons of the nanoparticles. In this situa-
tion, the incident wavelength is strongly absorbed, creating
a transmission dip in the sensor response. This resonant
wavelength turns out to be highly sensitive to changes in
the external RI, and this property makes these systems ideal
for chemical sensing applications. Despite being one of the
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Figure 6 Example of a fiber-integrated Fabry—Perot microresonator for precise Rl sensing. (A) Scheme of the in-fiber microresonator;
(B) SEM image of the microresonator created in a SMF-28; (C) SEM image of the focused ion beam-milled and refined fiber-based
micro-cavity. Figures taken from [96] with permission of The Optical Society.

most sensitive to RI changes, they work on specific wave-
lengths compared to other types of sensors [75]. To give
representative examples, SPR sensors based on metallic
structures such as nanoring arrays, plasmonic nanoparti-
cles, nanoparticle pairs or nanowires have been reported in
the literature [76-79]. Regarding the use of this principle
in systems with optical fibers, conventional SMFs [80-83]
and MMFs [84] have been widely employed. For example,
Lin et al. used this principle in a SMF, depositing Au nan-
odot arrays with electron beam lithography. With this ap-
proach, the streptavidin concentration was determined even
for minimal concentrations of 0.006 nM [85]. Recently, Sci-
acca and Monro developed a dip biosensor by depositing
metallic nanoparticles in a SMF. An inverse relationship
between the sensitivity of the system and the number of
particles deposited onto the surface was demonstrated [86].
Also, setups previously commented on like U-shaped fiber
sensors [87], fiber-tip-based sensors [88] or others such as
D-shaped fiber sensors [89] have employed this principle to
enhance sensitivity. Nevertheless, SPR sensors with MOFs
and other microstructures have been less employed. For ex-
ample, Wang et al. designed a first prototype of a polymeric
side-hole MOF as SPR sensor [90].

Nonlinear MOFs use a sensing principle in which the
dielectric polarization responds nonlinearly to the electric
field of the light [7]. By using this property, nonlinear MOFs
can also be used for sensing of chemicals or biomolecules.
For example, the inherent nonlinear modulational instabil-
ity of a long pulse in MOFs generates a Stokes and an
anti-Stokes wave, whose wavelength shifts vary when a
fluid is infiltrated into the holes of the MOF, being there-
fore valid candidates for RI measurement and chemical and
biochemical applications.

Another usual strategy for enhancing the sensor re-
sponse consists of using the so-called fiber-integrated res-
onators. An immense variety of resonators have been pro-
posed in the literature, obtaining novel fiber-based devices
able to increase the sensitivity in the measurement. In this
review, examples of whispering gallery mode (WGM) and
Fabry—Perot resonators (FPR) are described as representa-
tive examples of these fiber-integrated resonators.

WGM resonances have been used for multiple purposes,
from strain measurements [91] to optoelectronics compo-
nents [92]. These systems have also been proposed for
chemical sensing, since they have demonstrated excellent
sensitivity of the WGM frequencies to RI and long effective

path lengths that provide larger analyte-light interaction.
For instance, Boleininger et al. developed a WGM sensor
based on a pair of crossed standard optical fibers capable
of detecting unlabeled biochemical species (streptavidin).
In addition, the sensor was fabricated in a cell to carry out
measurements in aqueous solutions [93].

Fabry—Perot resonators (FPR) have also been widely
used as optical sensors for measuring a variety of parame-
ters such as pressure, strain or temperature. These sensors
are created by cut air slots penetrating the core of the fiber,
allowing the formation of standing waves in the hole area.
Various manufacturing processes have been proposed to
create these devices. For example, two polished fiber end
faces can be hosted in a holey sleeve, but this assembly
is complicated, requiring other materials such as epoxy
resins, and also has a strong dependence on temperature
[94]. Other more recent approaches consist of chemical
etching or laser micromachining [95, 96]. The latter pro-
cess was employed to create a FPR that is showed in Fig. 6
as an example. These setups have several advantages, such
as large dynamic ranges, small temperature dependence
and the possibility of accessing liquid samples for direct
RI measurement in the microcavity [95]. Also, high sen-
sitivities are obtained through these systems, for example,
Wieduwilt et al. proposed a FPR which showed RI sensi-
tivity of about 1.5 um/RIU [96].

4. The versatility of MOFs. Manufacturing
and materials

Having described the main types of fiber based chemical
sensors, this section focuses on MOFs, as this fiber is more
versatile than SMFs or MMFs. Knight et al. demonstrated
the first silica MOF in 1996. In this work, they defined it
as “a pure silica core surrounded by a silica—air photonic
crystal material with a hexagonal symmetry”, and whose
physical appearance can be seen in Fig. 7A [97]. Given the
exceptional properties of this novel waveguiding material,
new approaches have been developed since then. Nowa-
days, many different types of configurations are possible,
making them interesting for chemical sensing and biosens-
ing. This section intends to provide a general overlook of
these fibers considering briefly aspects such as the manu-
facturing, final designs, sensing principles and convenient
structures depending on the applications.
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Regarding the manufacturing method, there are differ-
ent technologies but the stack-and-draw technique is the
most employed for the fabrication of MOFs [9, 35]. This
methodology can be used as well for the fabrication of mi-
crostructured capillaries (MSCs). Figure 8 depicts a scheme
of the stack-and-draw technique [98]. In this methodology,
a bundle of silica rods and capillaries are stacked, main-
taining the final MOF microstructure. After stacking, the
preform is fused in the furnace employing temperatures
between 1800 and 2200°C (depending on the tower), and
the deformable silica is drawn down. Sometimes pressure
is necessary to avoid hole collapse. By modifying the feed
speed and fiber drawing speed, as well as the pressure and
the temperature, different types of MOFs can be obtained
from the same preform. Once the glass fiber is drawn, it is
coated with a protective coating, usually acrylate or poly-

Figure 7 SEM images of the
first silica (A) and polymer (B)
MOFs reported in the litera-
ture. (A) taken from[97] and (B)
taken from [99] with permission
of The Optical Society.

Figure 8 Scheme with illustrative im-
ages for the stack-and-draw technique
for the fabrication of silica MOFs and
microstructures. (A) Silica preform (2—
3.cm); (B) Silica cane (2—3 mm diameter);
(C) Silica PCF (200-300 um diameter).
Figure adapted from [98] with permission
of John Wiley & Sons.

imide, in order to make it more flexible and avoid humidity
inside the structure.

With materials other than silica, the stack and draw
technique becomes less usual. Polymer MOFs are of par-
ticular importance in chemical sensing. Polymer MOFs
were first manufactured in 2001 by Eijkelenborg et al.
Figure 7B depicts the SEM image of this novel poly-
meric structure. By drilling the poly(methyl methacrylate)
(PMM(A) preform, the final fiber could be drawn and
studies proved its ability to guide light in single mode
[99]. Polymer MOFs can also be obtained starting from
a preform manufactured following the extrusion method
[35,100]. The use of a conventional fusion splicer has also
been used to manufacture MOFs, allowing the fabrication of
novel hybrid polymer—silica structures for different appli-
cations [101]. After manufacturing, different modifications
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of the structure can be made to enhance the performance of
these devices. For example, laterally accessible polymeric
MOFs to provide real-time chemical sensing and biosens-
ing and a functionalization of the core without interferences
from the cladding has been proposed [102]. The manufac-
turing of polymeric MOFs with both microstructured core
and cladding has been reported, also obtaining an increase
in the interaction between the light and the substance inside
the fiber [103].

Focusing on the type of material, silica fibers are the
most employed, although other materials such as soft glass
have been used for chemical sensing. Soft glasses are used
in some applications where the wavelengths employed are
beyond the transmission windows of the silica glass, such
as the infrared region. These materials have been recently
employed to fabricate glass MOF:s to detect quantum-dot la-
beled proteins, allowing a limit of detection (LO(D) of 1 nM
[104]. As mentioned before, optical fibers can also be made
of polymer, PMMA, with their handling easier, but having
limitations overall in the temperature range (limits are usu-
ally below 100°C and in some cases 200 °(C) [35]. With
regard to polymers, PMMA was used to manufacture a SPR
sensor based on PCFs and metal nanolayers, obtaining nu-
merical simulation results of 8.3 x 10~ and 9.4 x 10> RIU
[105]. When focusing on functionalization of these struc-
tures for biological characterization purposes, it seems that
polymer MOFs can be chemically modified in a faster way
than silica MOFs. However, glass MOFs present benefits
regarding biosening, as for example spectral regions such
as UV-Visible (UV-Vis) (with high-purity silica glass) or
midinfrared (with soft glasses) can be achieved [106]. Also,
silica PCFs can be functionalized, for example, by filling
specific holes with Ge, acting as micrometer-sized wires
to obtain new in-fiber sensors [107]. Finally, another poly-
meric material, TOPAS cyclic olefin copolymer (CO(C) has
been implemented in MOF manufacturing and has shown
unique properties: i) contrary to PMMA MOFs, this poly-
mer is humidity insensitive, making it more attractive for
chemical sensing [108]; ii) it has lower loss than PMMA at
THz frequencies [109] and; iii) it is photosensitive to allow
fabricating fiber Bragg gratings into them [110].

There are other designs such as strong penetration PCFs,
double-clad PCFs, dual-core PCFs that can improve the in-
teraction between light and matter and decrease the attenu-
ation of the structure [111]. With SC-MOFs and HC-PCFs
the most employed for chemical sensing in fluid media, the
other structures and types of MOF have also been tested
obtaining promising results, as described in Section 5. De-
pending on the final application and the desired properties
of the system, different PCFs are proposed. To give an ex-
ample, accuracy and periodicity along the structure is less
stringent for sensing with SC-PCF than for HC-PCF [112].
Also, if Raman spectroscopy is used as the detection tech-
nique, SC-MOFs are more robust platforms compared to
HC-MOFs [113], allowing in principle detection sensitivi-
ties in the 107'° M range [93].

As previously described, MOFs can be used in chem-
ical sensing due to their practical advantages compared to
conventional optical fibers. First, there is no need to remove

the coating and the structure is more robust than that from
conventional fibers (see Fig. 2) where the coating of fibers
is removed), as fluid can be introduced into the holes of
the MOFs to carry out the light—analyte interaction. Sec-
ondly, the amount of liquid necessary for the detection is
smaller than that used in conventional fibers and in clas-
sical spectrophotometry glass cuvettes, as volumes in the
order of uL are inside the structure [35]. Injection of fluids
into MOFs is carried out through different approaches. The
easiest mode is filling by capillary action, where the sur-
face tension causes the liquid to fill the capillary. Pressure
pumps can be employed to accelerate this process, even
from analytical equipment such as high-performance lig-
uid chromatography (HPL(C) or capillary electrophoresis
(C(E) [114]. It might be the case that a selective filling
is desired, overall when a selective guiding is pursued, as
explained below. To this aim, different procedures can be
carried out. For example, UV-curable polymers can be in-
serted in the fiber and a posterior sealing of the cladding
can be made, leaving the hollow core open, though this
methodology is time consuming [115]. Another alterna-
tive consists of the use of a fusion splicer to close the air
cladding, whose holes are smaller than that from the hol-
low and therefore their closing is faster, although it is not
a reproducible methodology [101]. New approaches are
also described to selectively fill MOFs, such as the lateral
access to the holes of PCFs, or the manufacturing of sil-
ica exposed-core MOFs. To show representative examples,
Fig. 9A depicts an image of a fiber with a lateral access to
simultaneously fill the fiber and propagate light from one
of the extremes [103]. In Fig. 9B is shown a preform fab-
ricated to produce silica exposed-core fibers [116]. Finally,
other novel approaches have been recently proposed, such
as the selective filling of MOFs by using ion beam-milled
microchannels, a technique that provided robust inline de-
vices and low coupling loss. This technique consists first of
milling the microchannel into the end facet of a MOF. Then
the MOF is spliced to an SMEF, it being possible to fill any
pattern of channels. As the splicing process is performed
before the material infiltration, contamination of the splicer
is avoided [117].

The light—matter interaction within the fiber will de-
pend on the internal structure and the way that the fiber
has been filled, i.e. both the internal structure and the
RI of the fiber material (silica, soft glass, polymer) and
the fluids inside the fiber containing the analyte of in-
terest. The most important difference among these struc-
tures is the core, being solid for SC-MOF (Figs. 3A and
(B) and hollow for HC-MOF (Figs. 3C and (D). Suppos-
ing that Rlgjass>Rlziq (for example, when filling the fiber
with gas or aqueous solutions), the light is confined in the
core of both structures and is guided along the structure
with very low attenuation, but on the basis of different
phenomena. For the SC-MOF the light is guided by TIR
through the solid silica core, while for the HC-MOF the
light is guided via the photonic bandgap effect through the
whole core. When using this strategy, one must take into
account that interaction between matter and light for the SC-
MOF will be weak and only the substance inside the holes

© 2015 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.lpr-journal.org



Laser Photonics Rev. 9, No. 6 (2015)

613

A - Pressure cell

———— 100 um

() E

Figure 9 Example of procedures to make a lateral access in a PCF. (A) hole made on the surface of the fiber to fill it with liquid
through the lateral access and guide the light from one end of the fiber to the other end (left, scheme, and right, picture of the final
fiber with the lateral access). Figure taken from [103] with permission of the Optical Society. (B) From left to right, design, SEM images
and enlargement of the core of a silica exposed-core fiber. Figure taken from [116] with permission of the Optical Society.

surrounding the core will interact with the beam inside the
core, as the evanescent field zone is the only area where the
interaction takes place. On the contrary, for the HC-MOF,
as the sample under study is inside the hollow core, interac-
tion with light that is also passing through the core, will be
much larger. As Rljpes increases, it approaches Rlgjass and
the difference between the RIs decreases. This fact causes
a poorer light confinement inside the core for both struc-
tures, which will affect the interaction. While this may be
advantageous for the SC-MOF because interaction is ex-
panded to the distant holes, the interaction in the HC-MOF
will be insufficient. For this reason, when using HC-MOFs
for sensing there are two alternatives. The first consists
of filling all the holes (cladding and core). Although this
filling is simpler, the shifted transmission wavelength of
HC-MOF may not match the excitation wavelength, and
therefore light is hardly guided and is not confined into the
core region, providing a low light-matter interaction. The
second alternative, consists of sealing the cladding, achiev-
ing a higher light confinement in the core, as the RI of the
cladding remains lower. Nevertheless, this methodology is
more complicated and time consuming [118]. Another pos-
sibility is the use of liquids with similar RI to that of the
fiber material. In this case TIR is achieved for both struc-
tures and interaction between light and matter appears in
all the holes of both types of MOFs. However, the RI of
aqueous solutions is usually lower than that of silica and
other fiber materials and therefore TIR does not appear in
biological and medical assays [35,102].

Considering the above-mentioned sensing strategies,
the following section will cover some relevant applications
of PCFs in chemical sensing and biosensing. This section is

organized in subheadings according to the type of structure
employed in each case. Within each subheading, articles are
described chronologically and as a function of the detection
principle used.

5. Sensing applications with MOFs in fluid
media

5.1. Sensing with SC-MOFs

This section includes the most relevant works focused on
the use of SC-MOFs in chemical and biochemical sensing
during the last ten years. From the literature, both fluo-
rescence detection and Raman spectroscopy have been the
most employed detection systems. However, UV-Vis ab-
sorption, RI measurements and changes in the wavelength
shift have also been employed to detect molecules in fluid
media.

Regarding fluorescence detection, Konorov et al. tested
various fused silica and soft glass PCFs to detect a dye
(thiacarbocyanine). This sample was selectively injected
in the cladding of the PCFs by a capillary array. The flu-
orescence signal from the dye was then collected in the
cladding, whereas the irradiation was induced in the core
of the PCFs. This strategy showed promising results in the
analysis of thiacarbocyanine, but only worked efficiently
when the RI of the liquid medium exceeded the RI from the
glass. In addition, the protocol proposed was also valid for
implementation in microchip technologies [118]. Cordeiro
et al. proposed a new methodology to selectively fill SC-
and HC-PCFs (see Fig. 9(A)). In the case of the SC-PCEF,
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the opening of the cladding was not reproducible. For both
structures, the lateral filling with rhodamine was achieved
and this substance was successfully detected [119]. Other
fluorescent dyes such as fluorescein have been detected
through SC-PCFs. Williams et al. employed a SC-PCF of
30 cm length and 500 nm core diameter to measure the
fluorescence of fluorescein in nM concentrations. As inter-
action of light was only evidenced in the walls of the holes,
areplacement from run to run was more convenient to avoid
contamination between analyses. LODs of 0.3 nM for the
SC-PCF were obtained [121].

Not only silica SC-PCFs, but also polymer SC-PCFs
have been used for fluorescence detection in fluid media,
though to a lesser extent. This fiber type presents high in-
terest in biological applications due to its biocompatibility.
As an example, Jensen et al. detected antibodies in a SC-
PCF made of polymer of 20 cm length, 300 um external
diameter and a silica core surrounded by 6 big holes of
60 um diameter. Detection of Cy3-labeled antibodies a—
streptavidin and «-C-reactive protein (CRP) was based on
the interaction of light from the evanescent field generated
in the surrounding zones of the core. The fluorescence radi-
ation for detection covered 7 cm of the total fiber length. The
procedure to make the antibodies detectable in the sensor
was achieved in 6 steps, compared to the 10 steps necessary
in silica structures. LODs of 80 nM in sample volumes of
27 uL evidenced the excellent sensitivity obtained [122].

The use of PCFs for Raman spectroscopy is a recent
trend in chemical and biochemical sensing applications due
to the advantages of both technique and detection platform.
As Raman spectroscopy is a powerful optical technique for
chemical and biochemical analysis, the signal generated is
extremely low compared to other optical detection tech-
niques such as fluorescence. The use of PCFs as platforms
for Raman spectroscopy is becoming increasingly attractive
as this structure provides high sensitivities, specificity and
versatility. Raman spectroscopy probes have been tested in
both SC-PCF and HC-PCEF, the latter being more suitable
as the sample is introduced in the central hole and the con-
finement of light in the center makes the light—analyte in-
teraction larger, thus Raman signal increases. Pristinski and
Du demonstrated the use of a SC-PCF (OFS Laboratories,
Somerset, NJ) as a Raman spectroscopy platform. The fiber
employed consisted of a 2.5-um core diameter surrounded
by 126 air holes of 3.5 wm diameter. Acetonitrile was intro-
duced in the SC-PCF using a custom high-pressure vessel at
200 psi. Instead of removing the silica background signal,
the authors employed it as a reference. Peak ratios from the
silica core and acetonitrile contained in the air channels did
not vary with the laser power or fiber length. Dependence
on the laser power was negligible with the fiber length, and
a linear relationship was obtained for the Raman signal ver-
sus fiber length [113]. Amezcua-Correa et al. applied silica
SC-PCF for SERS measurements. Fibers of 15 mm length
were used in the sensing system. The internal walls of the
holes inside the fiber were coated with Ag nanoparticles
by the high-pressure chemical deposition technique. This
technique allowed a controlled deposition of nanoparticles,
creating a robust template to enhance the SERS signal. This,
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Figure 10 (A) SEM image of the SC-PCF employed for SERS
detection. (B) SERS spectra according to the colored areas
marked in the SEM image. (C) Comparison of the SERS spec-
tra obtained from the 168- and 18-hole structures, irradiating the
beam in the core of the structure (black spectra corresponds the
SERS spectra with no Ag nanoparticles filling, taken as control).
Figure taken from [92] with permission of John Wiley & Sons.

combined with the advantages of long-path interaction of
PCFs, provided the increase in intensity of benzenethiol as
analyte under study. In Fig. 10A a SEM image of one of the
structures employed (168 holes), as well as the SERS signal
from the silica (Fig. 10(B)) are depicted. In Fig. 10C ben-
zenethiol Raman spectra from the 168-hole, 18-hole and the
control without Ag nanoparticles were compared, evidenc-
ing the enhancement of signal when Ag nanoparticles were
previously deposited [66]. Xie et al. also designed a SERS
sensor using a silica SC-PCF and silver nanoparticles, being
useful in both the visible and near-infrared regions. Detec-
tion of 4-mercaptobenzoic acid was fulfilled in the range
of mM concentrations. The strategy followed, contrary to
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previous works where the high-pressure chemical deposi-
tion is employed, consisted of filling only 1 cm of fiber with
Ag nanoparticles solution by capillary action. Compared to
the signal obtained without Ag nanoparticles, high intensi-
ties were obtained, in addition to a good reproducibility of
the results [123].

Finally, other measurements have been used for chemi-
cal sensing with SC-PCFs. For instance, detection based on
UV-Vis absorption has been successfully achieved through
SC-PCFs. Martelli et al. proposed the use of a pure silica
SC-PCF to detect porphyirin in water solutions. After fill-
ing the SC-PCF of 22 cm length with an aqueous solution
containing the sample by capillary action, which took 3 h,
the detection was performed by using an excitation laser
at 640 nm and detected with an optical spectrum analyzer
[124]. Rindorf et al. developed a glass SC-PCF long-period
grating for biochemical sensing. This study showed the
first label-free technique to detect biomolecules, by taking
a PCF of 30 cm length. The system was robust, and did
not require calibrations, being also insensitive to temper-
ature fluctuations. The PCF had 168 holes and a pitch of
7.2 um. LPGs were inscribed with a nondestructive CO,
laser method. First, hydroxyl groups were created on the
inner surface of the holes and a layer of poly-L-lysine was
then attached in order to create positive charges. Then, de-
oxyribonucleic acid (DN(A), which possesses negatively
charged phosphate groups, was attached to the poly-L-
lysine. Both monolayers had similar RI to that of silica (of
the order of 1.453 at 850 nm) and therefore the evanescent
wave-sensing principle was used to detect the monolayers.
The resonant wavelength of the grating inside the holes was
increased when depositing the different layers. On the basis
of the wavelength shift, the authors were able to measure
the thickness of the biofilms, being 4.79 nm for the poly-L
lysiene and 1.65 nm for the DNA layer [125]. Finally, it is
important to highlight that other physical properties from
liquids, such as the RI of the solutions, can be employed for
chemical sensing. As an example, Wang and Tang devel-
oped a Mach—Zehnder interferometer by fusion of a section
of PCF (LMA-10, Blaze Photonics) between two standard
single-mode fibers. The RI of different sucrose solutions
ranging from 1.333 to 1.422 was measured with resolu-
tions of 1.62 x 10#-8.88 x 10~ RIU for sensing length
of 3.5 cm, and 1.02 x 104-9.04 x 10~ RIU for a sensing
length of 5 cm. The PCF interferometers were stable to
environmental changes in temperature [126].

It is important to mention other subtypes of SC-MOFs
such as suspended-core MOFs, that are gaining popularity
in fiber-based chemical sensors. In fact, a specific review
with the most important applications concerning this type
of fiber was recently published [127]. These structures have
also demonstrated enhanced sensitivity compared to the de-
tection in traditional cuvettes, allowing the quantification
of analytes, such as NiCl, in aqueous solutions [128]. For
instance, Ruan et al. employed a soft glass MOF to deposit
a layer of antibodies in the inner walls of the holes. First,
the internal surface was cleaned to remove debris and create
hydroxyl groups, then a silanization of the internal surface
and a crosslinking layer were formed to connect the silane

layer with the antibody. To detect the antibodies, these were
attached to quantum dots (Qdot800 and Qdot705). In order
to select the material for fiber fabrication, an antibody at
100 nM was used as standard for fluorescence performance
in different types of glass. The F2 glass MOF was made with
1.3 pm core diameter and approximately 9 um hole diam-
eter for a fast filling. The protein used for immobilization
was the Qdot 800 goat F(ab’)2 anti-mouse IgG conjugate. A
confinement loss was evidenced after immobilization (from
2 to 30 dB/m, and only short-length fibers between 19 and
25 cm were employed for fluorescence measurements). The
results showed that the fluorescence signal was dependent
on the surface antibody density in the inner walls of the
holes [106]. Emiliyanov et al. designed and fabricated a
polymer suspended-core MOF made of TOPAS COCs. This
polymer is not only biocompatible but it also avoids the
problem of bubble formation during the fabrication process
of MOFs of other polymeric materials such as PMMA. The
structure consisted of a suspended-core MOF with three
big holes of 50 um diameter, core diameter 12 um and
220 um outer diameter (O(D). Antraquinone molecules
were first attached to the inner surface of the holes to fa-
cilitate the binding of these biomolecules. The selective
detection of antibodies was also tested and confirmed by de-
tection of two analytes («a-streptavidin and o-CRP). These
biosensors need an extra biolayer to be functionalized with
biomolecular capture layers [129]. However, this extra layer
can be employed to create biomolecular sensors in series,
such as the system proposed by Emiliyanov et al. who cre-
ated the first biosensor capable of sensing several anti-body
biomolecules in series along the same MOF [24]. Yan et al.
demonstrated the use of a suspended-core MOF with four
air holes between the solid silica core and the photonic crys-
tal cladding holes, which allowed a large sample volume
inside the structure. The central core was a rectangle of
10 x 6 pum, the 4 big holes had a diameter of 20 m, while
the surrounding small holes had an average diameter of
2.5 pum, with the total diameter of the fiber 300 xum. Com-
pared to HC-PCEF, this structure can be used at different
excitation wavelengths due to their index-guiding nature.
In this study, the suspended-core MOF was liquid filled by
the capillary effect, while Au nanoparticles (80 nm) were
previously deposited on the inner walls or mixed with the
sample solution. 5 cm of fiber were cut and a sample of
rhodamine B 1 x 10° nM was employed as the analyte
probe, introducing it by the capillary effect after deposition
of Au nanoparticles. The Raman spectrum of rhodamine B
in the MOF probe was identical to that from a silicon wafer
coated with the same Au nanoparticles. The Raman inten-
sity did not vary on removing the coating of the fiber. On
the other hand, a solution of rhodamine B mixed with Au
nanoparticles was introduced in the system for comparison
with the previous experiment. The same spectra was ob-
tained in this case, but lower concentrations (100 nM) were
detected, as the mixture allowed Au nanoparticles to inter-
act more effectively in the whole solution. The theoretical
results corroborated an evanescent field yield with values
of around 21.5% [130]. Ott et al. employed a SC-PCF to
carry out the detection process of biomolecules attached
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to the walls of the holes in the fiber. This detection was
performed inside this fiber through a change in the mod-
ulational instability gain spectrum caused by the selective
capture of the biomolecules under analysis. The setup pro-
posed provided label-free sensing with sensitivities approx-
imately 7.5 times higher than the previous label-free MOF
biosensors reported in the literature [131]. Later, in 2011
Frosz et al. achieved the highest sensitivity experimentally
demonstrated for aqueous solutions by using MOFs with
enhanced nonlinearity [132].

5.2. Sensing with HC-MOFs

This section deals with the most relevant works on the
use of HC-MOFs as sensing platforms. As well as for the
SC-MOF, fluorescence detection and Raman spectroscopy
have been the detection techniques employed in these sys-
tems. Note that HC-PCF can guide light without leakage
using the photonic bandgap effect, as explained before.
This phenomenon can be used for other interesting appli-
cations apart from fluorescence and Raman sensing, such
as particle guiding. Benabid et al. successfully performed
the levitation and guidance of a polystyrene particle inside
a HC-MOF through 150 mm and with a speed of 1 cm
s~!. Biological, chemical and engineering applications are
increasingly employing this strategy to guide particles in-
side objects with minimal dimensions or where noninvasive
analysis are required [133].

Focusing on fluorescence measurements, Cordeiro et al.
detected rhodamine in SC- and HC-MOFs by employing a
new methodology to selectively fill the MOFs. Since no
contact with the fiber extremes is needed, sample introduc-
tion and optical alignment are independent, which is of great
advantage for using in an optical sensing in laboratories
[103]. Smolka et al. also compared a SC-MOF and a HC-
PCF for absorption and fluorescence sensing. The inhouse
SC-PCF was Ge doped, cladding holes of 3.7 um diameter,
and a core of 19 um were used. In addition, 7 holes with
reduced diameter were introduced in the core to enhance
the light—matter interaction . An evanescent field between
0.4% and 1% was estimated. The HC-PCF with cladding
holes of 1.45 um diameter and core of 5.3 um (from Crys-
tal fiber, HC-532-01) was selectively filled in order to guide
light in the core and achieve from 92 to 99% of evanescent
field yield, providing a larger light—matter interaction than
with the SC-PCF. Concentrations down to 5 x 1078 and 1
x 10710 absorbance units (AU) were detected in absorption
and fluorescence measurements, improving the detection
by 4 orders of magnitude compared to previous systems
[134]. Shinoj and Murukeshan employed two different sil-
ica HC-PCFs to detect fluorescent microparticles. On the
one hand, two different media (water and ethanol) were
pumped into the structures. On the other hand, two differ-
ent structures using the same medium were tested in order
to compare the fluorescence collection efficiency. Solutions
with the sample were introduced by capillary action. The
fluorescence response was found to be more efficient when
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Figure 11 (A) SEMimage of the Kagomé-lattice HC-PCF. (B) Lu-
minescence background spectrum (red) with maximum 11 mW
input power and 10 s integration time (the black line is the back-
ground noise of the spectrometer). (C) Experimental setup. (D)
Computed electric field intensity with a 10-m polystyrene sphere
illuminated by the fundamental Gaussian-shaped fiber at a wave-
length of 633 nm. Figure taken from [137] with permission of The
Optical Society.

using water as medium, as well as the structure with cen-
tral wavelength of 1060 nm [135]. The same authors also
proposed an integrated HC-PCF transverse optical trap-
ping system for optical manipulation and detection. Taking
advantage of the high sensitivity of fluorescence detection
and the high light confinement in HC-PCF the authors were
able to detect biological samples by immobilizing them on
the walls of the core of a HC-PCF [136]. More recently,
Ghenuche et al. demonstrated the improvement in signal-
to-noise ratio and a 1000 x reduction of the LOD by using
a Kagomé HC-MOF (Fig. 11(A)) for fluorescence sensing.
A remote system was designed and developed, as can be
seen in Fig. 11C. To achieve these improvements in the de-
tection, a 20-pum polystyrene microsphere was employed
as a focusing lens. The production of this beam through
dielectric microspheres is known as a photonic nanojet and
provides excellent optical properties for some applications.
Figure 11D shows the nanojet and microsphere employed
in the system. Fluorescence correlation spectroscopy (FCS)
was employed in this study to analyze the fluorescence sig-
nal. Thanks to the microsphere probe, the noise (1.2 kHz)
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was about 40 times lower than previous works (270 kHz).
In Fig. 11B the background signal of the system is showed.
LODs of 0.4 nM were obtained, 1000 times lower than pre-
vious systems, in volumes of approximately 6 x 10~° L.
In addition, as a proof-of-concept, the differentiation of two
dyes with similar fluorescence (Alexa fluor 647 and Cya-
nine CyS5 attached to a protein Annexin A5b) was achieved
thanks to their different diffusion properties through FCS
analysis [137]. Kagomé lattices have also been used to
detect dyes such as fluorescein. Williams et al. employed
a Kagomé HC-MOF of 30 cm length with core diame-
ter 19 wm to measure the fluorescence of fluorescein in
attomole amounts and achieve LODs of 0.02 nM. The HC-
MOF was flushed between runs, and contrary to SC-PCFs,
no replacement of the structure was required [121].

As previously noted, the use of fibers for Raman and,
specifically SERS, has gained attention during last years.
Yang et al. collected the most important articles concerning
the use of fibers such as HC-PCFs, liquid core PCF (LC-
PCF), inner-wall-coated LC-PCF, liquid-filled HC-PCFs
and modified highly sensitive LC-PCF for SERS probes
[68]. However, in the present review, only the most recent
studies on HC-PCFs for SERS and Raman spectroscopy
systems are discussed.

Yan et al. employed a HC-PCF of 8 um core diameter,
2.5 pum holes, 100 um OD for SERS measurements, de-
positing Au nanoparticles in the inner walls of the holes.
Fibers of 5 cm length were taken and a colloid of Au
nanoparticles of 100-200 nm was introduced by capillary
action (1-3 cm), after drying at 60 °C for 2 h, rhodamine
B solution was introduced, and was also dried. Signals
from the analyte were verified after subtracting the back-
ground spectra from the silica. Irreproducible results were
attributed to irregularities in the fiber structure [69]. Not
only Au but also Ag nanoparticles have been employed to
enhance Raman signal in HC-PCF. Zhang et al. employed
a HC-PCF to develop a fiber sensor based on SERS scatter-
ing. The commerecial fiber employed (Crystal fiber, model
Air-6-800) was selectively filled in the core (previous seal-
ing of the cladding), in order to maintain the bandgap and
confine light in the hollow-filled region. Due to this strat-
egy, a higher light-matter interaction compared to previous
works was evidenced. A fiber of 10 cm length was cut,
selectively filled by capillary action during 5 s in order to
introduce 1 cm of sample with Ag nanoparticles (ranging
from 40 to 60 nm diameter). Spectra of rhodamine 6G,
human insulin and tryptophan were obtained by using the
fiber as Raman platform. The latter analyte was also de-
tected through a dry film for comparison, and an estimated
enhancement factor of ~100 was obtained for the HC-PCF
[70]. In order to obtain a higher increase in Raman sensi-
tivity, the use of various layers of nanoparticles has been
proposed. Shi et al. developed a sensor based on a double
substrate surface to enhance SERS. Two different structures
were tested, a HC-PCF (Thorlabs, model HC-633-01) and
a hollow silica waveguide (HSW). The HC-PCF (after seal-
ing the cladding to fill only the core) possessed a better light
confinement and hence a higher sensitivity. However, the
core (5 um) was too small to make a correct coupling with
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Figure 12 Rhodamine 6G spectra at 1000 nM by using different
methods: (A) comparison of direct sampling to coated LC-PCF;
(B) comparison of direct sample and coated HSW. Figure taken
from [71] with permission of American Institute of Physics.

the laser beam. The HSW (a capillary tube from Polymicro
Technologies) presented a larger hole (300 pum), and light
coupling was much easier, although a loss in confinement
was expected. By the deposition of two layers formed by
two different types of Ag nanoparticles, an increase in sen-
sitivity was observed, compared to previous methods with
only one layer. For both structures the first Ag layer was
deposited on the inner surface of the core, whilst the sec-
ond type of Ag nanoparticles was mixed with the sample
solution and introduced into the core by the capillary effect.
Regarding the HC-PCEF, the strongest SERS signals were
obtained when measuring the analyte by positioning the
laser on the sealed end of the fiber (which gave an intensity
100 times higher than a direct sampling in a glass cuvette).
The shape of the sealed end (concave) could be a reason for
this enhancement, compared to the detection from the open
end (10 times lower intensity). Focusing on the HSW, an
intensity 5 times higher than the direct sampling was ob-
tained, being in addition a low-cost alternative to HC-PCFs,
although less sensitive. Figure 12 shows the Raman spectra
of the analyte (rhodamine 6G) where the comparative of the
signal with the HC-PCF against a glass cuvette in (A), as
well as the HSW improvement respect to direct sampling
[71].

As well as dyes such as rhodamine, other more com-
plex molecules have been detected by using SERS and
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Figure 13 Scheme of the “sandwich” proposed by the authors for
SERS sensing of proteins with a MMF (SERS: surface-enhanced
Raman spectroscopy; CTAB: cetyltrimethylammonium bromide;
SNP: silver nanoparticle). Figure taken from [72] with permission
of ACS Publications.

HC-PCFs. Yang et al. detected proteins and bacteria in
aqueous solution by using tip-coated MMFs and HC-PCF
through SERS. Proteins lysozyme and cytochrome c as
well as the bacteria shewanella oneidensis MR-1 were de-
tected in aqueous solutions obtaining improvements in sen-
sitivity compared to previous works. Two different systems
were employed. A tip-coated MMF was charged positively
with Ag nanoparticles and proteins mixed with other nega-
tively charged Ag nanoparticles were introduced, creating a
“sandwich” scheme with two different types of Ag nanopar-
ticles. Figure 13 depicts a scheme with the “sandwich” and
the system proposed by the authors. Concentrations as low
as 0.2 mg mL~' were obtained with this system, one or-
der of magnitude lower than a direct measurement with a
glass cuvette. The second approach was based on the use
of a HC-PCF with the cladding sealed to confine light in
the core (6 um diameter), filled with the bacteria under
study, obtaining LODs of 10° cells/Ml [72]. Dinish et al.
employed a HC-PCF for SERS detection of cancer proteins
in low sample volumes. The fiber of 8 cm length had a core
diameter of 9.5 um and cladding of 135 um (from NKT
Photon. HC 800-01), and it was cut and cladding sealed.
Epidermal growth factor receptor (common biomarker for
a variety of cancers) was immobilized on the walls of the
core and Au nanoparticles were attached for SERS mea-
surements. After immobilization of proteins by capillary
action SERS experiments were carried out, obtaining in-
tensities one order of magnitude higher than those from the
traditional material (glass slide). By introducing extremely
low volumes, in the order of nL., amounts of approximately
100 pg of cancer protein were detectable, which increased
the sensitivity compared to other methods previously re-
ported in the literature [73].

Taking advantage of using HC-PCFs as Raman spec-
troscopy platforms, the use of Raman measurements with-
out the addition of nanoparticles has also been proposed.
This avoids previous steps to adhere nanoparticles for SERS
detection. For instance, Khetani et al. were able to monitor
the heparin concentration in serum. By matching the ex-

citation wavelength to the wavelength transmission of the
filled HC-PCF. A strong interaction of the analyte with the
light was achieved, increasing the signal intensity. The fiber
geometry was simulated to ensure the shift at the laser wave-
length (785 nm). Finally, the commercial HC-PCF with a
core size of 10.6 um and pitch 4.1 um (from NKT pho-
tonics, model HC-1550-04) allowed the shift at the desired
wavelength. Background signals from serum were first ob-
tained and a subtraction of its signal was necessary to obtain
the Raman spectra of heparin. By modifying the total length
of the HC-PCEF, a linear relationship between Raman signal
and length was evidenced in the range 1-8 cm and a satura-
tion of the signal was obtained for lengths larger than 9 cm.
Finally, the quantitative analysis of heparin in serum was
carried out, using different standards ranging from 12 to
20 000 United States Pharmacopea units per ml (USP/mL)
and a HC-PCF of 5 cm length. A LOD of 10 USP/ml
was obtained (within the clinical level detection of heparin
in patients during surgeries). Figure 14 shows the Raman
measurements of the heparin solutions and the response in
intensity as a function of the heparin concentration, pro-
viding a linear relationship [120]. Yang et al. developed
a glucose biosensor based on HC-PCF and Raman spec-
troscopy. A HC-PCF of 8 cm length (from Crystal Fiber,
model AIR-6-800) was employed in the system. A sam-
ple with D-glucose was introduced by capillary action, and
one end of the piece of HC-PCF was sealed. Peak signals
from D-glucose were in accordance with the direct analysis
using a glass cuvette, and the intensity was increased ap-
proximately 140 times. Solutions with different D-glucose
concentrations were also prepared and measured, achieving
detections up to 1 mM [138].

5.3. Other promising MOFs in sensing
applications

This section describes studies on chemical sensing in lig-
uid media by using other MOFs as well as other related
microstructures proposed in sensing systems.

Strong penetration PCF (SP-PCF) are fibers whose
geometry allows a larger evanescent field penetrating into
the surrounding holes of the core and increasing the light—
matter interaction. In appearance they are similar to HC-
PCFs, but the hollow core is not used to carry out the
analyte-light interaction, with the structure more similar
to a group of suspended-core MOFs connected with sil-
ica bridges. Figure 15 shows an example of this type of
fiber. Jensen et al. produced a sensor for the detection of
biomolecules in aqueous solutions based on this structure.
By a correct selection of lattice pitch and air-hole diame-
ter, a large fraction of optical field propagated through the
holes interacting with the matter inside them. In this study,
Cy5-labeled DNA molecules were detected. Air holes with
3.4 um diameter were arranged in a triangular lattice with
4 pm pitch. With this design, the central hollow core rep-
resented a dead volume, as light-matter interaction was in
the holes conforming the lattice. Theoretical calculations
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estimated a yield in the evanescent field of 5.2%. Then,
the air holes were filled with the aqueous solution contain-
ing the sample, by capillary action or applying determined
pressure, spending around 10 min to fill 20 cm length of
the fiber. Concentrations of 5000 nM of Cy5-labeled DNA
solution were detected [139].

Defected-core PCFs (DC-PCFs) are other type of
MOFs that have proven to be efficient devices in chemi-
cal sensing in fluid media. These structures are SC-PCF
with some defects in the core made on purpose to enhance
the light—matter interaction. Yu et al. used a defected-core
PCF made of silica to detect CoCl,. This core consisted
of a hole smaller than those from the cladding. Evanescent
absorption was studied as a function of the fiber length and
analyte concentration, obtaining in both cases linear cor-
relations. A light intensity of 0.37% (of the peak) in the

central hole was theoretically estimated, which compared
to the 0.03% in the surrounding holes of conventional SC-
PCFs for aqueous solutions, was an important increase for
sensing applications. By filling the DC-PCF by capillary
action with the analyte solution, concentrations of CoCl,
from 0.01 to 0.5 M were detected and a good linear re-
sponse was obtained [112]. Park et al. proposed a DC-PCEF,
in this case a GeO,-doped high-index ring in the center.
The use of a doped core allowed a higher evanescent inter-
action as well as lower confinement loss and splicing loss
than previous studies on defected core PCFs without doped
ring [140]. Finally, although less employed, DC-PCFs can
be used to detect molecules in gas media, such as acetylene
[141].

Double clad-PCFs are MOFs that, when combined
with gradient-index lenses, can guide excitation through
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Figure 15 Example of a strong-penetration PCF. (A) Micrograph
of the microstructured part of the SP-PCF; (B) close-up where the
group of holes is similar to a group of suspended-core PCFs; (C)
micrograph of the entire fiber with illumination from the opposite
fiber end; (D) field distribution in the sample-filled fiber; (E, F)
mode-field profiles calculated along the dotted lines shown in the
respective insets. Figure taken from [139] with permission of The
Optical Society.

the inner core while light collection can be made through
the multimode region. This allows two-fold benefits:
first, the input light can show higher intensity for light—
matter interaction; secondly, the collection of light is made
with a higher aperture, allowing for more efficient photon
capture. Knorr et al. employed a double-clad PCF for tis-
sue microendoscopy. Fluorescence lifetimes obtained for
the analytes under study were in accordance with the previ-
ous literature. Thus, dye standards (RhB, Rh6G and C30)
showed a monoexponential decay. However, the behavior
of the remaining samples under study depended on environ-
mental conditions. Finally, additional measurements were
carried out on fresh muscle tissue, cartilage and tendon sam-
ples, following a multiexponential decay, also in agreement
with the literature [142].

Dual-core PCFs are structures similar to SC-PCF, but
possess two distinguished cores separated by a specific
distance. Figure 16 shows a SEM image of this kind of
microstructure, which has excellent sensitivity in biochem-
ical sensing applications. Markos et al. investigated this
dual-core polymeric MOF to selectively capture antibody
molecules by depositing an immobilized antigen layer on
the hole wall. By increasing the distance between the solid

cores, the sensitivity of the system was increased [143].
These fibers have also been employed for RI sensing of
fluids, for instance, Town et al. modified the coupling be-
tween coupled cores obtaining advantages such as larger RI
measurement ranges and a sensitivity that depended on the
fiber parameters [144]. The same strategy was proposed by
Yuan et al. who developed a RI sensing system in a photonic
bandgap fiber, where one hole acted as analyte carrier and
modified the coupling between the cores, obtaining also
large dynamic ranges and high RI sensitivity [145].
Multihole capillaries are another type of emerging
structures in chemical-sensing devices. They are similar
in structure to MOFs, however, their designs are made for
sensing purposes only, and thus the guiding principles of
optical fibers are not the key parameters in these struc-
tures. However, the advantages of their internal structures,
similar to MOFs, are employed for high surface-to-volume
ratio compared to traditional systems, minimal sample in-
troduced, or low diffusion of the samples. Aouani et al.
designed a bundle consisting of 6000 individually cladded
optical fibers, 50 cm in length, in which polystyrene micro-
spheres were deposited in one of the extremes for remote
FCS. Alexa Fluor 647 was employed as analyte probe.
The intrinsic background fluorescence limited the LOD
to 400 nM [146]. Guo et al. employed multihole capil-
laries as platforms for ultrasensitive optofluidic SERS de-
tection. Metallic nanoparticles were inserted into the wall
of the inner holes, and two configurations were proposed.
Figure 17A depicts the schemes of both designs. The first,
based on transversal detection, and the second on longitudi-
nal detection. The transversal-detection configuration pro-
vides inline SERS detection for real-time measurements,
whereas the longitudinal-detection configuration accumu-
lates the Raman signal along the capillary obtaining high
sensitivities. Contrary to the longitudinal detection in HC-
PCF, where only the sample injected in the core interacts
with the confined light from a laser, in a multihole capil-
lary there is no light confinement and therefore each chan-
nel can act independently, increasing the surface area. In
addition, all wavelength can be used as there is no need
for light confinement. Comparing these structures to SC-
PCF, a higher light-matter interaction was achieved, as
for the SC-PCF most of the light is confined in the solid
core and only the evanescent field interacts with the aque-
ous sample from the surrounding holes of the microstruc-
ture. Finally, short lengths were necessary for the multihole
capillaries (~3 mm) compared to PCFs (usually tens of
cm). A multihole capillary with 2700 channels and 117
nm of gold nanoparticles was employed to detect rho-
damine 6G molecules, obtaining LODs of 1 x 10 nM. Au
nanoparticles were introduced using polyelectrolyte medi-
ation, and enhanced the sensitivity in a factor over 10°.
Figure 17B shows Raman signals obtained from both de-
signs developed. LODs of 7 x 10° nM for the transver-
sal configuration and 1.4 x 107° nM for the longitudinal
one were obtained, reflecting the excellent sensitivity of
these systems for chemical sensing [63]. The same authors
also fabricated, characterized and demonstrated an optoflu-
idic Fabry—Perot cavity sensor with integrated flow-through
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Figure 17 (A) Schemes of transversal and longitudinal detection systems. (B) Raman signals of rhodamine 6G obtained by using the
two schemes proposed by the authors. Figure taken from [148] with permission of ACS Publications.

micro/nanofluidic channels. Advantages of this design are
the tridimensional detection, which enhances the sensing
performance. Two different capillaries with 7000 holes
were manufactured using borosilicate glass. The first with
200 um OD and a hole diameter of 1.8 um; the second
with 90 um OD and a hole diameter of 650 nm. Pieces of
6 mm were cut for the cavity sensor. Biomolecules attached
to the surface of the holes were measured. Changes in res-
onance (0.37 nm) were evidenced when flushing with the
sample containing the analyte of interest (sulfo-NHS-LC-
LC-biotin) [147].

5.4. MOFs and microstructures as sensing
platforms in conventional analytical
instrumentation

Throughout this review different applications of PCFs have
been described. Many different designs have been pro-
posed for fluorescence or absorption detection, Raman
spectroscopy, or RI sensing. However, the implementation
of these structures in analytical instrumentation, and more
specifically in commercial equipment, still remains a chal-
lenge. For this reason, in this final section some of the

works focused on the implementation of these structures in
home-made instrumentation, microchip technologies and
even commercial equipment are discussed.

Rindorf et al. implemented MOFs fiber sensors in a
biochip prototype, allowing the continuous flow of samples
along the microstructure and their optical characterization.
Figure 18 shows a picture of the system proposed as well as
a scheme with the principal components in the sensing area
of the system. A commercial fiber (Air-15-1550-MOF) of
125 pum OD, with a centre hole of 17 um and a cladding
composed of 312 holes of 2.3 um was employed. Theoret-
ical calculations estimated a yield of 6.5% at a wavelength
of 650 nm. The HC-PCF was cut (16 mm) and was inte-
grated in a PMMA microchip. Techniques involving elec-
trostatic coupling were employed to immobilize the DNA
in the holes of the MOF. After attaching, signals corre-
sponding to the DNA were detected by comparing with a
reference. Although this device possessed acceptable ro-
bustness, a temperature control was proposed in order to
improve its performance [148]. Sun et al. incorporated a
SC-PCF in an electrophoresis microchip. By encapsulating
the SC-PCF in a PMMA microchip, a complete substitution
of the conventional capillary by the SC-PCF was achieved.
With this implementation, an enhancement in the microchip
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Figure 18 Scheme proposed by the authors where a lab on a
chip integrates a MOF, connected to two fibers to guide light.
Fluid samples are injected through silica capillary tubes. Above,
a scheme of the sensing area of the system is enlarged. Figure
taken from [148] with permission of Springer.

performance was achieved since an increase of the separa-
tion voltage was possible avoiding at the same time the
increase of heat generated (Joule effect). This phenomenon
was possible due to the larger cross section of the SC-PCF
compared to the conventional capillary, which allowed a
better heat dissipation and an improved peak resolution
of the substances under study [149]. The authors also em-
ployed a microchip with an integrated SC-PCF (ESF-12-01,
Blaze Photon. UK) for DNA separation. Taking advantage

of the exceptional heat-dissipation properties of PCFs elec-
trical fields up to 1000 V cm™" were sustained, providing
better separations. The structure employed had 125 um OD,
and 54 holes of 3.7 um. A separation length of 7 cm was
used in the PMMA microchip. By adding the dye YOPRO-1
in the background electrolyte, fluorescence measurements
could be performed to detect DNA fragments. Better reso-
lutions were obtained when using the SC-PCF instead of the
conventional capillary for a determined separation voltage
[150].

Finally, the implementation of MOFs and microstruc-
tures in analytical instrumentation such as HPLC or CE
equipment has been carried out. Daley et al. employed
SC-PCF as columns for liquid chromatography. Different
triphenylphosphine oxides were selected as target analytes.
A previous pretreatment of the PCFs was carried out prior
their use as chromatographic columns. This treatment con-
sisted of the functionalization of the internal walls of the
holes inside the PCFs through covalent attachments to pro-
duce a fluorous coating. Figure 19 shows a representative
chromatogram where the different compounds were sep-
arated and identified. Despite the detection being possi-
ble, peak splitting was evidenced due to the different chro-
matographic behavior of each microchannel [151]. Rogers
et al. presented the use of SC-PCFs for CE in a home-made
equipment. 4 different SC-PCFs from NKT photonics were
employed. The structures had 30, 54, 84 and 168 holes
of 4.9, 3.8, 4.3 and 5.6 um, respectively. The peptides
leucine-aveline, leucine-enkephalin and bradykinin were
labeled with Cy5 fluorescent dyes. To ensure reproducible
electro-osmotic flow, conditioning of the microstructures
was performed. The home-made system had a high volt-
age supply (6 kV) and an excitation laser emitting at 635
nm was employed for fluorescence detection. When focus-
ing on the current generated during the application of the
voltage, a decrease of the current values was obtained for
all the microstructures when comparing to their respective
similar conventional capillaries (similar total cross section).
When detecting the different labeled peptides, an increase

Figure 19 Chromatogram showing
three different compounds (2, triph-
enylphosphine; 3, singly tagged fluorous
triphenyelphosphine oxide and 4, dou-
ble tagged fluorous triphenylphosphine
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oxide) separated through a 54-hole
PCF previously functionalized with
monochlorosilane. Figure taken from
[151] with permission of Elsevier.
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in efficiency (ranging from 20 to 80% of improvement) was
evidenced by comparing the 30-hole PCF to the 30-um ID
conventional capillary [152].

Calcerrada et al. employed for the first time a SC-PCF
and microstructured capillaries (MS(C) as separation plat-
form in a conventional CE instrument. MSCs are hybrid
structures between PCFs and conventional capillaries used
in CE, as these structures are manufactured as PCFs (stack-
and-draw technique) and possess similar geometry, but they
are designed for sensing in fluid media and not to guide
light through them. In this study, fluorescein was used as
the analyte probe, and different structures were compared
(two conventional capillaries, one PCF and one MS(C).
Injections were performed by applying a determined pres-
sure. Different analytical parameters were calculated for
the three structures, obtaining similar results. When inject-
ing minimal values, improvements in peak asymmetry and
linearity were also evidenced for the MSC, overall when
comparing this structure with the transparent coated capil-
lary [114]. The same authors also developed a 6-hole MSC
with 24.5 pm ID to analyze more complex samples such as
derivatized polymeric structures, which provide a charac-

Elsevier.

teristic elctropherogram (a group of decreasing peaks along
the time). It was proven that the hydrodynamic behavior of
the 6-hole capillary was not equal to conventional capillar-
ies, and a correction factor was needed to inject volume
samples similar to conventional structures. By injecting
similar volume values of starch, the CE performance of
the MSC was compared to that from conventional capil-
laries. Figure 20A shows electropherograms obtained with
a 25-um ID conventional capillary and the 6-hole MSC.
More symmetric peaks and a reduction of noise were evi-
denced when using the MSC. A first application was also
demonstrated by successfully detecting the polymeric pro-
file of Nitrostarch [98]. Finally, taking advantage of the
properties of the 6-hole MSC, a method optimization was
made for the detection of nitrocellulose contained in real
dynamite samples, which had never been detected before
by CE. With the method developed, amounts in the order
of 250—400 pg of nitrocellulose were detected. Figure 20B
shows an average electropherogram of one sample of dy-
namite analyzed under the optimized conditions, as well as
the standard deviation relative to the intensity of each peak
from the polymeric profile [153].
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6. Concluding remarks

This manuscript collects and discusses recent literature on
the use of MOFs and related microstructures for chemi-
cal and biochemical sensing applications in fluid media.
Despite the fact that many types of structures have been
employed for this purpose, SC-MOFs and HC-MOFs have
proven to be the most studied systems. Nevertheless, other
microstructures, such as multihole silica capillaries and
other original designs have been proposed to enhance the
sensing performance. With regard to the detection systems,
fluorescence and Raman spectroscopy have been the tech-
niques selected, as the properties of MOFs can enhance the
performance of these optical techniques.

The use of MOFs and microstructures present some
advantages in the field of analytical chemistry and sens-
ing. The sample volumes needed are minimal compared to
conventional systems such as cuvettes. This is not only in-
teresting from a green-chemistry perspective, but it is also
essential when attempting the detection of analytes in min-
imal sample amounts, usually found in some fields like bi-
ological or forensic analysis. In addition, taking advantage
of the enhancement of sensitivity with these microstruc-
tures, detection of extremely low sample concentrations is
possible. This is due to the longitudinal detection of the
samples and the low transmission losses along the struc-
tures. Moreover, the inner surface of the internal holes of
these structures can be chemically activated, thus allowing
the detection of biomolecules or the use of SERS for even
a higher detection enhancement.

As the implementation of MOFs and related microstruc-
tures in conventional analytical instrumentation is a chal-
lenge, new studies regarding the use of these structures in
lab-on-a-chip technologies as well as in commercial equip-
ment have been proposed. The unique properties that MOFs
can provide for sensing enhancement may be of great im-
portance for a future improvement in the performance of
current analytical methodologies.
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