
Chapter 15
Photonic Crystal Fiber as a Lab-in-Fiber
Optofluidic Platform

Fei Tian, Svetlana Sukhishvili and Henry Du

Abstract The ability to design and fabricate photonic crystal fiber (PCF) of
seemingly unlimited, axially aligned air cladding structures for vastly different
optical properties is arguably one of the most significant recent advances in more
than half a century of modern fiber optics. The combined characteristics of PCF as
both a waveguide for laser transmission/excitation and a microfluidic cell for gas/
liquid transport/reactions make it a unique lab-in-fiber platform for chemical and
biological processes and their real-time monitoring. The easy access of the fiber air
channels for surface functionalization at the molecular and nano scales and the
ready incorporation of long-period gratings (LPG) as an integral part of the PCF-
based lab-in-fiber platform further expand the realm of its applications. The aim of
this chapter is to review the state-of-the-art advances in the science and technology
of PCF lab-in-fiber optofluidics relevant to technologically important chemical and
biological events and their measurements. The chapter will begin with a brief
introduction of the fundamentals, fabrication, optical properties, and general areas
of applications of PCF. PCF as a natural lab-in-fiber optofluidics will be high-
lighted and contrasted with lab-on-chip optofluidics derived from planar silicon
device technology. We will then discuss the chemical or biological surface
treatment of PCF air channels to impart specific functionality for molecular rec-
ognition, the immobilization of plasmonic nanostructures at the channel surface
for surface-enhanced Raman scattering and the in situ laser spectroscopy mea-
surements. Considerable focus will be placed on the design, development, and
implementation of highly index-sensitive PCF-LPG lab-in-fiber optofluidics for
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in situ investigation of immunoassays as label-free bioreactors and biosensors as
well as for real-time monitoring of layer-by-layer assembly of stimuli-responsive
polyelectrolyte thin films as nano-sensors and nano-actuators. We will conclude
the chapter by sharing our views on future opportunities and challenges in the
exciting field of PCF lab-in-fiber optofluidics.

15.1 Introduction

Silica photonic crystal fiber (PCF, also termed microstructured fiber) represents
arguably one of the most exciting recent advances in more than half of a century of
fiber optic development [1, 2]. Unlike all-solid conventional optical fiber (COF),
which consists typically of high-index core and low-index cladding, the solid- or
air-core in PCF is surrounded by a cladding structure composed of a fine array of
air channels running axially along the entire fiber length. The diameter of the air
channels ranges from sub-microns to tens of microns. The endless degrees of
freedom in designing and fabricating the cladding microstructure and thus the
ability to realize vastly different and novel optical properties have led to the
emergence of PCF as a major field of research. PCF as both a light guide and a
microfluidic gas or liquid transmission cell renders it an inherent optofluidic
platform, ushering in a promising lab-in-fiber paradigm for a multitude of appli-
cations ranging from the monitoring of chemical and biological processes at the
molecular level to the study of controlled drug release in technologically and
physiologically relevant environment [3].

15.2 PCF as a Light Guide and Its Fabrication

Light is guided in PCF via two mechanisms, depending on fiber microstructure.
PCF with a high-index core and a low-index cladding, often found in the solid-core
type as illustrated in Fig. 15.1a, operates similarly to that of COF: it guides light
by modified total internal reflection, as a result of the index contrast between the
solid core and the air-silica cladding. PCF with a low-index core, typically the
hollow-type as shown in Fig. 15.1b guides light in the core via the so-called
bandgap confinement, made possible by the intricately designed photonic crystal
cladding structure [4–7].

Kaiser and Astle [8] reported the first PCF fabrication in 1974. There are two
main steps in the fabrication process: the first one always involves preform
development that assumes the structure suitable for desired properties; the second
one entails fiber drawing at elevated temperature in a drawing tower. Additional
steps such as doping can be introduced to meet the need for hybrid fiber types, in
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which light guide via both index-guiding and band gap confinement can be
accomplished [9].

The preform is often made either by stack and draw method or by sol-gel
technique, with the former being the prevailing approach [10]. The stack and draw
method has been demonstrated to be versatile to fabricate PCF with complex and
diverse cladding microstructures. In this approach, silica capillary tubes and/or
rods are directly stacked into a closely packed assembly. The stack is subsequently
fused together to form a preform. The preform is drawn to PCF with the desired
size and microstructure in a drawing tower. The sol-gel technique is another
attractive preform fabrication method because of the significant flexibility in fiber
design, its low cost and the ability to produce preforms in large scale [11].
A typical sol-gel casting process developed in OFS Laboratories [12] consists of
several steps. First, an array of mandrel elements is arranged in a mold with the
designed structure. Then a dispersion of colloidal silica at high pH is filled in the
mold. After gelation at lower pH, the mandrel elements are extracted, leaving a
series of air channels in the gel body. Thermochemical treatment is employed in
the drying and purification processes to help remove undesired water and organic
remnants. Finally the gel is sintered at 1,600 �C, resulting in a preform of vitreous
glass ready for PCF drawing in the drawing tower.

15.3 PCF as Optofluidics Platform

Microfluidics is the science and technology that manipulates small volumes of
fluidic samples in a confined geometry, typically under laminar flow condition
[13]. Rapid advance in microfluidics, in conjunction with available micro-fabri-
cation technology, has led to the proliferation of the field of optofluidics [14, 15].
Optofluidics combines microfluidics with propagating light for process control,
process monitoring, and sensing and measurements.

The distinct features of PCF optofluidics, compared with its counterpart from
planar Si technology, include light path spanning the entire fiber length, low-cost
and high-volume fabrication without reliance on photolithography, and easy light
coupling. Figure 15.2 shows an example of PCF optofluidics by selectively sealing

Fig. 15.1 SEM images of
a solid-core PCF with
hexagonally arranged
cladding air channels and
b hollow-core PCF with
photonic bandgap cladding
structure
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the air channels of a hollow-core PCF [16]. This process allows the formation of
hybrid PCF with various functional materials filled in the core. UV-curable
polymer is infiltrated into the air channels of PCF using a syringe. The flow rate of
the polymer is dependent on the dimension of the air channels and the larger hole
of fiber core will have a much longer infiltration length. Selective sealing is then
achieved by multistep injection-cure-cleave process. Such a hybrid PCF with
optical confinement in low index materials is of particular interest for spectroscopy
and sensing applications in aqueous solutions. The inherently high rates of mass
transport and heat transfer in a microfluidic system make PCF optofluidics an
efficient lab-in-fiber micro-reactor with built-in optical interrogation capability for
process monitoring.

15.4 PCF as Lab-in-Fiber Microreactor

Photochemistry has been widely used in a variety of applications in photo-medi-
cine [17], chemical synthesis [18], data storage [19] and conversion and storage of
solar energy [20]. Monitoring the progress of photochemical reactions in parallel is
essential. This capability can be accomplished through miniaturization and inte-
gration of sample preparation, optical excitation and detection functionalities, all
combined in a single device. These microdevices act as versatile microfluidic
platforms which promote the interaction between light and fluids for photo-
chemical activation. There is a surging interest in using PCF for microreactors
with nL sample volumes. The intense overlap of the guided light and reactant and
product species inside the microchannels of PCF offers exciting new opportunities
for in situ spectroscopy of photochemical activation.

The sensitivity and performance of conventional spectroscopic technique using
cuvettes is limited by a few centimeters of the interaction path length. This
challenge can be overcome using PCF microreactor with path length up to several
meters. Moreover, the propagating light is mainly confined in the fiber core, which
favors the photochemical activation of the photosensitive compound even with
moderate laser power [21]. For example, hollow core PCF has been used as a
highly efficient mircoreactor for photolytic conversion of vitamin B12 to vitamin
B12b [20] and the photoisomerization of azobenzene derivatives [22].

Platinum-based drugs are well-established anticancer compounds. Traditional
drugs do not differentiate cancer cell from healthy tissues, which limits their
application due to severe side-effect and acquired resistance. It is of great
importance to use photoactivated platinum complexes that can be localized at the
tumor site [23]. A highly-controllable photochemical microreactor based on PCF
has been demonstrated to simultaneously activate and monitor the reaction
dynamics of photoaquation of nontoxic metal complex vitamin B12 (cyanoco-
balamin, CNCbl) [21]. Figure 15.3 shows the photochemical conversion of CNCbl
to [H2OCbl]+.
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Fig. 15.2 Flow chart of selective filling of the microchannels of PCF. Reproduced with
permission [16]

+H2O +CN-

Fig. 15.3 Schematic of photochemical conversion of CNCbl to [H2OCbl]+ [21]
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Because hollow-core PCF allows maximized light-sample interaction inside the
hollow core, it is also highly suitable as a spectroscopic nanoreactor for studying
and further understanding the catalytic reaction process [24]. For example, it has
been employed both as a tubular reactor and a spectroscopic system for studying
the well-known photo-Fenton chemistry in which hydrogen peroxide can be
decomposed to hydroxyl radicals catalyzed by ferrous ions [24]:

Fejj þ H2O2 ! Fejjj þ� OHþ OH� ð15:1Þ

Enhancements in orders of magnitude in both the reaction yield and detection
sensitivity can be achieved with PCF, compared with conventional quartz cuvette,
due to long path length and efficient overlap with the light field [24].

15.5 PCF as Optofluidic Sensor and Process Monitor

The accessibility to the air channels of PCF has opened up endless possibilities for
functionalization of the channel surfaces at the molecular and the nano scales,
especially for chem/bio sensing and measurements. Major efforts have been made
in this regard such as the incorporation of colloidal nanoparticles, self-assembly
multilayers, or nanoporous materials with PCF. Various chemical sensors have
been achieved successfully in PCF with such functional coatings in both vapor and
aqueous conditions [25]. With the immobilization of bio-specific species, such as
specific antigens, complementary strand of DNAs and proteins in PCF, biological
sensing and detection can be carried out accordingly. By integrating the fiber with
proper indicators or stimuli-responsive materials, a wide range of PCF-based
chem/bio sensors can be developed [26, 27]. The review below focuses mainly on
two sensing schemes: PCF with built-in surface-enhanced Raman scattering
(SERS) functionality for chemical sensing and PCF inscribed with long-period
gratings for process monitoring, with the recognition of other applicable sensing
modalities such as absorption and fluorescence spectroscopies.

15.5.1 SERS-Active PCF

SERS was discovered in 1974 by Fleischmann et al. who observed intense Raman
signal on a roughened silver electrode surface with adsorbed pyridine in aqueous
solution [28]. There has been an unabated interest in developing robust SERS
substrates for chemical and biological detections ever since. Integrating SERS
with PCF takes the advantage of the best of both worlds have to offer for ultra-high
sensitivity measurements of minute solutions [29]. With easy access to the clad-
ding air channels for molecular and nano-scale surface modification, a substantial
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amount of work has been carried out to impart SERS functionality in PCF with
success [30–32].

Gold and silver nanoparticles are extensively used in SERS sensing due to
strong surface plasmon resonance when excited by light in the visible to NIR
range. There are two strategies to incorporate nanoparticles into PCF. One is to
mix the SERS-active nanoparticles with the analyte solution of interest and fill the
resultant solution in the cladding air channels of PCF. In one design, gold nano-
particles mixed with Rhodamine B (RhB) aqueous solution was filled in the air
channels to about 1 cm long by capillary force [33]. The measurement scheme had
a detection limit of 10-7 M of RhB, made possible via SERS enhancement. The
other strategy, a preferred one, is to immobilize the gold or silver nanoparticles
using polyelectrolyte adhesion layer on the air channels of PCF to provide SERS
activity along the entire fiber length. A critical step to realize full-length SERS
PCF is to ensure the uniformity of immobilized nanoparticles throughout the
cladding air channels. Much of our related work has been devoted to achieving this
objective with both solid-core and hollow-core PCF for a high-degree of control in
the surface coverage density [34–36].

Figure 15.4 shows the cross sectional SEM of solid-core and hollow-core PCF
used in this work. A sensitivity of 1 9 10-7 M or *48 ppb Rhodamine 6G in a
minute *10-7–10-8 L aqueous solution using over 20 cm-long PCF has been
demonstrated [34]. Figure 15.5 shows the Raman spectra of 2 lM Rhodamine 6G
(R6G) solution using a SERS-active PCF with immobilized silver nanoparticles
(1 particle/lm2) and others as control and reference for the forward propagating
geometry [37].

One important criterion in considering PCF for evanescent field-based sensing
is the maximization of the mode-field overlap for the light-analyte interaction
inside the air channels and the minimization of the confinement loss of the guided
modes. By carefully designing the cladding structure of the PCF, the confinement
loss decreases and the overlap increases with the increase in the number of rings
and diameter of air channels, and the decrease in the web thickness between air
channels [38]. For example, we have studied the design of a steering wheel pat-
terned cladding structure of PCF with three large cladding air channels [39].
Numerical simulation of the triangular lattice of the channels demonstrated that
confinement loss of less than 0.7 dB/m at 850 nm, and 29, 13.7, and 7.2 % of light
intensity overlap in air channels at wavelengths 1,500, 1,000 nm, and 850 nm can
be achieved with such a PCF. To assess the effect of cladding microstructure of
PCF on the SERS performance of the fiber, three types of PCF have been imparted
with SERS functionality and used for SERS measurement of ethanol: nonlinearity
PCF (NL PCF) as shown with the core surrounded by six rings of air channels,
steering-wheel PCF (SW PCF) and suspended-core PCF (SC PCF) [40]. Numerical
analysis showed that the power fractions in the air channels upon filtration with
ethanol for the three PCF structures were 0.708, 0.483 and 10.859 %, respectively.
Raman measurements were conducted for the three types of PCF with 24 cm in
length completely filled with ethanol. The experiments were carried out by laser
excitation at one end of the PCF and signal collection at the other end. As shown in
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Fig. 15.6, the ratio of Raman intensities at 2,930 cm-1 (characteristic of C–H
stretching vibration from ethanol) for SW PCF, NL PCF, and SC PCF was
about *1:14:28, in qualitative agreement with the numerical results.

Different from solid-core PCF, hollow-core PCF provides a sensing platform
for direct interaction between light and analyte present in the hollow core. We
have demonstrated a full-length liquid-core PCF with the fiber length up to 30 cm
for SERS detection in a forward propagating mode [34]. The key to achieving the
full-length liquid-core PCF for SERS detection is to incorporate a uniform layer of
SERS-active nanoparticles inside the hollow core along the entire length of the
PCF with relatively low surface coverage density. Figure 15.7a shows the Raman
spectrum obtained for hollow-core PCF with the core filled with 10-5 M R6G.
Figure 15.7b, c and d show three hyperspectral Raman images corresponding to
silica (485 cm-1), R6G (1,351 cm-1), and water (3,381 cm-1) in liquid-core PCF.
The dashed ring-like Raman distribution in Fig. 15.7b indicates that the core and
two adjacent air channels allowed forward propagating of silica signal. Core mode
contribution to the measured Raman intensities can also be demonstrated by the
confinement of the Raman distributions for R6G and water as shown in Fig. 15.7c
and d. The above results strongly suggested that the hollow-core PCF can be
suitable as a highly sensitive SERS-active platform due to the robust waveguide
upon infiltration with liquid, the effective coupling of R6G to SERS signal and
forward-propagation of the Raman signal along the liquid core.

10 µm

Ag
nanoparticle PAH 

Fig. 15.4 SEM micrographs of solid-core PCF and hollow-core PCF and schematic illustration
of light guiding in the corresponding liquid-filled structures with Ag nanoparticles immobilized
by positively-charged polyallylamine hydrochloride (PAH). Reproduced with permission [34]
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Fig. 15.5 Raman spectra for a SERS-active PCF filled with 2 lM R6G solution, b SERS-active
PCF filled with water, c PCF with adsorbed gelatin and filled with R6G solution, d PCF with
adsorbed gelatin and filled with water, e PCF filled with water, and f bare PCF. The right panel
corresponds to spectral enlargement in the region of characteristic peaks of R6G. The forward
Raman measurements were done at 632.8 nm, *5 mW laser power, and acquisition time of 10 s.
Reproduced with permission [37]

Fig. 15.6 Raman spectra
from NL PCF, SW PCF, and
SC PCF filled with ethanol.
The Raman measurements
were carried out at 632.8 nm
and 5 mW power, with an
acquisition time of 20 s.
Reproduced with permission
[40]
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15.5.2 Long-Period Gratings in PCF as Index
Transduction Platform

Long-period gratings (LPG) in PCF are periodical modulations of the refractive
index axially along the fiber with a period in the range of 100 lm to 1 mm. The
core mode of LPG is coupled to the forward propagating cladding mode at some
resonance wavelength, resulting in significant attenuation in its transmission
spectrum. The resonance wavelength, k, is described by phase matching condition

k ¼ ðneff
core � neff

cladÞ^, where, ðneff
core and ðneff

clad are respective effective indices of the
core and the cladding modes, and K is grating period. The strong dependence of k

on ðneff
clad makes LPG in PCF an optofluidic platform that is highly sensitive to the

changes in ðneff
clad induced by any physical, chemical, or biological perturbations in

the cladding structure. The ability to bring a measurant solution inside of the
cladding air channels to directly interact with the cladding mode further boosts the
refractive index sensitivity of PCF-LPG.

Periodic index perturbation in LPG can be accomplished by laser techniques
such as UV, infrared femtosecond laser or CO2 laser irradiation as well as by non-
laser approaches such as arc discharge, acoustic wave coupling, focused ion beam
and periodic mechanical stress loading. CO2 laser irradiation is advantageous due
to system flexibility and ease of control. While silica material itself has a very low
absorption at the wavelength of UV light, CO2 laser is readily utilized as a ver-
satile tool for LPG fabrication in PCF due to the strong absorption of the silica
material at the wavelength of 10.6 lm. Many studies have focused on the inves-
tigation of the LPG coupling mechanism associated with CO2 laser for various
types of fibers [41, 42]. LPG fabricated by CO2 laser exhibits good temperature
stability [43].

Fig. 15.7 SERS spectra of 10-5 M R6G (a) and hyperspectral Raman images of silica (b), R6G
(c), and water (d) from hollow-core PCF with immobilized silver nanoparticles of *0.5 particle/
lm2 in coverage density. The measurements were done using forward-propagating geometry at
an excitation wavelength of 632.8 nm. Reproduced with permission [34]
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15.5.2.1 PCF-LPG as Optofluidic Platform for Sensing in Liquid Phase

Refractive index is a fundamental material property that is of great importance in
science and technology. The detection of minute deviations in refractive index is
essential for process control and quality assurance in pharmaceutical, beverage and
food industries, for instance. There is a growing interest in the development of
PCF-LPG for such applications. The sensitivity of PCF-LPG increases signifi-
cantly with the refractive index of the probing medium. This correlation makes
PCF-LPG especially suited for liquid phase measurements.

PCF-LPG has been shown to be sensitive to adsorption of nanometer thick
biomolecules such as DNA and proteins [44]. The performance of PCF-LPG based
biosensor has been further enhanced by integrating it with a flow cell [45]. The
microfluidic cell can optically couple light into and out of PCF while enabling
continuous liquid flow through the air channels as part of an integral surface
modification/binding and in situ measurement scheme [45]. The negatively
charged inner surface of the microchannels in the PCF is modified by electrostatic
self-assembled polymer monolayer for the subsequent adsorption of antibody.
Upon exposure of the modified surface to specific secondary antibody, there is a
resonance wavelength shift due to the adsorption of the specific secondary anti-
body. The PCF-LPG can thus monitor each and every step of the multiple mod-
ification and binding sequences. This optofluidics device scheme has been shown
to be sensitive to monolayer adsorption/binding event [45].

15.5.2.2 PCF-LPG as Optofluidic Platform for Layer-by-Layer
Process Monitoring

Layer-by-layer (LbL) assembly, first introduced by Decher in 1997 [46], has been
regarded as a robust processing method to obtain thin films with multi-function-
alities. The LbL technique has been used to produce ultrathin films at interface by
sequential alternating adsorption of polymers from solutions. The technique has
received growing attention as a simple and environmentally benign way to create
advanced surface coatings with a nanoscopically controlled structure. LbL
approach is advantageous in several ways. First, it is able to incorporate with a
wide range of functional molecules, such as electroactive polymers, organic dyes,
semiconductor quantum dots, electrochemically active species, inorganic nanom-
aterials, and biologically active molecules within nanostuctured films (see
Fig. 15.8) [47–49]; Second, LbL layers can be functionally designed to respond to
environmental stimuli such as pH, ionic strength, temperature, and light irradia-
tion, imparting distinct physical, chemical, and biological properties in the films
and/or coated surface itself; Third, it can be deposited virtually on the surface of
substrate with any shape and chemistry.

Integrating LbL assembly in the air channels of the PCF-LPG of high index
sensitivity thus create another exciting opportunity to monitor and understand the
LbL process in microfluidic systems and to develop similarly configured
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microsensors and microactuators. Shown in Fig. 15.9 is an optically coupled flow
chamber that we have used to perform real-time and in situ transmission mea-
surements during LPG fabrication and LbL assembly under continuous flow of the
liquid medium through the PCF air channels [50].

The LbL procedure basically involves the immersing of the platform surface in
alternating polyelectrolyte solutions, between which thorough rinsing is employed
to remove excess polymer molecules. The specific steps for LbL in PCF-LPG are
depicted in Fig. 15.10.

In one set of experiments, the PCF-LPG (1.37 cm in length and 490 lm in
periodicity) was precleaned with 10 wt% hydrogen peroxide and Millipore (Milli-Q
system) filtered water. One bilayer of BPEI/PMAA was deposited and thermally
cross-linked at 125 �C for 1 h for enhanced adhesion. PVPON/PMAA multilayers
were deposited from 0.2 mg/ml polymer solution at pH 2. Each step was followed
by rinsing with 0.01 M phosphate buffer solution at the same pH. After six bilayers
of PVPON/PMAA were deposited in the PCF-LPG, the PMAA layers were chem-
ically cross-linked including activation in EDC solution (5 mg/ml, pH = 5) and
subsequent treatment in AADH cross-linker solution (9 mg/ml, pH = 4). PVPON

Fig. 15.8 Schematic illustration of various nanostructured materials prepared via LbL. The
depicted structures represent: a a polymer/polymer non-crosslinked LbL film, b a single-
component crosslinked hydrogel, c a two-component crosslinked hydrogel, d a polymer/micelle
coating, e a micelle/micelle coating, f a polymer/biodegradable nanoparticle film, and g a
stratified film with a barrier layer in between. Reproduced with permission [47]
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molecules were removed from the thin film by exposure to 0.01 M phosphate buffer
solution with pH 7.5. The same procedures were performed using COF-LPG
(2.49 cm in length and 710 lm in periodicity) in another set for comparison.
Fluorescently labeled PMAA was used for the deposition in the last layer in order to
examine the distribution of the thin film that’s fabricated on the fiber under confocal
microscopy. Shown in Fig. 15.11 is the confocal microscopy of the PMAA hydrogel
on COF and in PCF, confirming that a PMAA hydrogel has been successfully
deposited using both LPG platforms.

Zirconia split sleeve

Zirconia Ferrule sticks High pressure chamber

PCF-LPGSample

Flow direction

SMF

Light in Light out

Fig. 15.9 Optically coupled microfluidic module for LbL in PCF-LPG and in situ transmission
measurements. Reproduced with permission [50]
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6 Bilayers of PVPON/PMAA

SiO2

Crosslinked PMAA hydrogel

branched poly(ethylenimine)  BPEI

poly(methacrylicacid)            PMAA 

poly(N-vinyl pyrrolidone)      PVPON

adipicacid dihydrazide AADH

SiO2

SiO2
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pH increases

SiO

Fig. 15.10 Schematic of the procedures of LbL deposition of PVPON/PMAA and formation of
PMAA hydrogel in PCF-LPG with BPEI/PMAA as adhesion bilayer. Reproduced with
permission [50]
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An optical spectrum analyzer was used to measure the transmission spectrum at
each LbL step followed by buffer rinsing. The RW for PCF-LPG with buffer at
approximately 1,678 nm arises from core mode to LP04 cladding mode coupling
according to our numerical calculations and was used in our analysis. The RW of
the PCF-LPG underwent a dramatic red shift (to longer wavelength) as the
PVPON/PMAA LbL assembly was successively carried out in the cladding air
channels. In contrast, a slight blue shift (to short wavelength) in RW took place for
LbL processes on COF-LPG. Summarized in Fig. 15.12 are the respective shifts in
RW as PVPON and PMAA layers were alternately deposited in PCF-LPG and on
COF-LPG.

The red bars denote red shift in PCF-LPG and blue bars represent blue shift in
COF-LPG. Six LbL bilayers in PCF-LPG produced a shift of *19.5 nm in RW
(equivalent to *1.625 nm shift per LbL layer). In contrast, 20 LbL bilayers on

PCF

100 µm

COF

100 µm

Fig. 15.11 Confocal
microscopy of the PMAA
hydrogel on COF and in PCF

Fig. 15.12 Respective RW shifts in response to LbL assembly of PVPON and PMMA in PCF-
LPG and on COF-LPG. Insets are the corresponding transmission spectra. reproduced with
permission [50]
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COF-LPG yielded only a shift of *1 nm total (equivalent to *0.025 nm/layer).
The opposite direction in RW shift for PCF-LPG and COF-LPG accompanied with
LbL deposition is a result of their drastically different dispersion characteristics of
effective refractive indices of the cladding modes [51]. The *65 fold increase in
the sensitivity of PCF-LPG over COF-LPG can be attributed to higher evanescent
field overlap with cladding air channels that also provide a far larger surface area
for LbL growth. In contrast, COF-LPG only probes the LbL films on the outer
surface of the all-solid fiber. The high sensitivity of PCF-LPG also enabled in situ
monitoring of PVPON release from cross-linked PMAA layers in phosphate buffer
at pH 7.5. Figure 15.13 shows blue shift in RW as PVPON was gradually released
from the LbL film in PCF-LPG. The blue shift is expected per phase matching
condition since the removal of PVPON results in a reduction in the effective index
of refraction in the thin film. The stable RW after *45 min suggests completion
of the release process. Total release of PVPON transformed the LbL film to a
pH-responsive PMAA hydrogel. This process afforded us the opportunity to test
hydrogel-containing PCF-LPG as well as COF-LPG as potential pH sensors.
Specifically, the RW shifts of the two systems were measured by exposing them to
phosphate buffers (pH: 2–7.5). The pH-dependent transmission and RW shift are
illustrated in Fig. 15.14.

There is a pronounced increase in the RW of the PCF-LPG (red bars) with
decreasing pH, indicating higher refractive index of the thin film. In contrast, the
RW shift for COF-PCF (blue bars) in response to pH variation is far less robust.
It is well known that PMAA hydrogel tends to be increasingly deprotonated at
higher pH, leading to stronger repulsion between the ionized carboxylic groups
and swelling of the hydrogel. Increased swelling corresponds to decreased index of
refraction of the hydrogel. The opposite shift in RW and the striking difference in
sensitivity between PCF-LPG and COF-LPG can be similarly explained as for the
results in Fig. 15.12. pH response behavior of the PMAA hydrogel is interpreted
by the conformational change of PMAA as illustrated by Fig. 15.15.
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process takes place in PCF-LPG. Reproduced with permission [50]
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The pH responsiveness of PMAA hydrogel has been demonstrated on flat
geometry in [52]. The PMAA surface-attached hydrogels are highly swollen in
water, and their swelling degree can be controlled between 1.2 and 3 by varying
the degree of film crosslinking [52]. Most importantly, the swelling degree of these
films is strongly pH dependent (Fig. 15.16).
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Fig. 15.14 pH-dependent transmission and RW shift for PCF-LPG and COF-LPG coated with
PMAA hydrogels. Reproduced with permission [50]
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Fig. 15.15 Conformational change of PMAA thin film in buffer solution with different pH
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15.6 Concluding Remarks

The ability to design, fabricate, and functionalize PCF of seemingly unlimited
microstructural features for vastly different optical characteristics affords us end-
less opportunities for research creativity and innovation. PCF as an inherent op-
tofluidic platform allows the exploration and harvesting of intimate light-medium
interactions in the air channels of ultra-large aspect ratio for chemical and bio-
logical synthesis, for process control, and for the development of novel sensing
devices, all with real-time and in-situ capabilities. Significant progress has been
made by the scientific community in advancing the frontier of PCF for related
applications. PCF research in the context of lab-in-fiber optofluidics is still at its
infancy. This field of research will undoubtedly undergo exponential growth in the
coming decade, leading to new science, technology, and yet-to-be-foreseen
applications.
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Fig. 15.16 Panels (a) and (b): swelling ratios and refractive indices of (PMAA)10 films
crosslinked with adipic acid dihydrozide (AADH) as a function of pH supported by 0.01 M
phosphate buffer by in situ ellipsometry. The thickness of the dry (PMAA)10 films was *41 nm.
Reproduced with permission [52]
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