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Abstract. Hollow-core photonic bandgap fiber �HC-PBGF�–based
evanescent wave biosensors are demonstrated and analyzed theoreti-
cally and experimentally. With 95% of the guided light power residing
in the samples, the measured absorbance for a 30-cm-long fiber filled
with a 0.2 �M Alexa Fluor 700–labeled DNA Oligo solution is 1.06.
This is in good agreement with the theoretical prediction, which is
evaluated by using the refractive index scaling law. The HC-PBGFs
thus offer both efficiency and simplicity for the detection of biomol-
ecules in ultra-small sample volumes. © 2008 Society of Photo-Optical Instru-
mentation Engineers. �DOI: 10.1117/1.2983676�
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Introduction

ver the last two decades, optical fibers and waveguides have
een widely used for developing optical biosensors.1 Evanes-
ent wave biosensors are based on interaction of the analyte
pecies with the electromagnetic wave, which extends from
he surface of the light-guiding waveguides. The interaction
etween evanescent wave and analytes produces absorption,
pontaneous emission, stimulated emission, and Raman scat-
ering, which have been used extensively both in a planar
aveguide and in fiber geometry. The efficiency of this kind
f biosensor is determined by sufficient interaction length and
arge overlap between excitation light and fluorescent dye–
abeled analytes.2 Approaches used to realize large overlap
etween excitation light and analytes are based on reducing
he radius of the fiber, including unclad, partially clad, and
-shaped forms.2 The removal of cladding causes the sensing
evices to be fragile. The V-number mismatch also creates
oss of light—in particular, the emitted fluorescence light
rom the unsheathed sensing region is not guided inside the
ore, but leaks out to the cladding layer. Therefore, it will not
e detected by the photodetector.2

The emergence of photonic crystal fibers �PCFs�, espe-
ially hollow-core photonic bandgap fibers �HC-PBGFs�,
pens up new opportunities for novel evanescent wave bio-
ensor design, which could solve the problems encountered in
onventional biosensors.3,4 HC-PBGFs are comprised of an
ir core with a cladding that consists of a two-dimensional
2-D� periodic array of air inclusions in silica. As indicated by
heir name, HC-PBGFs guide light in the air core within cer-
ain bandgaps, which manifest as transmission windows in the
ransmission spectrum. In particular, when aqueous solution is
sed to fill the holey region of HC-PBGFs, the transmission
indows have a blue shift and could cover the wavelength

ddress all correspondence to Chi-Chiu Chan, N1.3-B3-04, Nanyang Techno-
ogical University, School of Chemical and Biomedical Engineering, Division of
ioengineering, 70 Nanyang Drive, Singapore 637457. Tel: �65� 6790-4685;
ax: �65� 6792-6894; E-mail: eccchan@ntu.edu.sg
ournal of Biomedical Optics 054048-
ranges of fluorescence spectra.5,6 The strong confinement of
light in the aqueous core could provide a strong interaction
between excitation light and analytes. Moreover, since the ex-
citation light and the emitted fluorescent light are both con-
fined to the core, their overlap is maximized.

In this paper, the performance of the HC-PBGF for eva-
nescent wave biosensing is analyzed. The principles of opera-
tion and performance analysis are described in Sec. 2. Experi-
mental results and discussion are presented in Sec. 3, and a
conclusion is given in Sec. 4.

2 Theory and Simulation Results
The structure of the HC-PBGF used in the experiment is il-
lustrated in Fig. 1 and is designed to guide light in the wave-
length range from 1400 nm to 1800 nm. Following the des-
ignations, the photonic crystal �PC� cladding can be
characterized by four parameters: hole-to-hole distance �,
hole diameter d, and refractive indices na in the holey regions
and nb in the silica regions. The diameter of the hollow core is
D.

According to the Beer-Lambert law, a crucial factor deter-
mining the amount being absorbed is the absorbance A���,
which is defined as2

A��� = log10� I0���
I��� � = ����cLef f , �1�

where I0��� and I��� are the intensities before and after the
sample, respectively. � is the wavelength of light, and ���� is
called the molar extinction coefficient at wavelength �. c is
the concentration of the sample. Lef f is the effective optical
path defined by the length of the sample through which the
light travels, supposing 100% overlap between light and
sample. The transmission T can be written simply as7
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T��� = 10 log10� I0���
I��� � = 10A��� . �2�

For evanescent wave biosensors, only part of the guided
ight interacts with the sample. Therefore, the effective optical
ath length, which is determined by the fiber length l and the
ensitivity coefficient r, is given by2

Lef f = rl . �3�

he sensitivity coefficient r is an important parameter in
uantifying the fiber efficiency, which is used to describe the
verlap between the light and the sample. The fiber efficiency
s a measure of the effective interaction length Lef f of a given
ptical fiber with length l. It has a value of r= �nr /nef f�f ,
here nr is the refractive index of the sensed material, nef f is

he modal effective index, and f is the percentage of optical
ower in the holes. This corresponds to introducing effective
nteraction length Lef f, which is the section of fiber where the
ight and the sample have 100% overlap. The percentage of
ptical power in the holes f is described as7

f =
�sample Re�ExHy

* − EyHx
*�dx dy

�total Re�ExHy
* − EyHx

*�dx dy
, �4�

here Ex/y and Hx/y are the electric and magnetic fields along
he x and y directions.

The performance of the evanescent wave sensor is mainly
etermined by the modal effective index as well as the per-
entage of energy in the holes. Tedious numerical simulation
s crucial to evaluate these two parameters in the conventional
ber design. This can be avoided for the HC-PBGFs by using
efractive index scaling laws.6 The wave equation for the sca-
ar field distribution in a HC-PBGF can be described in terms
f normalized transverse coordinates X=x /� and Y =y /�
nd an index distribution function.6

g�X,Y� = �0 low index regions

1 high index regions
� . �5�

he resulting normalized scalar wave equation is

ig. 1 HC-PBGF with air holes arranged in a triangular lattice. Black
egions represent air.
ournal of Biomedical Optics 054048-
�2�

�X2 +
�2�

�Y2 + �v2g�X,Y� − w2	� = 0, �6�

where v2= �2��� /��	2�nb
2−na

2�, and w2= �2��� /��	2�nef f
2

−na
2�.
The frequency parameter v2 and eigenvalue w2 are directly

analogous to the parameters V2 and W2 of the conventional
waveguide theory,8 with an exception that � defines a trans-
verse scale in a structure. The refractive index scaling law can
be described as follows: If na is varied, the scalar field distri-
bution can be kept unchanged, supposing that the normalized
wavelength � /� is adjusted so as to keep the values of v and
w invariant.6,9 In particular, the locations of the transmission
windows, after the HC-PBGF is filled with aqueous solution,
can be estimated by considering the invariant v. Assuming
that the bandgap is originally at a wavelength �0 for an air-
guiding HC-PBGF with na=1, after the fiber is filled with
aqueous solution with na=nr, it shifts to a new wavelength �.
The relationship between the wavelengths �0 and � is gov-
erned by9

� = �0
nb
2 − nr

2

nb
2 − 1

�1/2

. �7�

As the values of v and w are invariant, their ratio v2 /w2 is
also invariant. The modal effective index nef f��� at the wave-
length, � after filling can thus be evaluated by the modal
effective index nef f��0� at the wavelength �0 before filling,
which is given by

v2

w2 =
nb

2 − 1

nef f
2 ��0� − 1

=
nb

2 − nr
2

nef f
2 ��� − nr

2 , �8�

nef f��� = �nr
2 − �1 − nef f

2 ��0�	
nb
2 − nr

2

nb
2 − 1

��1/2

. �9�

Since the scalar wave distribution Ex/y and Hx/y are invari-
ant when the bandgaps shift from a wavelength �0 to a wave-
length �, the percentage of energy in Eq. �4� is also invariant,
or

f��� = f��0� . �10�

These equations provide simple tools for estimating the effi-
ciency of HC-PBGF–based biosensors by utilizing the param-
eters list in the product manual.

In order to demonstrate this idea, Figs. 2�a� and 2�b� show
the electric field distribution at �0=1.55 �m before filling
with water and �=0.853 �m after filling with water. A full
vectorial beam propagation method was used to evaluate the
electric fields with the parameters of �=3.8 �m, nb=1.45,
nr=1, and nr=1.33 before and after filling with water. As
these two wavelengths satisfy the refractive index scaling law,
their corresponding electric fields show no difference. The
corresponding fractions of light propagating in the air holes or
samples are both around 96%. The corresponding modal re-
fractive indices nef f are 0.9881 and 1.3267 when nr=1 and
nr=1.33, respectively, which also agrees well with the refrac-
tive index scaling law described in Eq. �9�. The simple meth-
September/October 2008 � Vol. 13�5�2
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ds for estimating the value of f and nef f greatly facilitate the
esign procedure of HC-PBGF–based evanescent wave bio-
ensors.

Experimental Results
he schematic diagram of the experimental setup is shown in
ig. 3. A 30-cm-long HC-PBGF �Crystal-Fiber HC-1550-02�
as used in the experiment and had a cladding pitch of
.8 �m, a core diameter of 10.9 �m, and a center operating
avelength of 1550 nm. Two ends of the HC-PBGF were
ounted in modified V-groove mounts. Light from a super-

ontinuum �SC� source �KOHERAS SuperK Red� was guided
sing a single-mode fiber SMF-28, which in turn launched
nto the core of the PBGF via butt-coupling by using two
airs of three-dimensional �3-D� stages �Newport 561 /562
eries�. The alignment was achieved by tuning the high-
esolution micrometers. When the maximum transmitted op-
ical signal was obtained, the alignment was ready. The trans-

itted light after the HC-PBGF was guided by using another
ection of SMF-28 via butt-coupling again and then measured
y using an optical spectrum analyzer �OSA; Yokogawa
Q6370�, which can measure the spectrum from
00 nm to 1700 nm. The holey region of the HC-PBGF was
lled up with the Alexa Fluor 700–labeled DNA Oligo solu-

ig. 2 Electric field distributions �a� at �0=1.55 �m before filling with
ure water and �b� �=0.853 �m after filling with pure water.
ournal of Biomedical Optics 054048-
tion �Invitrogen� by capillary force. Alexa Fluor 700 has an
absorption maximum at 696 nm with a molar extinction co-
efficient of 192,000 M−1 cm−1.

Figure 4 shows the transmission spectra before and after
filling with pure water. The transmission spectrum before the
filling process spanned a range of 1400 nm to 1700 nm. Af-
ter filling, the transmission spectrum ranged from
600 nm to 1162 nm. This range was broader than the predic-
tion of the scaling law, which had a range from
790 nm to 1020 nm. This is because the refractive index
scaling law is derived from scalar wave equations, which ne-
glect the vectorial effects. Therefore, this refractive index
scaling law shows a good accordance to the experimental re-
sults, especially in the small index contrast region. Deviations
are found in the large index contrast region, where vectorial
effects start to appear.5 However, this does not preclude the
validity of the refractive index scaling law in evaluating the
performance of the HC-PBGF, which was verified both in the
theory and experiment. Another issue is that the modal effec-
tive index nef f and fraction of power residing in the holes f
are related to the operating wavelength. However, as they
show small variations across the wavelength ranges of the
transmission windows, nef f and f are assumed to be invariant
across the wavelength ranges of the transmission windows.
The invariances of nef f and f make the analysis easy.

Fig. 3 Schematic diagram of the experimental setup. �SC light source:
supercontinuum light source; OSA: optical spectrum analyzer; PBGF:
photonic bandgap fiber�.
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Fig. 4 Transmission spectra taken �a� before and �b� after filling with
pure water.
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Figure 5 shows the transmission spectra of two 30-cm HC-
BGFs, one filled completely with a 0.2 �M Alexa Fluor
00—labeled DNA Oligo solution and one with pure water.
he inset shows the derived absorbance with a maximum
alue of 1.06 at �=696 nm. This could be evaluated by using
q. �2� and the refractive index scaling law. Since only a

raction of light propagates in the sample, the effective optical
ath length Lef f is introduced to describe the absorbance A�v�.
s Lef f = �nr /nef f�fl, the fraction of power f and the modal

ffective index nef f should be known to obtain the value of

ef f. However, as described earlier, the refractive index scal-
ng law provides a simple tool to evaluate these two param-
ters. The HC-PBGF used in the experiment has an effective
ode index around 0.99, and the fraction of light propagating

n air is around 95% at 1550 nm. Assuming that these two
arameters are invariant across the wavelength ranges of the
ransmission windows, after the fiber is filled with aqueous
olution with nr=1.33, the effective mode index is 1.3277,
nd the fraction of light propagating in the sample is 95%. As
result, the effective optical path length Lef f for a 30-cm
C-PBGF is 28.6 cm. Considering the molar extinction coef-
cient of 192,000 M−1 cm−1 at 696 nm and the concentra-

ion of 0.2 �M, the expected absorbance is 1.098, which is in
ood accordance with the measured value.

Alexa Fluor 700–labeled DNA Oligo solutions that have
oncentrations of 0.1 �M and 0.05 �M were also used to
valuate the sensitivity of the HC-PBGF. The corresponding
erived absorbances are illustrated in Fig. 6 and are in good
greement with the analytical results. The minimum detect-
ble concentration is mainly limited by the minimum detect-
ble absorbance. It has been demonstrated10 that the minimum
etectable absorbance can be achieved to be A=0.04. There-
ore, for an HC-PBGF with a length of 30 cm, this offers the
ossibility of detecting Alexa Fluor 700–labeled DNA Oligo
olution with concentration down to 7 nM, provided that the
eference spectra are accurate and stable. With a small sample
olume consumption of only 1 �L, this offers the potential
or the design of high-sensitivity evanescent wave biosensors.
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ig. 5 Transmission spectra of two HC-PBGFs with a 0.2-�M Alexa
luor 700–labeled DNA solution �solid curve� and pure water for ref-
rence �dashed curve�, respectively. Inset: derived absorbance in the
ample containing the Alexa Fluor 700–labeled DNA Oligo solution.
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4 Discussion
The general theory for the HC-PBGF waveguides assumes a
nonabsorbing material in the hollow-core region. This means
that the dielectric constant ��r� is treated as purely real.
Strong water absorption bands occur at wavelengths around
2500, 1950 and 1450 nm, with weaker absorption bands at
wavelengths around 1200 and 970 nm and three additional
sets of water absorption lines near 930, 820, and 730 nm. All
are located in the infrared spectrum.11,12 The existence of ab-
sorbing material, such as water, within the hollow core would
be expected to modify the scaling laws as well as the effective
mode index and the fraction of optical power. In order to
illustrate the bandgap formation in the presence of the imagi-
nary part of the refractive index, a beam propagation method
�BPM�13–15 was carried out to model the complex waveguide
by taking into account the real and imaginary parts of the
refractive index of the water. Figure 7 shows the evaluated
transmission spectra for the water-silica HC-PBGF. This was
done by launching a Gaussian beam in the center of the core
with width equal to that of the core and propagation length
1 cm. Both scalar BPM and vector BPM were carried out in
order to illustrate the vectorial effect on the bandgap forma-
tion. Comparison of the scalar and vector plots demonstrates
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Fig. 6 Absorption measurement for different concentrations of Alexa
Fluor 700–labeled DNA solutions.
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Fig. 7 Transmission spectra of water-silica HC-PBGF.
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he basic validity of the scaling laws. The deviation of vector
and structure from the scalar case indicates features that
rise specifically from the vector nature of the electromag-
etic field. In particular, the scalar plot is relatively broader
han the vector case, which is due to the overlapping of the
andgaps of two polarization components.6 This difference
lso explains the observation of the wavelength deviation re-
orted by Ref. 5. In order to investigate whether the absorp-
ion of water modifies the bandgap, a vector BPM was per-
ormed by taking into account the imaginary parts of the
efractive index of water. The data set of imaginary parts was
btained from Ref. 11. It is found that the transmission spec-
ra, before and after considering the absorption of water, show
ittle difference. There is only a slight fall of optical power
round 1200 nm after considering the absorption. Therefore,
t is the vectorial effect that causes the wavelength deviation
bserved in Ref. 5 rather than the absorption of water. The
eneral theory for nonabsorbing material has been applied for
everal low-loss dielectric waveguide structures, such as the
icrostructured polymer fibers,16,17 liquid-crystal photonic

rystal fibers,18–20 and liquid-filled photonic crystal
bers.17,21,22

The effective mode indices of the fundamental modes and
he fractions of optical power within the holey region at wave-
engths of 600 nm, 800 nm, and 1180 nm are demonstrated
n Table 1. Comparisons of these values before and after con-
idering the absorption of water demonstrate that the exis-
ence of water absorption barely changes the values of the
ffective mode indices and the fraction of optical power
ithin the holey regions. The invariance indicates the basic
alidity of the scaling law in the presence of low-absorbing
aterial.
A number of PCF-based sensor applications have been

emonstrated, especially in the area of biosensors. The major-
ty of these applications take advantage of the unique possi-
ility to position a given biological sample inside the holey
egions of the fibers. The sample may, therefore, be probed by
he light propagating along the fiber without removing the
ber coating and cladding, thus maintaining the robustness of

he fiber. In contrast, the only possible approach of conven-
ional optical fibers for sensing low refractive index materials
s to use the evanescent field. However, the strength of the
vanescent wave is generally small. To increase the amount of
ptical power in the sample of interest, several approaches
an be applied. The general design rule is to remove the coat-
ng and cladding. These approaches thus add complexity and

able 1 Effective mode indices and fractions of optical power at
ifferent wavelengths.

Effective mode index �neff� Fraction of optical power �f�

No absorption Absorption No absorption Absorption

00 nm 1.3279 1.3274 97% 97%

00 nm 1.3113 1.3110 96% 96%

180 nm 1.2985 1.2968 94% 94%
ournal of Biomedical Optics 054048-
make the structure more fragile. A simpler approach is to use
the fiber merely to guide the light to a chamber that contains
the sample to be measured and where it is monitored in free
space. However, this measurement is limited to short path
lengths, due to practical limitations and the beam divergence.

Compared with other PCF-based biosensors, such as the
solid-core index-guiding PCF-based evanescent wave sensor,
which has an evanescent field within the holes of 3.3% �Ref.
23�, the demonstrated HC-PBGFs have the advantage of large
overlap between the light and the sample residing in the holey
areas, which is 28.8 times larger. This provides high effi-
ciency for the evanescent wave biosensing applications. Fini
has proposed a water-core PCF structure for biosensing appli-
cations, which is based on an index-guiding mechanism.21 Al-
though it was possible to achieve 90% overlap between the
light and the samples, this method required a selective filling
technique,24,25 which is a method to fill only some holes of the
fiber, such as the central hollow core, rather than the entire
holey region. In addition, the analysis and design procedure
needed tedious numerical work. A similar method was also
proposed by selective filling the hollow core with sample so-
lution, but the guiding mechanism was based on the bandgap
guiding.26 This method evidently experienced the same prob-
lems, including the selective filling process and the tedious
numerical work. Another type of hollow-core PCF-based eva-
nescent sensor was demonstrated by filling the entire holey
region with samples.10 Although the fiber structures and filling
technique seem similar, the guiding mechanisms were totally
different. In Ref. 10, light was guided through the silica in the
entire cladding rather than the hollow core. In other words,
light was not guided by bandgap effects. Therefore, only a
5.2% fraction of optical power resided in the samples. This
value was much smaller than the HC-PBGFs used in this ex-
periment, which had an overlap of 95%. In addition, as the
light dissipated in the cladding, the loss was significantly
large, which also introduced the difficulty into the spectral
measurement.

The PBGF-based sensor has so far been tested in applica-
tions only as a nonspecific biosensor, which shows its poten-
tial to measure the concentration of a specific analyte solution.
The use of the PBGF sensor to distinguish different solutions
appears possible, assuming that a biorecognition element is
immobilized on the inner surface of the holey region of the
fiber by physical or chemical methods. One of the surface-
binding PCF-based sensors uses streptavidin molecules �anti-
gen� as a biorecognition element to detect a specific biomol-
ecule, �-streptavidin �antibody�.27 This concept may be used
for a variety of biodetection, such as various enzymes and
antibodies.

Another important practical consideration is the potential
for the reuse of the HC-PBGF for multiple tests during semi-
continuous on-line monitoring. For the demonstrated nonspe-
cific sensing system, the HC-PBGF can be cleaned with ac-
etone and isopropanol. The filling and cleaning processes can
be achieved with the aid of a pressure chamber.28 A HC-
PBGF–based sensor can be developed for detecting specific
targets, for example, by depositing a sensor layer of comple-
mentary biomolecules immobilized inside the air holes of the
HC-PBGFs. Regeneration of the HC-PBGF sensor for
antibody-antigen detection is also possible, since many tech-
niques have been demonstrated to dissociate antibody-antigen
September/October 2008 � Vol. 13�5�5
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omplexes, including pressure, electrical field, and solvents.1

he regeneration methods can thus follow those techniques
hat are commonly used in conventional fiber-optic biosen-
ors.

Conclusion
n conclusion, the HC-PBGFs–based evanescent wave sens-
ng technique has been analyzed both theoretically and experi-

entally. According to the refractive index scaling law, the
odal effective index and fraction of optical power residing

n the sample after filling process could be derived from the
arameters before the filling process. This offers a simple
ethod for both design and analysis procedures. In this type

f sensor, light is confined to the central core, with more than
5% of light residing in the samples, which is verified by both
heoretical and experimental results. With a small sample con-
umption of only 1 �L, the measured absorbance for a
0-cm-long fiber filled with a 0.2 �M Alexa Fluor 700–
abeled DNA Oligo solution is 1.06. Due to a large part of the
vanescent wave residing in the sample, only a short section
f HC-PBGF, 30 cm long, is required to obtain high sensitiv-
ty. This greatly enhances the detection efficiency. In addition,
his method does not require a selective filling technique,
hich further offers convenience for practical applications.
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