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A B S T R A C T

In this work we discussed a label-free biosensing application of long-period gratings (LPGs) optimized in re-
fractive index (RI) sensitivity by deposition of thin tantalum oxide (TaOx) overlays. Comparing to other thin film
and materials already applied for maximizing the RI sensitivity, TaOx offers good chemical and mechanical
stability during its surface functionalization and other biosensing experiments. It was shown theoretically and
experimentally that when RI of the overlay is as high as 2 in IR spectral range, for obtaining LPGs ultrasensitive
to RI, the overlay's thickness must be determined with subnanometer precision. In this experiment the TaOx

overlays were deposited using Atomic Layer Deposition method that allowed for achieving overlays with ex-
ceptionally well-defined thickness and optical properties. The TaOx nano-coated LPGs show RI sensitivity de-
termined for a single resonance exceeding 11,500 nm/RIU in RI range nD= 1.335–1.345 RIU, as expected for
label-free biosensing applications. Capability for detection of various in size biological targets, i.e., proteins
(avidin) and bacteria (Escherichia coli), with TaOx-coated LPGs was verified using biotin and bacteriophage
adhesin as recognition elements, respectively. It has been shown that functionalization process, as well as type of
recognition elements and target analyte must be taken into consideration when the LPG sensitivity is optimized.
In this work optimized approach made possible detection of small in size biological targets such as proteins with
sensitivity reaching 10.21 nm/log(ng/ml).

1. Introduction

The development of urban agglomerations means that modern so-
ciety is more than ever exposed to infections of water resources with
abnormal viral and bacterial flora. Laboratory tests of water and food
products are responsible for identification and elimination of the threat,
but currently used detection methods are rather time-consuming, ex-
pensive, or do not provide reliable information about the biological
contamination (Rohde et al., 2015). Sensing solutions capable for on-
site or remote detection of various biological targets are therefore
highly demanded.

In recent years, much attention has been given to the development
of optical fiber sensors, in particular those based on long-period

gratings (LPGs). The general advantages of optical fiber sensors are
mainly immunity to external electromagnetic interference, potential for
good resistance to harsh environmental conditions and ability for a real-
time and remote detection. LPG is a periodic modulation of the re-
fractive index (RI) within core of a single-mode optical fiber (Chiavaioli
et al., 2017). The range of the modulation period is typically from
100 µm up to 1mm and induces coupling between fundamental core
mode (LP0,1) and a series of cladding modes (LP0, m). The coupling is
observed as attenuation peaks in the LPG transmission spectrum, each
centered at discrete resonance wavelength (James and Tatam, 2003).
The LPG-based sensors can be used to detect changes in temperature
(Bhatia, 1999; Shu et al., 2001) or strain (Glavind et al., 2014; Liu et al.,
2013). Since the LPG couples light into the fiber cladding, the

https://doi.org/10.1016/j.bios.2019.03.006
Received 28 December 2018; Received in revised form 4 March 2019; Accepted 5 March 2019

⁎ Corresponding author.
E-mail address: M.Smietana@elka.pw.edu.pl (M. Śmietana).

Biosensors and Bioelectronics 133 (2019) 8–15

Available online 06 March 2019
0956-5663/ © 2019 Elsevier B.V. All rights reserved.

T



resonance wavelength depends also on optical properties of external
medium, in particular its external RI (next) (Khaliq et al., 2001; Falciai
et al., 2001) as well as coating formed on the fiber surface. This
property is the main advantage of the LPG sensor, and makes them
applicable for label-free sensing of various in size and origin biological
targets, such as DNA (Chen et al., 2007; Sozzi et al., 2011), cancer
biomarker (Quero et al., 2016), virus (Janczuk-Richter et al., 2017) or
bacteria (Tripathi et al., 2012; Brzozowska et al., 2016). The RI sensi-
tivity of LPG can be improved by tuning the working point of the device
towards dispersion turning point (DTP) of the higher order cladding
modes what is usually done by chemical or reactive ion etching
(Śmietana et al., 2014) and/or by applying tuned in thickness high-RI
coatings (Śmietana et al., 2016a, 2016b). It has been shown that de-
position of a thin, high-RI overlay on the LPG surface induces the mode
transition (MT) effect that makes the LPG highly sensitive to next in its
specific range (Del Villar et al., 2005). In order to reach the MT effect at
certain next it is necessary to precisely determine the properties of the
overlay. Various liquid- or vapor-based deposition methods were pro-
posed for obtaining thin overlays whose parameters, including thick-
ness at the nm-level were carefully controlled. When the vapor-based
methods are considered, which include chemical vapor deposition
(CVD) (Smietana et al., 2007) and physical vapor deposition (PVD) (Lee
et al., 2007), the properties of the films are typically well controlled.
However, when it comes to control of the film properties at nm-level,
especially on circular surfaces of optical fibers, these methods may fail
when satisfying uniformity and accuracy of the film thickness. The
solution to this problem is application of atomic layer deposition (ALD)
technique, which is a specific variation of the CVD method. This
method provides an atomic-level control over the layer thickness, with
uniquely conformal and uniform layers also on complex and high-as-
pect-ratio surfaces. The other issue that must be considered when label-
free biosensing applications are discussed, is proper selection of the
deposited material, that needs to show high chemical resistance during
biofunctionalization procedure, as well as ability for functionalization.
As has already been shown, aluminum (Al2O3) and titanium (TiO2)
oxides are not resistant enough to degradation in alkaline solutions
(Dominik et al., 2017; Kosiel et al., 2018a), which are often required in
biosensor surface preparation process. However, high chemical re-
sistance may be offered by some other metal oxides, such as hafnium,
zirconium or tantalum (TaOx) oxides, which can be also deposited with
ALD (Kosiel et al., 2018a). It has been shown that TaOx overlay is re-
sistant to alkali with pH 9, which is used as a chemical agent for re-
generation of biosensor with silane-functionalized surface (Kosiel et al.,
2018a).

In this work we show theoretical and experimental analysis of
combined both the TaOx-induced MT and DTP effect to achieve LPGs
ultrasensitive to RI. Precise selection of the overlay thickness is dis-
cussed when coated LPG-based sensors are considered for selective
detection of various in size biological targets, such as protein
(avidin,~5 nm) (Rosano et al., 1999) and bacteria (Escherichia
coli,~1× 3 µm) (Reshes et al., 2008).

2. Experimental details

2.1. Fabrication of LPG structure

For LPG fabrication a germanium-doped Corning SMF-28 single-
mode optical fiber was used. Detailed description of the LPG sensor
manufacturing process can be found in (Smietana et al., 2015, 2011).
Shortly, the fiber was loaded with hydrogen and a set of LPGs was
fabricated by UV irradiation with KrF excimer laser and amplitude
mask with period Λ =226.8 µm. Then the LPGs were annealed at
150 °C for 4 h. Next, the TaOx films were deposited by ALD method
(Kosiel et al., 2018a, 2018b). The processes were performed in Beneq
TFS-200-190 system at temperature of 100 °C. All the films have been
deposited on LPGs and simultaneously on approximately 1 cm2 p-

type< 100 > silicon reference wafers (ρ=1–10 Ωcm). For the TaOx

deposition, deionized water and tantalum pentachloride (TaCl5) were
used as oxygen and tantalum precursors, respectively. Between gas
pulses the chamber was purged with argon (Ar) at flow of 1000ml/min.
The thickness of the nano-films was controlled by the number of cycles
of the ALD process.

2.2. Numerical analysis of the LPG

The spectral response of the sensor was analyzed numerically using
Optiwave Optigrating software v4.2.2. The LPG model assumed prop-
erties of the LPG as reported in (Śmietana et al., 2016a). The analysis
were made for different overlay thickness and its fixed RI reaching 2
and 2.05 RIU. The RI of water and biolayer at λ=1550 nm were as-
sumed to be 1.318 and 1.5 RIU, respectively (Śmietana et al., 2013).

2.3. Measurements of LPGs and thin films

The spectral response of the LPGs was investigated in the wave-
length range from 1100 to 1700 nm using a Yokogawa AQ6370B
spectrum analyzer and a Leukos SM30 supercontinuum white light laser
source. The RI sensitivity, roughly determining the label-free sensing
capability of an LPG, was measured by immersing the sensors structures
in glycerin/water solutions with next in the range nD=1.333–1.401
RIU. The nD of the solutions was determined using Rudolph J57 auto-
matic refractometer. The LPG transmission measurements were con-
ducted at constant mechanical tension and temperature (25 °C). During
experiments surface of biosensor was constantly immersed in an ap-
plied solution to prevent the sample surface from drying.

The thickness and complex RI (real part of RI - n and its imaginary
part – k) of the TaOx were analyzed on the reference Si wafers using
Horiba Jobin-Yvon UVSEL spectroscopic ellipsometer. The measure-
ments were performed at the temperature of approx. 20 °C and in the
spectral range of 300–2100 nm at incident angle of 70°. The results
were fitted (χ2 parameter values were typically below unity) using
Tauc-Lorentz TaOx model (Fujiwara, 2007).

2.4. TaOx surface functionalization

Two different functionalization procedures of TaOx were applied in
this experiment depending on type of the biological targets (Fig. 1). The
first one was biofunctionalized towards relatively large targets, such as
Escherichia coli bacteria, where specific bacteriophage adhesin was used
as bacteria recognition element (Brzozowska et al., 2015). The second
one was biofunctionalized towards small targets such as proteins, where
avidin was used as a model biomolecule and biotin was applied as a
receptor (Chivers et al., 2011). All the wet processes were carried out in
stable environment in the setup preventing evaporation of the liquids.
During the entire experiment the tension of the sensor was kept con-
stant and the temperature was stabilized (25 °C).

2.4.1. Bacteria sensing
For the bacteria sensing experiment the TaOx nano-coated LPG was

first subjected to surface silanization with 3-triethoxysilylpropyl suc-
cinic anhydride (TESPSA), which was performed according to method
described by Gang et al. (2015). In this process silanes with succinic
anhydride functional groups can be immobilized on oxide's surface. It
was shown that succinic anhydride readily reacts with amines in the
ring opening reaction to form amide bonds. Thanks to this procedure,
other reagents can be covalently bound in one preparation step. Next,
the LPG was incubated in 5mM Ni-NTA (nickel complex with nitrilo-
triacetic acid derivative - Nα, Nα-Bis (carboxymethyl) -L-lysine)) in a
5mM sodium bicarbonate solution (NaHCO3) for 1 h. Then the sample
was incubated for 1 h in a solution of the recombinant protein gp37
(adhesin) containing His-tag at the N-terminus (2.5 μg/ml). The last
procedure was a 20-min incubation in 0.1% BSA solution, which was
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intended to block the surface of the fiber, so that the bacteria did not
bind to it non-specifically. After each incubation the sample was wa-
shed three times in phosphate buffered saline (PBS, pH=7.4) for 5min.
In Fig. 1(A) is schematically shown the surface silanization process
using TESPSA reagent, formation of an amide bond between succinic
anhydride and the Ni-NTA amino group, as well as attachment of the
protein with the His-tag.

Target bacteria - Escherichia coli BL21 - were obtained from the
Polish Collection of Microorganisms (PCM) of the Institute of
Immunology and Experimental Therapy, Polish Academy of Sciences
(Wroclaw, Poland). In the first step, a single colony of bacteria from
agar plate was inoculated into a Luria-Bertani (LB) medium (10 g/L
Bacto Tryptone (Difco), 5 g/L yeast extract, 10 g/L sodium chloride) for
overnight culturing in 37 °C (200 rpm). Next, overnight culture was
diluted in LB to obtain OD600 = 0.1, centrifuged (5000 rpm, 5min), and
bacteria were resuspended in PBS. A number of bacteria in solution was
determined by colony count method.

To analyze binding capability of bacteria by TaOx-coated LPG
sensor, several concentrations of bacteria solutions were prepared: 103,
104, and 107 CFU/ml (as calculated from colony count method). The
incubation time for each concentration was 30min. Next, the sensor
underwent three 5-min washing steps in PBS to remove any unbound
bacteria, and finally optical transmission of the LPG was measured in
PBS for 15min.

It is worth noting, that functionalization method with Ni-NTA and
His-tagged protein enables surface regeneration using chelating agents,
such as ethylenediaminetetraacetic acid (EDTA), but on the other hand
the presence of chelators in the test sample should be avoided due to
the possible negative impact on the obtained results.

2.4.2. Protein sensing
For the protein sensing experiment first the TaOx nano-coated LPG

was washed in chloroform and dried in a nitrogen stream. Next, the
sample was placed in a desiccator over two small containers, one with a
30 μl of the silane precursor (3-aminopropyltriethoxysilane, APTES),
and the second with 10 μl of catalyst (triethylamine). Then samples
were left in a chamber at room temperature for 2 h under an argon

atmosphere. Next, the reagents were removed from the desiccator. Last
step was curing the silane layer according to the procedure described in
(Ebner et al., 2007). The sample was left for 48 h under argon atmo-
sphere for curing of the silane layer (TaOx- NH2).

Next, biotin (1 mg/ml) applied as a recognition molecule and N-(3-
dimethylaminopropyl)- N′-ethylcarbodiimide hydrochloride (EDC,
4mg/ml) were dissolved in PBS and left for 15min. The TaOx-NH2

sample was immersed in the solution and left for 30min at room
temperature, then thoroughly washed with PBS and dried in a nitrogen
and argon stream. All the steps of the biofunctionalization process are
schematically shown in Fig. 1(B).

Target molecule - avidin - was dissolved in PBS. Several con-
centrations were prepared, i.e., 100 ng/ml, 1 µg/ml, 10 µg/ml, 100 µg/
ml and 1mg/ml. The biotin-terminated sample was immersed in every
solution from 100 ng/ml to 1mg/ml, left for 30min, and then ex-
tensively washed with PBS and measured in PBS for 15min.

3. Results

LPGs are sensitive to next, as well as optical properties and thickness
of the overlay formed on their surface. The sensitivity to next can been
quantitatively determined as shift of the resonance wavelength per RIU.
Prior to the deposition of the TaOx on the surface of the LPG, numerical
analysis were performed to determine the thickness range of the TaOx

where both DTP and MT can be achieved, and thus maximum RI sen-
sitivity at next close to that of water can be reached (Pilla et al., 2012).
The analysis have shown a very strong influence of the overlay prop-
erties on the LPG spectral response, especially in vicinity of DTP
(Fig. 2). This advantage of nano-coated LPG has already been applied
for measurements of sub-nm changes in overlay thickness (Śmietana
et al., 2018a). In order to achieve the highest sensitivity, i.e. both the
DTP and MT effects, determination of the nano-coating thickness must
be very high. Based on the obtained results, assuming that n of the
overlay is from 2 to 2.05 RI, the highest sensitivity for TaOx is observed
for thickness from 57 to 62.5 nm. For such conditions the working point
is optimized up to DTP of LP0,10 cladding mode and the dual resonance
regime is observed (Śmietana et al., 2018b). When the thickness

Fig. 1. Schematic drawing showing the surface
functionalization of the fiber using: (A)
TESPSA, formation of amide bond between
amine groups in the Ni-NTA complex and
groups of succinic anhydride on the surface of
the fiber, and attachment of the protein (ad-
hesin); (B) APTES, and covalently immobilized
biotin with carboxyl group activated with EDC.
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exceeds certain value (approx. 66 and 59 nm for overlay's n reaching 2
and 2.05, respectively), the right resonance shifts out of the observed
spectral range, and sensitivity for the left resonance drops significantly.

The n and k of the TaOx, measured on reference Si substrate are
shown in Fig. S1 available in Supporting Information. The material
shows non-zero k in UV spectral range and in the LPG working spectral
range k is negligible. The n in turn in the investigated for LPG spectral
range is from 1.95 to 2 RIU, so slightly lower than assumed in nu-
merical analysis. However, it should be noted that n may also depend
on the film thickness and its morphology, as well as on the substrate
material (Śmietana et al., 2013). These dependences for films deposited
at the same conditions as on LPGs have already been verified and re-
ported in our previous works (Kosiel et al., 2018a, 2018b). A depen-
dence of the thickness was found, i.e., n slightly increases with film
thickness up to ~120 nm, (Kosiel et al., 2018b). However, in the
thickness range applied to the fibers, the n changes can may be sig-
nificantly below 0.01. Evolution of n with thickness can probably result
from changes of mass density, and it is definitely not caused by any
change of elemental components ratio. These films were also confirmed
to be fully amorphous for their thickness up to ~200 nm.

Next, TaOx with thickness in the range from 57 to 65 nm was de-
posited on a set of LPGs and their transmission spectrum was measured
at different next. It can be seen in Fig. 3(A) that DTP at next close to that
of water takes place for the thickness of 63.4 nm what agrees well with
shown above numerical analysis when n=2 RIU (Fig. 2(A)). In the RI
range next= 1.335–1.345 RIU the sensitivity exceeds 11,500 and
5300 nm/RIU for right and left resonance, respectively. Spectral

distance between the resonances increases with next what is followed by
decrease in the RI sensitivity. For higher RI range (next from 1.37 to 1.4
RIU) the right resonance is already above the measurable spectral range
(λ > 1700 nm), while the RI sensitivity for the left resonance drops to
approx. 600 nm/RIU.

In Fig. 3(B) b can be seen how in vicinity of the optimized condi-
tions even sub-nm changes in the TaOx thickness strongly affect the
spectral response and the RI sensitivity. For lower TaOx thickness as for
sample S1 (60.7 nm), the DTP takes place at higher next (DTP at next ≈
1.35 RIU). When the thickness of the overlay increases up to 63.4 nm,
the DTP can be observed for lower next and allows for reaching the
exceptionally high RI sensitivity at next= 1.335 RIU. When the thick-
ness increases more, even at sub-nanometer level as for the sample S3
(increase in thickness by 0.2 nm), the resonances separate further what
is followed by a 35% decrease in the RI sensitivity. When the thickness
exceeds 64.9 nm the left and right resonance appears in spectral range
below 1350 nm and over 1700 nm, respectively. At such conditions it is
impossible to observe central wavelength of the right resonance with
the applied experimental setup and the RI sensitivity of the left re-
sonance is relatively low. The results obtained for TaOx stay with
agreement with those received when other coating materials were ap-
plied (Pilla et al., 2012) and confirm that the ultrasensitive LPGs can be
achieved only for limited RI range. For further experiments were se-
lected only samples offering the highest possible RI sensitivity when
immersed in next slightly higher than that of water. These samples work
in proximity of DTP in water and should offer the highest sensitivity to
variation in their surface conditions, such as binding of a biomaterial.

Fig. 2. Numerical analysis of LPG spectral response when surrounded by water (next=1.318 RIU) for different TaOx thickness and its n reaching (A) 2 and (B) 2.05
RIU.

Fig. 3. (A) Evolution of the transmission spectrum with external RI for LPG coated with 63.4 nm TaOx overlay (sample S2). (B) Resonance wavelength shift with
external RI for LPGs coated with different TaOx thickness. Linear fit was applied in selected next range to compare the RI sensitivity.
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3.1. Bacteria detection

To determine capability for detection of bacteria with ultrasensitive
TaOx nano-coated LPG, the sample was biofunctionalized according to
the procedure described in Section 2.4.1. After each biofunctionaliza-
tion and detection step, the LPG response was measured in PBS
(nD=1.3346 RIU) to compare the response of the sensor for the same
next, but at different conditions on its surface. Process of changing so-
lutions in the measuring setup was conducted at stabilized temperature
and without sample surface drying. The spectral responses for the LPG
in PBS after each step are shown in Fig. 4(A) for the entire spectrum
range. It can be seen that biofunctionalization process itself induced a

significant shift in the spectral response. Shift towards longer wave-
lengths for the right resonance, that was observed here, typically cor-
responds to an increase in n or thickness of the material on the LPG
surface (Smietana et al., 2011). Size of the adhesin molecule is similar
to the avidin molecule (few nm) and its immobilization was clearly seen
in Fig. 4(A) as a resonance shift by ~5 nm. However, due to the sig-
nificant shift away from the DTP, the sensitivity of the grating has al-
ready been greatly reduced. Nevertheless, as a result of each step of the
detection procedure, the separation between the resonances increases
what indicates attachment of the biological material to the overlay
surface. Measurement in PBS after incubation in BSA and just before
exposure to the lowest concentration of bacteria was selected as a

Fig. 4. Results for (A)–(C) the adhesin-bacteria and (D)–(F) the biotin-avidin binding test performed with TaOx nano-coated LPG. (A) & (D) Transmission spectra for
consecutive modification and detection steps. (B) & (E) Resonance wavelength measured in PBS before and after the detection. (C) & (F) Relative resonance shift with
target concentration. Linear fit applied to (F) shows the recognition sensitivity.
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reference for bacteria detection experiment. It can be seen in Fig. 4(B)
that in this case binding between the adhesin immobilized on the LPG
surface and bacteria induces small, but detectable shift of the resonance
wavelength. For the left resonance, that stayed in the investigated
spectral range after the biofunctionalizaction process, it can be seen
that the higher concentration of bacteria, the larger the shift towards
shorter wavelengths was obtained. In this case, the shift towards shorter
wavelengths corresponds to biomolecule binding to the LPG surface.
The maximum shift of 1.6 nm has been reached for the highest bacteria
concentration (107 CFU/ml) (Fig. 4(C)).

3.2. Protein detection

To identify if the sensitivity of similar TaOx nano-coated LPG is
higher when smaller molecules are used as receptors and targets, the
LPG was biofunctionalized according to the procedure described in
Section 2.4.2 to make the sensor specific to avidin. The results of the
experiments are shown in Figs. 4(D)–4(E), where the measurements
made in PBS for consecutive stages of surface functionalization and
avidin detection are compared. Biotin binding to the functionalized
TaOx surface was observed as a shift towards longer wavelengths by a
0.2 nm. The result indicated that the process of attaching biotin pro-
ceeded successfully. Relatively small change in resonance wavelength
was caused by the small size of biotin molecules (< 2 nm) (Swift and
Cramb, 2008). In the next steps various avidin concentrations were
caught by biotin on the sensor surface. Between different concentra-
tions, sample was washed and measured in PBS. After each detection
step, the shift in resonance wavelength was observed, which confirmed
proper molecule attachment to the biofunctionalized surface of TaOx

(Fig. 4(E)). Solution of avidin with concentration 100 ng/ml resulted in
26.8 nm resonance wavelength shift. The shifts in wavelength during
avidin detection with rest of concentration were slightly lower (from 4
to 20 nm). Decreasing wavelength resonance shifts with the increase in
avidin concentration in the solution is probably caused by saturation of
the surface with avidin. The obtained shifts are higher than observed in
experiments with titanium oxide overlay, where for 1mg/ml avidin
concentration the shift reached 13 nm (Dominik et al., 2017). The im-
provement observed when TaOx overlay was deposited comes from
better optimized working conditions towards higher RI sensitivity. The
increase in sensitivity was possible mainly due to tuning of TaOx

thickness. Resonance wavelength shift with avidin concentration is
shown in Fig. 4(F). After linear fit applied to the measurements avidin
recognition with TaOx-coated LPG reached 10.21 nm/log(ng/ml) and
8.23 nm/log(ng/ml) for right and left resonance, respectively.

4. Discussion

Methods to increase RI sensitivity of the LPG-based sensors, i.e.,
tuning to DTP and/or MP, are well established (Śmietana et al., 2016b;
Del Villar, 2015). Usually, the sensor is optimized to the highest RI
sensitivity around nD= 1.3330 RIU with assumption that water or
buffer are used in the biosensing experiments. However, the addition of
other layers, i.e., chemical functionalization (silanization, etc.) and
immobilization of receptors that are essential to specifically bind target
analyte, what immediately modifies the sensitivity of the precisely
tuned LPG sensor (Bandyopadhyay et al., 2017).

In this study, the LPGs were tuned to their highest RI sensitivity by
precise deposition of thin TaOx layer. As demonstrated, nano-coating
thickness change of even 0.2 nm caused significant changes in the
transmission spectra. The sensitivity for the best performing sensor
defined for a single resonance exceeded 11,500 nm/RIU for external RI
close to that of water. In the first experiment, in which the bacteria
detection was investigated, biofunctionalization procedure together
with attachment of receptor (adhesin, few nm in size) caused itself
significant modification in TaOx surface conditions what was followed
by shift of the resonances and tuning the working point away from the
DTP. Therefore, the sensitivity of the grating has been greatly reduced
before detection of the biological target. Increasing concentrations of
bacteria caused resonance shifts that reached in total 3.3 nm for the
highest bacteria concentration. This value is small when compared with
other works on bacteria detection with LPG sensor, where shift for
specific bacteria binding reached even more than 40 nm (Koba et al.,
2015). In the next experiment, detection of avidin by immobilized on
TaOx surface biotin molecules was investigated. Attachment of small
biotin molecules caused only a slight shift of resonance wavelength
(~0.2 nm) therefore the sensor still operated in high sensitivity regime.
In this case detection of avidin was still possible with high sensitivity
and even low concentration (100 ng/ml) caused significant resonance
wavelength shift (> 20 nm).

According to the numerical analysis for the optimized conditions,
i.e., TaOx thickness of 62 nm and its n=2 RIU, when n of biolayer was
assumed as 1.5 and next= 1.318 RIU, the resonance wavelength shift
decreases significantly with thickness of the biolayer (Fig. 5). The de-
crease by ~70% is well visible for biolayer thickness exceeding 7 nm,
what may correspond to size of the protein layer. That is why the op-
timized LPGs may be more suitable for detection of small in size bio-
logical targets. However, it must be noted that biolayers are in reality
rather rough and vary in thickness and density, where numerical ana-
lysis assume their well-defined properties. Nevertheless, the analysis
confirm that ultrasensitive label-free biosensors based on coated LPGs
must be designed toward certain target biomolecule size and con-
centration. Surface modification and receptor molecules must also be
considered.

5. Conclusion

LPGs offer ultrahigh sensitivity to RI changes when their working
conditions are precisely determined. However, for their advanced
practical applications e.g., in label-free biosensing, the surface of the
sensor must be additionally resistant to modifications other than bio-
functionalization and binding of a biological target. In this paper we
investigated application of proven to be resistant to alkali solutions
TaOx nano-coating for enhancing RI sensitivity of LPGs. To optimize the
LPG-based sensor working conditions we analyzed numerically the in-
fluence of thin film properties (thickness and optical properties) on the
sensor response. Next, the TaOx coatings with precisely selected prop-
erties were deposited on the LPGs using the ALD method. The obtained
samples have shown ultrahigh RI sensitivity reaching for a single re-
sonance up to 11,556 nm/RIU in 1.335–1.345 RIU range. We also show
that even as small as 0.2 nm change in TaOx thickness may result in
35% decrease in the RI sensitivity. Next, we have demonstrated

Fig. 5. Numerical analysis of resonance wavelength shift for TaOx-coated LPG
(n=2 RIU and thickness of 62 nm) with thickness of a biolayer. The next and n
of a biolayer were assumed to be 1.318 and 1.5 RIU, respectively.
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capability of the ultrasensitive TaOx-coated LPGs for their surface bio-
functionalization according to two procedures and application for de-
tection of such different biological targets as bacteria and proteins. For
small in size receptor as biotin and biological target as avidin the op-
timized approach make possible detection with sensitivity as high as
10.21 nm/log(ng/ml). The experiments have also proven that when
label-free biosensing applications of the optimized LPGs in their ultra-
high sensitivity range are expected, the influence of the biofunctiona-
lization process and receptor layer on the sensor surface modification
has to be taken into consideration. These are in particular important
when relatively large biomolecules are used as recognition elements
and thus may significantly reduce initially optimized RI sensitivity.
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