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In-Situ Detection of Small Biomolecule Interactions
Using a Plasmonic Tilted Fiber Grating Sensor
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Abstract—We have proposed and experimentally demonstrated
a plasmonic tilted fiber Bragg grating based biosensor for in-
situ detection of the small biomolecule S-adenosyl-L-homocysteine
(AdoHcy). The sensor can also monitor the molecule’s interaction
with the protein Set7 in real time. The biosensor is made by coat-
ing a 50-nm-thick gold film over an 18° tilted fiber Bragg grating.
A spectrally dense comb of backward-propagating cladding res-
onance modes with Q-factor as high as 10* is excited due to the
tilted grating. The spectral overlap between the excited cladding
modes and the broader absorption feature of the surface plasmon
makes this device a unique tool for high-accuracy measurement of
small shifts of plasmon resonance wavelength. Surface biomolecu-
lar functionalization of the gold film enables us to not only detect
the corresponding biomolecule but also study its interaction with
other biomolecules. Our experimental results demonstrate that our
biosensor can detect AdoHcy at concentration as low as 1 nM. Fur-
thermore, we have successfully real-time monitored interaction
between the protein Set7 and AdoHcy at different concentrations.
Our measurements are consistent with the biological theory that
the association rate of a pair of biomolecules depends on their
concentrations.
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I. INTRODUCTION

UE to many well-known desirable features such as small
D size, cost-effectiveness, biocompatibility and multiplex-
ing ability, fiber-optic devices have been increasingly employed
as biomedical sensors for label-free biosensing in recent years
[1]-[4]. Fiber-optic biosensors be easily inserted into the me-
dia, instead of having to bring samples to an instrument. Such
sensors make it possible to collect measurements in-situ and
remotely. Among fiber-optic sensor types, the tilted fiber Bragg
grating (TFBG), in which the refractive index (RI) modulation
planes are tilted by several degrees relative to the propagation
axis, has attracted increased attention owing to its ability to
inexpensively and quickly measure very small changes in the
surrounding refractive index of the fiber [5], [6].

TFBGs can be ultraviolet-inscribed in the cores of optical
fibers without any gross mechanical modification to the fiber
structure. The tilted grating breaks the cylindrical symmetry of
the fiber, thereby coupling some of the core-guided light into
lossy modes travelling backwards in the cladding. The cladding
mode resonances can be observed as a comb of sharp dips in the
transmission spectrum, covering a wavelength band, typically
tens of nanometers wide, on the short wavelength side of the core
Bragg resonance (also called core mode). The symmetry break-
ing also results in strong polarization selectivity of the excited
cladding modes induced by the TFBG. The cladding modes can
excite surface plasmon resonances (SPRs) in a thin metal coat-
ing covering the cladding. The SPRs damp some of the cladding
mode resonances, whose effective mode refractive indices are
determined by the grating geometry. The transmitted spectrum
is very sensitive to surrounding refractive index matching the
effective mode indices of the resonances. The quality factors
(Q-factors) of the resonances can be as high as 104, enabling
accurate measurement of small shifts in resonances. Such a
metal-coated TFBG, which is also called a plasmonic TFBG
or TFBG-SPR, can meet the requirement of low limit of detec-
tion (LOD) in biomedical and biochemical sensing applications
[7]1-[10].

In comparison with the conventional TFBG without a metal
coating, plasmonic TFBGs have several advantages: the surface
plasmon polariton (SPP) propagating at a metal-dielectric inter-
face is very sensitive to the change of RI near the metal surface
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because of the large localization of electromagnetic energy in
the layer immediately adjacent to the metal surface. Therefore,
any perturbation near the metal layer, such as the bonding of
analytes on receptor molecules, can potentially be sensed by
a plasmonic TFBG sensor [11], [12]. Plasmonic TFBG sensors
open up a multitude of opportunities for single-point biomedical
sensing in hard-to-reach spaces, and offer a greatly improved
LOD for molecular interactions together with very controllable
cross-sensitivities.

Methylation is significant in epigenetic regulation of pro-
tein expression via deoxyribonucleic acid and histone methy-
lation. S-adenosyl-L-homocysteine (AdoHcy) is the product of
all methylation reactions that involve S-adenosyl-L-methionine
(AdoMet) as the methyl donor, and is the immediate precur-
sor of all of the homocysteine produced in the body [13]. The
inhibition of these AdoMet-mediated processes by AdoHcy is
a proven mechanism for metabolic alteration. As the conver-
sion of AdoHcy to homocysteine is reversible, with the equi-
librium favoring the formation of AdoHcy, increase in plasma
homocysteine is accompanied by an elevation of AdoHcy con-
centration in most cases. Disturbances in the transmethylation
pathway indicated by abnormal AdoHcy, AdoMet, or their ratio
have been reported in many pathological conditions, including
dementia, depression, Parkinson’s disease, allergic disease, con-
genital abnormalities, cardiovascular disease and certain malig-
nancies [14], [15].

Recent research suggests that AdoHcy-mediated hypomethy-
lation provides an alternative mechanism for the pathogenesis
of diseases related to hyperhomocysteinemia [16]. Furthermore,
many studies have shown that AdoHcy is a critical factor for
cardiovascular disease [17], [18]. Hence, a fast, sensitive, and
precise analytical method for the determination of AdoHcy is
required to evaluate clinical conditions.

Several methods have been developed for the detection of
AdoHcy in tissues and body fluids. For example, liquid chro-
matography combined with ultraviolet detection is frequently
used for AdoHcy (concentration in micromolar range) mea-
surement in tissue and red blood cells [19], [20]. In plasma
and cerebrospinal fluid, however, the AdoHcy concentration is
considerably low, typically 10 to 100 nmol/l [21], resulting in
difficult measurement. Thus, a more sensitive detection is re-
quired. Liquid chromatography-based methods [22], [23] that
enable detection in the nanomolar range were proposed to detect
AdoHcy in plasma and cerebrospinal fluid. But these methods
have disadvantages of high-cost due to the need for expensive
equipments, and difficult implementation. An current method
like capillary electrophoresis [24] was also proposed for Ado-
Hcy measurement. This method simplifies the operation process
and shortens the measured time, but it is at the price of large
sample solution. Last but not least, enzyme linked immunosor-
bent assay method [25] was studied in recent years owing to
its merits of label-free detection and ability to study the affin-
ity between AdoHcy and the corresponding anti-AdoHcy anti-
body. However, this method has some pronounced drawbacks
like time-consuming and requirement of large sample solution.
Hence, to quickly, cheaply and accurately measure AdoHcy
concentration in body fluids and tissue, new sensing techniques
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with high sensitivity, but using label-free methods in small scale
point-of-care devices is must be developed.

In this work, we propose and experimentally demonstrate a
label-free detection of the small biomolecule, AdoHcy, using a
plasmonic TFBG sensor. The biosensor is designed as a reflec-
tive probe type with a 50-nm-thick gold film coating over the
cladding surface of an 18° TFBG, together with a surface func-
tionalization with protein lysine methyltransferase Set7 acting
as the bio-receptor. The sensor is fabricated without any damage
to the fiber’s structural integrity, thereby ensuring the stability
and reproducibility of the sensor. Moreover, using a custom-
designed microfluidic system, we not only demonstrate AdoHcy
detection, but also monitor in real-time the interaction between
AdoHcy and protein Set7 in microliter sample volumes.

II. MATERIALS AND METHODS
A. Materials

The AdoHcy (with concentration of 35 mM, supplied in a
1-ml centrifuge tube) and protein lysine methyltransferase Set7
(with concentration of 560 1M, stored in a 1-ml centrifuge tube)
were provided by Dr. Wei Liu (Shenzhen Peking University-
The Hong Kong University of Science and Technology Medical
Center, Shenzhen, China). These two samples were stored in a
freezer at —80 °C prior to use. The 11-Mercaptoundecanoic
acid (MUA) that we used to connect the bio-receptor (pro-
tein Set7) to the surface of the gold film, and the I-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) we used for activating the
carboxyl provided by the MUA were purchased from Wuhan
Boster Biological Engineering Co., Ltd, Wuhan, China. They
were stored in the fresh food compartment of a domestic fridge
at 4 °C prior to use.

B. Plasmonic Tilted Fiber Grating Fabrication

The TFBG was fabricated in commercial single-mode fiber
using the phase-mask technique. Prior to grating inscription, the
fiber was hydrogen loaded at a temperature of 50 °C, at a pres-
sure of 1500 psi for 168 h, to increase the photosensitivity of the
fiber core. Then we cylindrically focused a 193 nm pulsed ul-
traviolet light from an ArF excimer laser, using a power of 3 mJ
per pulse and frequency of 200 Hz, through the £1 diffraction
order phase-mask and onto the fiber. By spatially scanning the
beam over the fiber region, we inscribed gratings at the desired
tilt angle into the fiber core within a very short length (< 2 cm),
as shown in Fig. 1. The phase mask was angled to select the tilt
angle of the grating’s refractive index planes in the fiber. In this
work, we selected an TFBG with tilt angle of 18°, which pro-
vides the maximum amplitude of cladding modes for measuring
RI in the range 1.30 to 1.38 in aqueous solutions [26].

A 50-nm-thick gold film was radio-frequency magnetron
sputtered (model TRI-S500 fiber material metal coating system,
Changchun Institute of Optics, Fine Mechanics and Physics)
onto the fiber over a 2 to 3-nm thick film of chromium. The
chromium film served to increase adhesion between the gold
and the fiber. The chromium film was coated on the fiber using
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Fig. 1. Detail of the TFBG-SPR sensor with the process of specific surface
functionalization.

the same method as the gold film. Film uniformity was main-
tained by rotating the fiber about its axis at 0.5 rad/s during the
deposition process. A gold mirror was deposited on the end of
the short fiber containing the TFBG to make the probe operate
in reflection.

The gold coated TFBG is shown in Fig. 1, together with the
working principle. The blue arrows represent light resonantly
coupled from the core of the single mode fiber to a multitude
of modes propagating in the cladding, each at a resonant wave-
length corresponding to an effective mode index. When the
axial component of the propagation constant of the cladding
mode equals that of an SPP, coupling to that SPP can occur and
the transmission spectrum of the TFBG reveals a consequent
reduction in the light intensity.

The working principle of the proposed TFBG sensor can be
described as the following two equations [27], [28]:

Aclad,i = (N;zl];{i,i + Nfgi) A )
w EmEs

_ W [EmEs 2

Bspp c \/E @

The cladding modes (resonance dips) excited in the fiber
cladding are decided by the phase match condition of eq. (1),
where N¢// and Nfl’:% , are the effective indices of the input
core mode and excited Cladding mode with the order of 7, re-
spectively; A is the period of the grating (measured along the
fiber axis), c is the speed of light in vacuum, w is the angu-
lar frequency of the light; ¢, and ¢, are the complex relative
permittivities of the metal film and the surrounding material
(including binding surface species and bulk solution) adjacent
to the metal interface where the SPP is located, respectively.
When Bspp = Belad,i = w - st'ij;. ./ ¢, combined with a proper
polarization control, SPR can be achieved. Therefore, any per-
turbations near the metal layer, such as the bonding of analytes
on receptor molecules, can be detected by measuring the power

changes of the matched cladding modes.

C. Surface Functionalization

Following gold deposition the sensing probe was thoroughly
rinsed with ethanol and with Milli-Q ultrapure water to remove
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unwanted contaminants. Prior to the binding of the AdoHcy, the
sensor was immersed in a solution of MUA in ethanol at a con-
centration of 2 uM for 12 hours, resulting in a self-assembled
monolayer of mercapto compounds on the surface of the gold
film, as shown in Fig. 1. Then the sensor was rinsed with ethanol
and with Milli-Q ultrapure water to remove the unconnected
MUA. Then the sensor was immersed in a mixture of 200 ul of
NHS (180 mg/ml) and 200 pl of EDC (23 mg/ml) for 30 min.
Next, the sensing probe was rinsed several times with a reac-
tion buffer consisting of 50 mM of Tris-HCL and 100 mM of
NaCl, with pH of 7.5. Finally, the sensing probe was immersed
in the solution of protein Set7 with concentration of ~5 uM for
2 hours to bind the protein Set7 to the self-assembled monolayer
of mercapto compounds. After the binding of protein Set7, the
biosensor was ready to detect the AdoHcy. Note that the pro-
tein Set7 binding to the surface was implemented using the
microfluidic system described in Section III-B.

III. EXPERIMENTAL SYSTEM
A. Experimental Setup

Figure 2 presents the experimental sensing system. A broad-
band source (BBS) followed by a linear polarizer was the light
source. The polarization state of the light launched into the
TFBG sensor was controlled by a polarization controller (PC)
which was adjusted to maximize the coupling of the excited
cladding modes to the SPR, ensuring the strongest signal-to-
noise ratio. A circulator was used to receive the light reflected
from the gold mirror of the sensor, and the reflection spectra
from the sensor were monitored and recorded by an optical
spectrum analyzer (OSA) with a resolution of 0.02 nm.

B. Microfluidic System

Due to very limited available volumes of AdoHcy and Set7
solutions, it was impossible to detect the target molecules using
the conventional method of fixing the biosensor in a vertical fiber
clamp and immersing it in the targeted biosample solution held
in a centrifuge tube placed on a variable height platform [29]. To
functionalize the bio-receptor of protein Set7 on the gold film
surface and detect AdoHcy, whilst using only microliter volumes
of solutions, we employed a microfluidic delivery system, as
shown in Figs. 2 (block diagram) and 3 (experimental system).
A 2-channel microfluidic syringe pump (Model: NE-4000, New
Era Pump Systems Inc.) with infusion rates from 1.436 ul/hr
(1 ml syringe) to 7515 ml/hr (60 ml syringe) was employed
for injecting biosample and buffer solutions automatically into
the sample cell. For this work, the infusion rate was set to
2 pl/min. A glass capillary with inner diameter of 300 pm
was used as the sample cell, and one end of it was connected,
through a “Y” connector and silicone tubes (inner diameter of
350 pm), to both syringes fixed on the 2-channel syringe pump.
The plasmonic TFBG biosensor was inserted into the capillary
from the other end. The total solution volume for filling the
sample channel (Channel 1 in Fig. 3) and sample cell is less than
20 pl. Therefore, this microfluidic system can provide biosample
detection in microliter range for our proposed plasmonic TFBG
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2-CH-MP: 2-channel microfluidic pump, UV glue: Ultraviolet glue.
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Fig. 3. Photograph of microfluidic sensing system.

biosensor. In addition, the microfluidic system makes it easy
to monitor the interaction between the small molecule AdoHcy
and the protein Set7.

C. Sensor Interrogation

Figure 4 shows a typical measured spectrum of the plasmonic
TFBG sensor when immersed in buffer or sample solutions used
in this work. Two spectral regions were studied during biosam-
ple measurement: For sensing biomolecules, we monitored the
cladding mode resonance near 1491 nm, indicated with the blue
star (see also inset (a)). For calibrating temperature-induced
cross-sensitivity correcting for source intensity variations we
monitored the core mode resonance near 1551 nm (see also inset
(b)). The inset (a) clearly indicates that even a very small sur-
rounding RI perturbation (An~10"*) could induce significant
change in the SPR mode resonances. Observing the real-time
spectral change, we found that the SPR modulated cladding
modes (labelled “Selected SPR mode” in Fig. 4) clearly show
an intensity variation induced by a small RI change of An, even
though the corresponding wavelength shift is quite small. For
maximum sensitivity we selected the signal at the minimum
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of the cladding resonance dip located just to left (the shorter
wavelength side) of the SPR attenuation maximum as our signal
output, as indicated by the blue star in Fig. 4. Although the sur-
rounding RI changes can arise from either bulk medium changes
or from molecular binding events for functional layers attached
to the metal surface, in this work only the latter occurs, because
the RI of the bulk medium remains almost constant under the
low concentration conditions.

The inset (b) in Fig. 4 shows that the core mode is insensitive
to surrounding RI. Spectral shifts due to temperature changes
can be eliminated by referencing all wavelengths to the core
mode wavelength identified at the start of the experiment.

IV. RESULTS AND ANALYSIS

Based on the proposed biosensor and microfluidic system,
two main experiments were performed, namely specific detec-
tion of small molecule AdoHcy, and detection of the interaction
between AdoHcy and protein Set7.

Figure 5(a) presents the real-time spectral response of the
selected cladding resonance after the sensor was immersed in
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the Set7 solution for functionalization of the sensor surface. As
can be seen, the strength of the selected resonance changes with
the time and finally stabilizes. The intensity at the center of
the selected resonance versus time is plotted in Fig. 5(b). The
intensity decreases rapidly during the first 20 minutes and then
more slowly. The intensity becomes more or less stable after
the sensor has been immersed in the protein Set7 solution for
35 minutes. The trend of intensity change can be understood
as follows: When the RI near the metallized surface of the
sensor increases, the SPR wavelength band moves slightly to
the longer wavelength side, resulting in the selected cladding
resonance, which is located just to left of the center of the
SPR resonance feature, becoming deeper. This indicates that
the protein Set7 has been successfully bonded to the sensor
surface. Fig. 6, taken by microscope, shows the changes in the
sensor’s surface at different experimental stages. We can see
that the surface roughness is clearly changed when the protein

Reflection spectra from the TFBG-SPR sensor: (a) enlarged detail of the SPR mode resonance selected for sensing; (b) enlarged detail of the core Bragg

-16.0

-16.5

-17.0 4

Intensity (dB)

-17.5

Time (min)

(a) Intensity response of the selected resonance versus protein Set7 functionalization, and (b) the corresponding intensity change over the whole time

Set7 is bonded to the surface (Fig. 6(c)). The surface roughness
with AdoHcy bonded to Set7 (Fig. 6(d)) is almost the same as
Fig. 6(c). This can be understood that the molecular weight of
AdoHcy is only 384 Da, much smaller than the Set 7 (41 kDa).
Therefore, the surface roughness affected by AdoHcy can be
ignored when compared with that affected by Set7.

A. AdoHcy Detection

Figure 7 details the experimental result of AdoHcy detection
at 1 nM concentration using the protein Set7-coated plasmonic
TFBG biosensor. The plotted points are each the average of 5
repetitions of the experiment. From the figure we can see that
as soon as the functionalized sensor is immersed in the 1 nM
test solution, AdoHcy causes an intensity change which satu-
rates after about 12 minutes. After biosensor immersion in the
AdoHcy solution for about 12 min, the output of the biosensor
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Fig. 6. Surface structure of the gold film under microscope at different exper-
iment stages: (a) without any functionalization; (b) after immersion in MUA for
12 h; (c) after binding of the protein Set7; (d) after AdoHcy detection.
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Fig. 7. Experimental results of AdoHcy detection at a concentration of 1 nM.

The black squares represent the selected cladding resonance for AdoHcy mea-
surement, and the red circles represent the monitoring of the core mode.

remains constant, with signal intensity about 0.5 dB lower than
in the initial state. We have also carried out experiments with
AdoHcy concentration (0.5 nM) lower than 1 nM. The measured
intensity change was relatively small (< 0.1 dB) and unstable.
Therefore, it can be concluded that the LOD of our biosensor
based on Set7 functionalization over the metal layer for Ado-
Hcy measurement is approximately 1 nM, which is one order
smaller than the normal AdoHcy concentration in body fluid
or tissue (10 ~100 nM). Additionally, this LOD is also much
smaller than that provided by capillary electrophoresis method
(60 nM) [24] and enzyme linked immunosorbent assay method
(15.6 nM) [25].

The monitored core mode intensity fluctuates by only about
0.01 dB, indicating that the sensor and sensing system are highly
stable and surrounding environmentally-induced effects on the
measured results can be ignored.
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Fig. 8. Real-time interaction of small molecule AdoHcy with protein Set7 in
different concentration.

B. Interaction Monitoring

Because of the low volume design of our microfluidic sys-
tem, our system can be easy used for real-time monitoring of the
interaction between AdoHcy and Set7. By selectively injecting
buffer or AdoHcy solutions into the sample cell, interactions in-
cluding association and dissociation between AdoHcy and Set7
can be monitored in real-time. Figure 8 shows the experimental
results of this interaction for different AdoHcy concentration
levels from 1 nM to 10 uM. As can be seen, when the AdoHcy
solution is injected into the sample cell, the intensity change
in the selected SPR resonance increases sharply to a saturated
level as the AdoHcy concentration increases, agreeing with the
theory that the association ratio increases as the concentration
arises. When the buffer solution is injected into the sample cell,
the AdoHcy bonded to the AdoHcy dissociates from the Set7
due to the decrease in AdoHcy concentration, thus leading to
intensity variation decreases. As the buffer solution is continu-
ously injected into the sample cell, the AdoHcy concentration
can reach approximately zero, resulting in the intensity variation
returning to zero. Except for the action of replacing the injection
syringe for injecting biosample solutions of different concen-
trations into the biosample cell, all operations are automatic,
making the implementation of interaction monitoring easy and
the system stable. Therefore, biomolecule interaction can be
monitored in real-time using our proposed plasmonic TFBG
biosensor together with our designed microfluidic system.

Table 1 summarizes the main characteristics of our plasmonic
TFBG sensor for AdoHcy detection in comparison with other
methods. We can see that our sensor provides an LOD compara-
ble to (even better than) that of recent reported methods. Mean-
while, the proposed sensor requires smaller volume of sample
solution (with only 20 ul) and offers a faster response time
(12 min). Finally, our sensor demonstrates its ability of quantita-
tive discrimination for the complete association and dissociation
process of small biomolecule interactions at a low concentra-
tion of 1 nM, opening up a useful tool for real-time and in-situ
monitoring of the surface affinity of biomolecules binding and
interaction actives in micro space.
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TABLE 1
SUMMARY OF THE MAIN CHARACTERISTICS OF DIFFERENT ADOHCY SENSORS REPORTED SO FAR

LOD Sample volume Detected time Interaction
Method . . . Reference

(nM) (uL) (min) quantification
Capillary electrophoresis 60.0 3%x10° 15.0 No report 24
ELISA! 15.6 1.5x10° 60.0 Demonstrated 25
Liquid chromatography (MS?) 6.4 50 12.0 No report 22
Liquid chromatography (ESI-MS?) 1.0 200 15.7 No report 23
Fiber-optic (TFBG-SPR) 1.0 20 12.0 Demonstrated This work

'ELISA: Enzyme linked immunosorbent assay; 2MS: Mass spectrometry; *ESI-MS: Electrospray ionization tandem mass spectrometry.

V. CONCLUSION

We have proposed and experimentally demonstrated a
label-free plasmonic TFBG biosensor with a reflective sensing
configuration for detection of small molecule AdoHcy. Through
binding the corresponding protein Set7 as bio-receptor over
the sensor surface, AdoHcy can be detected in concentrations
as low as 1 nM. Furthermore, using a microfluidic injection
system, we have also monitored the interaction between
AdoHcy and Set7 for different AdoHcy concentrations between
1 nM and 10 M. The sensing system, including sensing probe
and microfluidic system, is simple to fabricate and easy to
implement, and it can be used for rapid, label-free, real-time
and microliter-volume biomolecule detection together with
biomolecule interaction monitoring.
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