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Fiber-Optic Biological/Chemical Sensing System
Based on Degradable Hydrogel

Xiudong Wu, Hewei Liu, Xiaodong Wang, and Hongrui Jiang™, Fellow, IEEE

Abstract—To improve the sensitivity and shorten the testing
time of hydrogel-based bio-toxin sensors, we introduce an optical
fiber Fabry-Perot interferometer (FPI) to detect the changes
in the optical properties induced by the reactions between the
target agent and the hydrogel. The concept is demonstrated by
a polyacrylamide hydrogel filled into a cavity of an optical fiber
FPI with a length of 150 um. Dithiothreitol (DTT) solutions
with different concentrations were used as target agent. The
degradation of the hydrogel by the DTT solution leads to a
long and indistinct change in optical properties, which is difficult
to be observed by conventional microscopy methods, but which
can be detected by measuring the unique shifting process of the
interfering spectrum caused by the hydrogel cleavage in the FPI
cavity. Compared to our previous hydrogel-based sensor based
on the microscopy observation, the sensitivity of the optic fiber
FPI is improved by 2000 times, and the testing time is shortened
from hundreds of hours to a few hours. Our approach opens
up an avenue for highly sensitive, high-speed in-field detection
of bio-toxins in live samples.

Index Terms— Bio-toxin detection, hydrogel sensor, fiber optics,
microfluidics, Fabry—Perot interferometer.

I. INTRODUCTION

HE detection of biological agents, especially bio-toxins,

plays a crucial role in a broad range of applications
related to biodenfense, environmental monitoring, food safety
and public health [1], [2]. A large variety of detection schemes
based on different principles have been developed, such
as mouse lethality assay [3], enzyme-linked chemilumines-
cence assay [4]-[8], electrochemiluminescence [9], immune/
real-time-polymerase chain reaction (PCR) [10], [I11],
cell culture assay [12], [13], surface plasmon reso-
nance (SPR) [3], [14], and mass-spectrometry [15]. Despite
their high sensitivity, these methods generally require time-
consuming sample preparation or long incubation time, need
high-cost, complicated instrument and skilled personnel, and
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Fig. 1. Schematic diagram of the cleavage of the hydrogel. (a, b) The initial

structure of the hydrogel before cleavage. (c, d) The structure of the hydrogel
after cleavage.

are generally not suitable for in-field testing [14]. In addition,
some of these methods, such as mass-spectrometry, cannot
distinguish between active and inactive bio-toxins [15]. How-
ever, swift in-field testing is often of utmost importance in
biodefense [16]. Therefore, there is enormous demand for a
low-cost, easy-to-use, fast screening tool that allows for rapid
in-field detection of active bio-toxins with high sensitivity and
specificity.

Sridharamurthy et al. [17] previously reported on an
autonomous sensing mechanism based on a polyacry-
lamide (PAAm) hydrogel. In this method, a crosslinker
crosslinks water-soluble acrylamide chains to water insolu-
ble network hydrogel (Fig. la, b). The crosslinker can be
cleaved by a specific agent, and the hydrogel thus degrades
and becomes water-soluble after the cleavage, revealing the
presence of the toxin in the sample (Fig. 1c, d). Various biolog-
ical agents could be detected utilizing different crosslinkers.
This approach exploits the intrinsic protease activity of the
corresponding enzyme and thereby leverages the inherent
amplification function associated with the target enzyme.
Hence, the potential sensitivity and specificity of this method
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could be extremely high. In addition, it is well suited for
detecting bio-toxins, because many of them are proteases. For
example, active botulinum neurotoxins could be detected with
this method using a synaptosomal-associated protein (SNAP)
25-mer peptide as the crosslinker [18]-[20]. Although these
works show the potential of low-cost, easy-to-use and in-field
detection capability, a relatively large amount of toxin and
long degradation process are needed to cause visible physical
changes of the hydrogel. Consequently, the sensitivity and
speed of detection is still much inferior to what this mechanism
could offer.

To significantly improve the sensitivity and the speed of
detection, we have adopted a fiber-optic method to detect
refractive index (RI) change caused by the degradation
of the hydrogel during the cleavage process [21], [22].
Sensors based on fiber optics, such as various fiber-based
interferometers, have been widely studied in the detection of
pH [23], glucose [24] and bacteria [25] owing to its small size,
in-line structures and high sensitivity [26], [27]. Nevertheless,
measurement of changes in the optical properties of hydrogels
for toxin detection has yet been reported [28]. In this work,
we present a PAAm hydrogel sensor based on an optic fiber
Fabry Perot interferometer (FPI); its sensitivity is improved
by 2000 times compared to our previous work [17]. As a
demonstration, we applied dithiothreitol (DTT) solution to
cleave a disulfide-crosslinked PAAm hydrogel, and monitored
in real time in an optic fiber Fabry Perot interferometer (FPI)
the unique spectral changes of the interference induced by the
degradation of the PAAm hydrogel due to the DTT solution.

II. DETECTION MECHANISM

In previous works utilizing the mechanism discussed above,
the presence of the target agent could only be confirmed after
the hydrogel was completely degraded, showing a clear and
visible change in morphology. The degradation process in
fact induces a continuous change of optical properties of the
hydrogel, such as the RI [29]. Hence, monitoring such change
in the RI throughout the degradation process could confirm
the cleavage of the hydrogel at a very early stage, even at
the onset, when there is still no distinguishable morphological
change in the hydrogel. To demonstrate this concept, we used
N, N’ — bis(Acryloyl) crystamine as the crosslinker to closslink
the PAAm hydrogel inside the cavity of the optic fiber FPI.
DTT solutions were utilized to cleave the disulfide bond in
the closslinker (see section II A), and thus change the optical
property such as the RI of the hydrogel. As a result, the
interference of light in the optic fiber FPI varied, showing
shifts in the reflected spectrum obtained from an optical
spectrum analyzer (OSA), which in turn was used to determine
the degradation of the hydrogel (see section II B).

A. Degradation of Hydrogel by DTT Solution

Fig. 2 shows the chemical reaction of the cleavage of
the hydrogel by DTT. Before degradation, the hydrogel is
water-insoluble. DTT is a reducing agent that can break the
disulfide bond, hence the crosslinker. All products of the
reaction then become water-soluble. Therefore, the hydrogel
can now be dissolved by water. Fig. 1 shows the schematic
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Fig. 2. The cleavage of the hydrogel. The disulfide bond in the hydrogel
can be cleaved by the DTT. The hydrogel is initially water-insoluble, but all
of the products after cleavage become water-soluble.

of the cleavage of the hydrogel by a target agent. Fig. 1(a, b)
shows the status of the hydrogel before degradation, which
is a gel, while Fig. I(c, d) shows the status afterwards.
In prior works [18]-[20], clearly visible morphology change
before and after the degradation must be present to confirm
the detection of the target agent, meaning that the cleavage
reaction had to be almost finished. However, once the cleavage
reaction starts, the RI of the hydrogel would change contin-
uously until the end of the cleavage process, since the Rls
of the reactants and the products are all different. Therefore,
the target agent could be detected by monitoring the RI change
of the hydrogel at the beginning of the cleavage reaction.
This would significantly improve the sensitivity and detection
speed compared with observing the morphology change of the
hydrogel.

B. Detection of RI Change by Optic Fiber FPI

The structure of our device is schematically illustrated
in Fig. 3 (a). A single-mode optic fiber is mounted in a
chamber with one polished end facing a vertical glass slide,
forming two end faces of the FPI cavity. A gap of around
150 um between the fiber end and the glass slide is filled
with closs-linked hydrogel. The reflected white light at the
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Fig. 3. (a) Schematic of an FPI device and the enlarged view of the FPI
cavity. DTT cleaves the hydrogel (the green area) in the FPI cavity. As a
result, the RI of the hydrogel would change. (b) Schematic illustration of the
interfering process in the FPI cavity shown in (a). It shows the mechanism
of the FPI. The RI change brings about the spectral shift for the FPIL

two end faces, S1 and S2, would interfere inside the core,
as shown in Fig. 3 (b). Because the reflectivity at the end
faces is low, multiple reflections in the cavity are negligible,
and the interference of /1 and I>can thus be modeled by the
following equation [30]:

I=h+hb+2/Iih cos(m% + o), )
where [ is the intensity of the interference, n the RI of the
medium filling the cavity, L the length of the cavity, ¢o the
initial phase of the interference, and A the optical wavelength
in vacuum.

When the phase of the cosine term turns to an odd number
of x, that is,

4rnL
Ao

the interference intensity, /, reaches its minimum, which is the
interference valley. Here, 4, is the center wavelength of the
interference valley. In our experiment, Lremained constant,
and only the RI of hydrogel, n, induced the shifts in the
interference valleys and peaks. After being exposed to the DTT
solution, the network structure of hydrogel starts to be broken
down and dissolved by water, causing a time dependent change
of RI, n. According to Eq. (2), taking the derivative of n with
respect to 4, and assuming a constant L, we obtain:

A
Ady =7y x =2, 3)
n
which shows that the relative RI change of the hydrogel, An, is

proportional to the interference valley shift, A4, .

+¢o = 2m + D, 2

III. EXPERIMENTAL
A. Fabrication of Optic Fiber FPI

The FPI device was fabricated based on a fiber optics
coupler (FOC; PLC-1X2, Fibertronics, Inc., FL, USA).

Optic
Fiber

/ V PDMS Glass Slide

Glass Slide

Fig. 4. The fabrication process of the FPI device. (a) Four glass slides
are glued together. (b) The optic fiber is fixed on a glass slide with PDMS
(in green). (c) The parts in (a) and (b) are combined using PDMS. (d) Three
glass slides (in green) are glued to the device with PDMS.

The fabrication of the optic fiber FPI is shown in Fig. 4.
First, four glass slides were glued together by ultra-violet (UV)
glue after being exposed to UV light with an intensity of
25 mW/cm? for 1 min (Fig. 3(a)). Second, the end-section
of the output fiber of the FOC was cut with an optic fiber
cutter, followed by polishing using 5 different polishing films
successively to smoothen its surface. Third, the prepared
FOC was fixed on a glass slide by six rectangular solid
polydimethylsiloxane (PDMS) blocks with the end face of
the FOC positioned out of the side face by 2 mm. The
sides of the six PDMS blocks were parallel to the long side
of the glass slide, which is also the direction of the fiber.
The structure was then applied liquid PDMS and placed on
a hotplate at 90°C for 60 min to cure (Fig. 4(b)). Fourth,
the components from step 1 and step 3 were combined using
PDMS as adhesive (Fig. 4(c)). The process of combining the
two was carefully performed under a microscope. The end of
the fiber should be parallel to the opposite glass surface. It is
important that the distance be around 100 #m between the
end-section of the fiber and the corresponding opposite glass
surface. If the distance is too large, the measured signal would
be too weak; if the distance is too short, there would not be
enough hydrogel between the two surfaces. Finally, the three
glass slides (the green ones in Fig. 4(d)) were adhered to the
device using PDMS (Fig. 4(d)). The distance between the two
small glass slides is 3 mm, and the width of them is 1.5 mm.
The large glass slide is 1.5 cm away from the opposing glass.
The end section surface and the glass surface thus formed
an FPI cavity (the green area in Fig. 3(a)). The liquid pre-
gel solution would be injected into the cavity, and the four
surrounding glass slides above the hydrogel (Fig. 3(a)) were
to hold the liquid samples.

B. Synthesis of Hydrogel

In our experiment, the PAAm based pre-gel solution was
photo-polymerized by UV light. The materials used for the
pre-gel solution were acrylamine (AAm, Aldrich Chemicals),
N, N’ - bis(Acryloyl) crystamine (cross-linker, Aldrich
Chemicals), 4-benzoy(benzyl) trimethyl-ammonium chlo-
ride (BP+, Aldrich Chemicals), N-methyl-diethanolamine



48

0
(m+n) \)J\NHE e
AAm

0]
H
No_— "S‘\/\ J\:? —
.//\[r S ﬁ

O crosslinker
Ox__NH, O _NH,
8]
H
Nog- S Nj\f
m H i
Hydrogel
Fig. 5. The synthesis of the hydrogel.

(NMDA, Aldrich Chemicals), and DI water. These five mate-
rials were mixed in a ratio by weight (0.15: 0.00375: 0.02:
0.02: 1) to obtain 10 mL of pre-gel solution.

The 10 uL pre-gel solution was injected into the cavity
(the green area in Fig. 3(a)), and then exposed to UV light with
a dose of 18 mW/s for 180 s to be polymerized. In the pre-
gel solution, the monomer, acrylamide (AAm), would combine
into AAm long chains, which is soluble by water. At the same
time, the crosslinker would link those AAm long chains to
a networked structure, which would then become insoluble
to water. The related chemical reaction is showed in Fig. 5.
After the photo-polymerization, the hydrogel was flushed by
ethanol (100%) for 5 min to eliminate unpolymerized pre-gel
solution, and the whole device was subsequently baked on a
hotplate at 50 °C for 5 min to remove the ethanol. Afterward,
1 mL of DI water was injected to soak and prep the hydrogel
for 5 hrs before the water was removed. This process was
used to further remove the unpolymerized pre-gel solution, and
could also eliminate the effect of hydrogel swelling forces.
At this point, the interference spectrum stabilized and the
device was ready for testing.

C. Experimental Setup

Fig. 6 shows a photo and the schematic diagram of the
FPI sensing system. In our experiment, we used an OSA
(AQ6370d, Yokogawa, Japan) to detect the interference spec-
trum of the reflected light. The light source (PLC-1X2,
Fibertronics, Inc., FL, USA) was built into the OSA, which
delivered a wide-spectrum near-infrared light with the wave-
length of between 1475 and 1485 nm. The resolution of
the OSA was set at 0.5 nm, and each data was the result
of averaging 5 measurements. One output of the FOC was
connected to the built-in light source in the OSA. The other
output of the FOC was connected to the input of the OSA
for measurement. The input of the FOC was integrated into
the FPI device during the fabrication, as shown in Fig. 6 (b).
Throughout the testing, the FPI device was wrapped by a
wet parafilm (Bemis Company Inc, WI, USA) to prevent the
evaporation of the liquid in the FPI. The whole device was
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Fig. 6.  Experimental setup of the FPI sensing system. (a) Photo of the
experimental set up. (b) Schematic diagram of the experimental setup. The
OSA serves as both the light source and the measurement apparatus. Two
terminals of the FOC are connected to the light output and input of the OSA.

kept in an incubator at a temperature of 37+0.3 °C. To avoid
the disturbance that might be induced by the vibrations of the
instrument shelf, the incubator was placed on the lab floor,
which is more stable, as shown in Fig. 6 (a).

IV. RESULTS AND DISCUSSION

In a test, liquid samples were injected into the optic fiber FPI
device with a syringe. The diffusion of the DTT from the liquid
to the hydrogel and the resultant degradation of the hydrogel
would disturb and shift the output spectrum of OSA. Before
we tested with the DTT solutions, spectral shifts induced by
the injection of DI water was first obtained as a reference data,
representing the disturbances and the level of systematic errors
in our testing system.

A. Spectral Shift Induced by DI Water

The hydrogel in the FPI cavity was previously immersed
in DI water; therefore, adding new DI water would not
change the RI and the texture of the hydrogel. Any variations
in the spectrum obtained by the OSA were caused by the
disturbances and systematic errors, which were recorded as
reference data for the purpose of calibration. We injected
1 ml of DI water (37£0.3 °C, identical to the temperature
of the hydrogel) into the optic fiber FPI cavity, and measured
the spectra from the beginning (0 min) to 240 min after the
injection. During the whole process, the FPI device was kept
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Fig. 7. The interfering spectrums acquired at 0 min, 120 min and 240 min
after injection of DI water into the optic fiber FPI device.

in the incubator at a temperature of 3740.3 °C. The spectra
obtained at 0 min, 120 min and 240 min are shown in Fig. 7.
It shows an initial slight red shift of about 0.5 nm after the DI
water injection, and stabilization after 120 min. The red shift
of the interfering spectrum with a rate of about 3 pm/min was
mainly caused by the disturbance of liquid flow during the
injection process of the DI water, and the systematic errors
of the testing device. During this process, the maximum blue
spectral shift rate was much less than 1 pm/min. If we keep
the environment of and within the testing device identical, any
spectral shifts beyond the shifting rate of 3 pm/min would
indicate the change of optical properties of the hydrogel in
the FPI cavity.

B. Spectral Shifts Induced by DTT Aqueous Solutions

The 1-ml DTT aqueous solutions with concentrations of
1 mM, 100 M and 50 uM were utilized to demonstrate
the capability of our optic fiber FPI sensor. The samples
of the 1-mM and 100-uM solutions were kept in the incu-
bator (374+0.3 °C) for 2 hours, to minimize the tempera-
ture difference between the DTT solution and the hydrogel.
In order to investigate the effects of the temperature variations
on the spectral shifting process, 20 °C DTT solution with a
concentration of 50 4M was used for comparison. After the
injection of the DTT solutions, the interfering spectra were
acquired every 10 minutes. Fig. 8 shows the result of the
spectral shifting process tested by the DTT solution with a
concentration of 50 M. We investigated the spectral shifting
process by measuring the shifting distance of the spectral
valley to the zero point at different times. The zero point is
defined as the position of the spectral valley without DTT
injection. Increase of the distance corresponds to the spectral
shifts towards longer wavelength (red shift), while the decrease
means the opposite (blue shift). The three groups of results
obtained by the DTT solution with different concentrations
are shown in Fig. 9.

In Fig. 9, the black squares show the test results with the
1-mM DTT solution. From 0 min to 40 min after the injection
of the DTT solution, the spectrum shows a clear red shift
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Fig. 8. The hydrogel tested with 50 x#M DTT. The arrows show the shift

directions. Before 120 mins, it is red shift, and the red shift rate decreases with
time. After 120 mins, it becomes blue shift. The temperature at the beginning
T(0) = 20 °C.

(the distance to the zero point increases) of about 2 nm.
In the first 10 min, the shifting rate was much higher than
the rest of time, which was about 150 pm/min, 50 times
higher than the shifting rate of DI water. During the dif-
fusion of the DTT into the hydrogel, the cleavage reaction
decreased the refractive index, which shifted the spectrum
to the shorter wavelengths (blue shift). The two processes
competed with each other until the point of inflection came
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Fig. 9. The distance of the spectral shift after the injection of the DTT
solutions with different concentrations. The zero point is the position of the
spectral valley measured for the hydrogel without DTT solutions. The longer
wavelength of the spectral valley compared with the zero point is defined as
the positive distance.

at 40 min, when the blue shift started to dominate. From
40 min to 80 min, the spectrum shifted about 4 nm with
a rate of about 100 pm/min. The blue spectral shift lasted
much longer than the red spectral shift, indicating a long
and slow degradation process of the hydrogel. From 80 min
to 130 min, the spectrum continuously shifted to the short
wavelength side with a decreased rate of about 20 pm/min.
Because the rate of the blue spectral shift was still several
times higher than the reference data obtained with DI water,
it was mainly caused by the continuous change of the optical
property of the hydrogel rather than disturbance or system
errors. After 130 min, the blue spectral shift did not stop, but
the shifting rate slowed down. Such long-time and continuous
spectral shift with decreasing shifting rate was consistent with
the chemical cleavage reaction process of the hydrogel. The
concentration of the DTT decreased as the cleavage process
proceeded, resulting in a slowing reaction.

Similar spectral shifts that combined red and blue shifts
were also observed in the samples with DTT concentrations
of 100 uM. For the 100-uM DTT solution (red circles
in Fig. 9), the lower scattering effects of lights induced
by lower concentration of DTT led to smaller initial red
shift. Because the lower concentration of DTT induced more
gentle cleavage process of the hydrogel, which prolonged the
competing process between the initial red and blue spectral
shift, the starting time of the blue shift was 100 min, which
was much slower than that of 1-mM DTT solution (40 min).

In real-world applications, temperature control of the
samples may not be available. In order to investigate the
disturbance induced by the temperature change, we used a
room temperature (20°C) DTT solution with a concentration
of 50 uM for the testing. Once it was injected into the cavity,
the temperature of the hydrogel was significantly decreased,
leading to a red spectral shift from 0 to 60 min with a rate
of 33 pm/min, as shown in Fig. 9 (blue triangles). The speed of
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red spectral shift declined from 60 min, and stopped at about
120 min, after which the blue shift began. The average rate
of the blue shift was 10 pm/min (from 120 min to 240 min),
which is much higher than that of the DI water, as shown
in Fig. 7. Note that even though the concentration of DTT
was reduced from 100 uM to 50 uM, the starting time of
the blue spectral shift was almost the same. The initial red
shift due to addition of the low-temperature sample might be
related to the thermo-optic coefficient of PAAm hydrogel with
a temperature decrease of about 17°C. The subsequent increase
of the temperature in the incubator could also accelerate the
blue spectral shift. This phenomenon will be helpful to shorten
the stabilization period of the device and improve the testing
speed.

C. Discussion

The shifting process of the interfering spectra indicates
complicated optical processes in the FPI cavity after the DTT
solution was injected. The fast initial red shift within tens
of minutes after the sample injection refers to the drastic
change of the temperature (demonstrated by the 50-uM DTT
sample) or other optical properties (demonstrated by the
1-mM and 100-uM DTT samples), such as light scattering
effects [31]. Meanwhile, the cleavage process of the hydrogel
continuously decreases the RI of the hydrogel cavity by
turning it from solid to liquid phase, and eventually pulls the
interfering spectra back to the shorter wavelengths, starting
a slow and long period of blue spectral shift. Such unique
regulation of the spectral shift could exclude the non-target
samples which only induce the changes of temperature or
optical properties in the hydrogel cavity, but cannot cleave the
hydrogel. For example, liquids with RI or temperature higher
or lower than that of the hydrogel would induce fast red or blue
spectral shifts, but the process would stop when the liquids are
stabilized in the cavity, as demonstrated by the DI water results
in Fig. 7, which only showed an initial red shift without long
period of blue shift.

In addition, the spectral shifting rate in the hydrogel cavity
reveals other information of the target samples. For example,
the spectral shifting rates were different for various concen-
trations of the DTT solutions. For the DTT solution with
lower concentration, both light scattering effects and hydrogel
degradation process were weaker; therefore the rate of red
and blue spectral shifts would be lower than the samples with
higher concentrations, which postponed the starting time of
the blue shift. Another factor that could significantly affect
the shifting rate is the temperature difference between the
sample and the hydrogel containing cavity. As demonstrated
in Fig. 9, even though the concentration of the 50-uM DTT
solution was lower than the other two samples, the decrease
of 17 °C in temperature still increased the red spectral shift by
several nanometers, and also accelerated the blue shift during
subsequent warming process in the incubation chamber. Study
of the temperature influences is important for the practical
applications. In emergent situations, direct testing of samples
without pre-heating treatments will save time and lives, but
calibration of the temperature changes is needed for the
accuracy of the testing. More importantly, we could prepare
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Fig. 10. Photos of the hydrogel at the beginning (a) and 4 hrs later (b) tested
with 50 4M DTT. The light shadow is the hydrogel, and the small tube is
the optic fiber. The scale bar is 350 xm.

the FPI sensors with higher temperature than the samples;
the increase of the temperature in samples would shorten the
testing time by accelerating the blue spectral shift to an earlier
time.

The FPI sensor demonstrated in this work can significantly
improve the sensitivity and efficiency of the detection. In our
previous work [17], the concentration of the target agent
needed to be at least 100 mM for a clear observation of the
hydrogel degradation. The samples had to be continuously
observed under a microscope for tens of hours. Besides,
recognition of the morphological changes of the transparent
hydrogel required highly-experienced operators. In this work,
utilizing the FPI sensor, we can detect the DTT solution with a
concentration down to 50 ¢M, which is 2000 times lower than
the previous result. Instead of visually observing the phase
change of the hydrogel, which needs tens of hours of wait
until it is completely cleaved, the FPI sensor can detect the
existence of the DTT or other bio-toxins by the inflection
point of the red and blue spectral shifts within a few hours.
Besides, recognition of the spectral shifts by the OSA is more
accurate and reliable than the visual observations, which does
not require experienced operators. Fig. 10 shows the photos
of the hydrogel cavity after the 50-uM DTT solution was
injected. The photos were taken under a microscope objective
lens equipped with a high resolution CCD camera. We used the
transmitted lighting mode to monitor any morphology changes
inside the transparent hydrogel. 4 hours later, no visible
morphological change of the hydrogel could yet be observed,
as demonstrated in Fig. 10 (b). However, the interfering
spectrum had already been shifted by several nanometers,
which can be clearly detected by the OSA (the resolution of
the OSA is 0.02 nm). The detection resolution of the FPI
sensor is limited by the noise signals induced by the device.
A stronger light source, smoother reflective surfaces between
the hydrogel cavity and more uniform hydrogel can improve
the detection resolution as well as the sensitivity of the device.
Benefiting from the highly-sensitive interference optics, the
detection of the degradation of the hydrogel, thus the presence
of the cleaving agent, was accomplished within an hour.
These results still have potential to be improved. For example,
the thickness of the hydrogel applied in this experiment was
2 mm, which dramatically extended the diffusion and reaction
time. If the hydrogel was patterned at the micro-scale, which
could be achieved with well-established micro-lithography

technologies, the detection speed as well as sensitivity of the
device could be enhanced by several times.

V. CONCLUSION

We demonstrated an optic fiber FPI device that significantly
improved the detection sensitivity and efficiency of biological
and chemical sensors based on degradation of hydrogels. The
hydrogels that we used in this work was PAAm hydrogel. The
disulfide bond in the crosslinker of the PAAm hydrogel can
be cleaved by a solution containing DTT, resulting in optical
property changes in the hydrogel, even though they cannot be
visually observed. By introducing the interfering optics, such
changes can be detected as the evidence of hydrogel cleavage.
In the experiment, we demonstrated a successful detection of
DTT with concentration of 50 4M within 36 min. Compared
to our previous work, the detection sensitivity was improved
by 2000 times, and detection time was shortened from tens
of hours to less than an hour. We tested our device with
DTT solutions with different concentrations. The variations
of the interfering spectra which combined a fast initial red
shift followed by a slow and long period of blue shift were
observed. Such unique spectral shifting process was related
to complicated optical processes such as scattering, thermo-
optic effects and hydrogel cleavage process. In future work,
quantitative studies on the spectral shifts and their mechanisms
are needed to provide more accurate measurement of the target
agents. For example, the concentration of the samples could be
estimated by analyzing the spectral shifting rates. Furthermore,
we will explore to further improve the sensitivity and the
detection speed by reducing the thickness of the hydrogel to
quicken the liquid diffusion and hydrogel reaction process. The
centimeter-sized FPI sensors are promising for high-precision,
ultra-sensitive and fast in-field detection of biological and
chemical agents.
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