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Abstract— We present a gastric gas sensor based on conjoined
dual optical fibers functionalized with sensitive optical dyes
for sensing gases in both fluidic and gaseous environments.
The sensor aims to sense various concentrations of carbon
dioxide (CO2) and ammonia (NH3), which are two significant
biomarkers of H. pylori infection in the stomach. It is known
that CO2 and NH3 are released during the hydrolysis of urea
by H. pylori, a bacterium that may cause stomach cancer with
relatively high probability. CO2 and NH3 sensitive optical dyes,
cresol red ion pair and zinc tetraphenylporphyrin, are embedded
in silica beads and then functionalized onto the thin PDMS-coated
fiber tip. Each type of dye provides a unique spectral emission
response when excited with light ranging from 450 to 700 nm.
Two SMA connector legs of the as-functionalized sensor are
connected to an external light source for illumination and
a ultraviolet-visible-near infrared (UV-Vis-NIR) spectrome-
ter for signal collection/readout. To perform the measure-
ments, one fiber illuminates while the other fiber collects
the back-scattered light and feeds it to the UV-Vis-NIR
spectrometer to measure the change in light spectrum as a
function of CO2 or NH3 concentration. This method is easy and
flexible and achieves ppm level sensitivity to targeted gas analytes.
The proposed sensor can be integrated into a customized tethered
capsule for adjunctive diagnosis of H. pylori infection to improve
the accuracy of visual endoscopic inspection.

Index Terms— Gastric gas, fiber optics, optical dyes.

I. INTRODUCTION

HELICOBACTER pylori (H.pylori) bacterium is known
to be a likely cause of type B gastritis [1] and peptic

ulcer [2] in the human stomach [3]. With H.pylori infection,
the chances that the patients may develop stomach cancer
are very high [4]. According to the study of Plummer et al.,
H.pylori infection-induced gastric cancer alone contributed to
more than 5% of the total number of cancer cases in the
world [5], [6]. Furthermore, the potential impact of H.pylori
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infection can be seen from the fact that close to half of the
human population are carriers of H.pylori [7].

Various techniques are available to detect H.pylori infection,
including invasive and non-invasive techiniques, depending on
whether or not endoscopy is required [2]. Some commonly
used invasive techniques include histological evaluation, poly-
merase chain reaction (PCR), and the rapid urease test (RUT),
with test samples obtained during endoscopy. Histology col-
lects gastric biopsy specimens from antrum and corpus and
applies several stain techniques on these samples for H.pylori
detection [8]. Culturing of H.pylori on fresh gastric biopsy
specimen is used as a specific H.pylori detection method [9].
PCR is useful when the specimen is small with few H.pylori
bacteria [10]. RUT is carried out by presenting urea in the
H.pylori infected biopsy and by examining the byproduct
of the sample (CO2 and NH3) using pH indicator [11].
Non-invasive techniques include serology, urea breath
test (UBT), and stool antigen test (SAT). Serology and SAT
are all based on enzyme immunoassay principle [12], [13],
while UBT detects the carbon dioxide produced by H.pylori
hydrolyzed urea through one’s breath [14]. None of the
existing techniques, based on either biopsy of specimens
obtained directly from the stomach, or from examination of
the byproducts related to H.pylori infection, provide all the
required features of convenience, rapid response and low cost
in the same test platform. For example, histology needs a
long examination procedure, PCR also takes long and is not
effective at distinguishing between a living or dead bacteria,
while RUT suffers from low sensitivity [2].

An alternative way to detect H.pylori infection is through
direct examination of the amount of gas byproduct by
H.pylori infection. A healthy human stomach contains around
6000 to 7000 ppm of CO2 [15], and 20 to 50 ppm of NH3 on
average [16], [17]. While in infected human stomach, H.pylori
converts urea into CO2 and NH3, resulting in excessive amount
of gas [18]. According to the study of Yang et al, the NH3 level
in H.pylori infected stomach can be as high as 200 ppm [17].
The amount of CO2 produced by H.pylori is half of that of
NH3 according to the urea hydrolysis formula [19], and this
amount of CO2 is small compared with the background CO2
in stomach. Thus, to measure CO2 produced by H.pylori,
it is important to void the background CO2 in the stomach
before measurement. For example, this can be achieved by
performing a measurement of the rate of increase of CO2 over
time after administration of water in empty stomach.

In our work, we built a gastric gas sensor based on the
functionalized optical fiber with optical dyes sensitive to

1558-1748 © 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted,
but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



5244 IEEE SENSORS JOURNAL, VOL. 16, NO. 13, JULY 1, 2016

Fig. 1. The potential application of optical fiber sensor being integrated
into tethered capsule endoscope to help detect H.pylori infection. The
products of H.pylori metabolism are the elevated levels of gastric gases
(i.e. CO2 and NH3).

CO2 and NH3, which is aimed to be integrated into the
tethered capsule endoscopy (TCE) for visual inspection of
the inner lining of the esophagus and the stomach. The TCE
was built using medical grade plastic capsule, which can
be made into different sizes according to the physiology of
patients [20]. The capsule was made precisely to be the
same size as a standard capsule for ease of swallowing [20].
The imaging system incorporated six multimode optical fibers
to collect the backscattered light. It has been evaluated for
Barretts esophagus detection and early esophagus cancer
diagnostics [21], [22]. Taking advantage of the illumination
system of TCE, one of the imaging fibers can be replaced with
the proposed sensing fiber. The modified TCE with gastric
gas sensor can improve the accuracy of screening for the
presence and the severity of H.pylori infection by combining
gas sensor data with visual inspection images. The critical step
is to ensure that the gastric sensor in contact with analytes
when TCE is in the stomach. As a first step towards that goal,
we have developed a stand-alone functionalized optical fiber-
based gastric gas sensor that is compatible for future intergra-
tion into TCE in terms of use of fiber for delivery and capture
of light and for its size and flexibility. The functionalization
is based on our prior work on saliva-based diagnostics for
detection of CO2 and NH3 [23], [24]. This paper describes the
design, fabrication, test and characterization of a fiber-based
gastric gas sensor for the screening of H.pylori infection.

II. PRINCIPLE OF OPERATION

The prototype of a stand-alone optical fiber-based gastric
gas sensor compatible with TCE is shown in Fig. 1. Taking
advantage of the configuration and operating principle of
this tethered capsule endoscope, this fiber based gastric gas
sensor can be easily integrated into this tethered capsule.
At the same time, it also collects sensing information from
backscattered light. The sensor consists of two multimode
fibers conjoined together as one unit. Optical dyes loaded
in beads are functionalized on the tip of the conjoined fiber.
Illumination light is provided from one fiber while backscat-
tered light is collected from the other. Both light source and

optical data collection units are external. It is noteworthy to
mention that in our previous study on saliva-based diagnostics,
it was found that cresol red ion pair and Zn-TPP are selectively
sensitive to CO2 and NH3, respectively [23], [24]. ZnTPP are
metalloporphyrins with a metal center (Zinc in case of ZnTPP)
coupled to porphyrins with the teraphenyl functional group.
Porphyrins are intense chromophores. Coordination reaction
with ligand amine molecules bound to Zn metal center in this
dye manifests a color change on the chromophore. Ammonia
is detected due to the coordination of NH3 molecules to the
Zn ion in this immobilized metalloporphyrin. Ammonia acts
as a lewis base donating its free electron pair, making the
use of ZnTPP for detection of ammonia as a most favorable
colorimetric dye choice. Cresol red is a pH sensitive dye,
which can respond to the changes in Brønsted acidity due to
the interation between CO2 and ion pair [24]. Thus, choosing
these two dyes as sensing elements has significant advantage
over the commonly used pH indicator dyes, which exhibit non-
specific sensitivity to most acid and base.

III. SENSOR FABRICATION AND EXPERIMENTAL SET UP

A. Preparation of Optical Dyes and Ananlytes

The Zn-TPP solution was prepared by dissolving 25.6 mg
of Zn-TPP powder (Sigma Aldrich) in 3 mL of toluene.
Then the mixture of Zn-TPP and toluene was stirred on
a stirrer for 2 hours to allow Zn-TPP powder to be fully
dissolved in toluene [25]. To encapsulate Zn-TPP into resin
microbeads (sphere with diamater of 30-50 um), the prepared
Zn-TPP solution was poured into 375 mg cation exchange
resin microbeads (Sigma-Aldrich). 5 mL deionized water was
added into the mixture of Zn-TPP solution and resin beads.
The resulting mixture was again stirred on a stirrer for 5 hours
at room temperature [23]. After that it was observed under
microscope that the resin microbeads were filled with Zn-TPP
dyes.

The procedure for preparing cresol red ion pair solution was
described in detail in a previous work [25]. Two solutions,
named solution A and solution B were prepared separately.
Solution A was prepared by dissolving 24 mg of cresol red
powder in 22.5 mL of 0.1 mol NaOH. Solution B was made
by adding 3 mL of toluene into 37.39 mg tetraoctylammo-
nium bromide (ToABr). The cresol red ion pair solution was
obtained by extracting the organic phase of the mixture of
solution A and solution B. Similar to the Zn-TPP encapsu-
lation process, cresol red ion pair solution was poured into
560 mg anion exchange resin microbeads (Sigma-Aldrich).
The mixture of these two was stirred on the stirrer for 5 hours
at room temperature to ensure full encapsulation of dyes in
microbeads [24].

Dissolved CO2 solution was prepared by bubbling pure
CO2 gas into deionized water for 1 hour to obtain saturated
CO2 solution. To obtain dissolved CO2 solution of differ-
ent concentrations, the saturated CO2 solution contained in
four different bottles were diluted by different amount of
deionized water. By measuring the pH of the four diluted
carbon dioxide solution, the corresponding CO2 concentra-
tions were calculated. These were 2 ppm, 20 ppm, 200 ppm
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and 2000 ppm, respectively. The dissolved NH3 solu-
tion was prepared by diluting 0.1 mol ammonia solution
(Sigma-Aldrich) with deionized water. Three concentrations
of NH3 solutions were made, and the corresponding ammonia
concentrations were 1 ppm, 10 ppm and 100 ppm, respectively.

CO2 gas was directly obtained from the pure carbon dioxide
gas tank (Airgas). The ammonia gas was prepared by bubbling
dry air (Airgas) into high concentration ammonia hydroxide
solution (0.1 mol, Sigma-Aldrich).

B. Sensor Fabrication

Two gas sensors, one for CO2 and one for NH3, were fabri-
cated seperately following the same procedure. For fabricating
one gas sensor, the two customized optical fibers (Thorlabs,
FG200UCC, diameter: 200 um, length: 1 m) were used. Each
fiber was encapsulated with a SMA (SubMiniature version A,
Thorlabs, SMA905) connector at one end while the other
end was flat cleaved without jacketing. Fig. 2 shows all the
necessary materials for sensor fabrication. Two single fibers
(diameter: 200 um) with cladding were aligned in parallel and
were combined together using silicone glue (Fig. 2-ii). The
tip of combined fibers was dipped into as-prepared PDMS
mixture (Fig. 2-iii). Care was taken to coat only a thin layer of
PDMS on top of the tip. After that, this PDMS coated tip was
dipped into cluster of solvent-free dye-contained beads (either
Cresol red ion pair beads or Zn-TPP beads) several times
until the beads were attached to the PDMS layer (Fig. 2-iv).
In this case, the PDMS layer serves as the glue to bind
beads to the fiber tip. The as-coated beads were half-immersed
in the PDMS layer and half-exposed to the air to ensure
effective absorption of the dissolved or gaseous analytes in the
experiment. The as-fabricated fiber sensor was left untouched
for 24 hours under room temperature before use to allow the
PDMS layer to cure fully. This step is necessary to completely
immobilize the functionalized beads at the tip of the conjoined
dual-fiber sensor. Thus, the as-fabricated fiber sensor will have
one combined tip functionalized with dye-contained beads and
two separate legs with SMA connectors.

C. Experimental Set Up

Fig. 3 shows the schematic of the experimental set up.
The gas chamber used in the experiment has a volume of
250 mL, with one inlet and one outlet, which allows analyte
to flow in and out simultaneously. The inlet and outlet can
be closed to seal the chamber. This set up can be used for
sensing both dissolved and gaseous CO2 or NH3. The sensing
tip of the conjoined dual-fiber sensor was inserted into a gas
chamber from the top, while the two SMA legs were brought
outside. One leg of the sensor was connected to a white LED
to obtain excitation light for the sensor, while the other leg was
connected to a Ultraviolet-Visible-Near Infrared (UV-Vis-NIR)
spectrometer (Ocean Optics). The illumination light provided
by one fiber was scattered by the optical dye-contained beads
at the sensing tip, which was then fed to the spectrometer
through the other fiber. The wavelengths collected are within
the visible light spectrum, ranging from 450 nm to 700nm.

Fig. 2. Sensor fabrication process: (i) two customized optical fibers with
flat cleaved ends; (ii) the sensor is made by physically combining two single
fibers together into one using sillicone glue; (iii) a thin layer of PDMS is then
coated onto the combined end of bifurcated fiber; and (iv) the gas sensing
beads with optical dyes are coated onto the thin PDMS layer; silicone glue,
PDMS and micro-beads are shown below.

For sensing the dissolved CO2 or NH3, two sensors, one
with cresol red ion pair functionalized sensing tip, and the
other with Zn-TPP functionalized tip, were inserted into the
gas chamber one at a time to detect CO2 and NH3 separately.
The procedure of detecting CO2 or NH3 were similar. The
chamber was pre-filled with 50 mL of deionized water and
the sensing tip was immersed in the water without touching
the bottom of the chamber. The solutions containing different
concentrations of CO2 or NH3 starting from lower concen-
tration, was pumped into the pre-filled deionized water in the
chamber using micro-pump. The dissolved gas of different
concentrations was transferred into the chamber through the
inlet tube, gradually diffusing through the flow to the sensing
tip, and flowing out of the chamber through the outlet tube.
On average, it takes 15 minutes for the background de-ionized
water to be saturated with the desired gas concentration.
The sensor responses were recorded by spectrometer, from
which the changes of different wavelengths ranging from
450 to 700 nm could be distinguished.

For sensing gaseous CO2 or NH3, the sensor tip is sus-
pended in the middle of the chamber and the pulses of
gas, either CO2 or NH3, were subsequently injected into
the chamber through the inlet of the chamber. The inlet is
connected to a gas flow meter to control the gas flow rate and
the concentration of gas is controlled by the duration of gas
flow. The outlet of the chamber was left open to test the sensor
responses to a subsequent gas pulses and later closed to sense
the accumulated responses of analyte gas. The corresponding
changes in the spectroscopic signature was recorded by the
external spectrometer.

IV. RESULTS AND DISCUSSION

In Fig. 4, the full spectrum responses (450 nm to 700 nm)
of cresol red ion pair or Zn-TPP functionalized sensors to
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Fig. 3. Experimental set up: (a) the as-functionalized fiber sensor is inserted
into a sealed chamber with inlet and outlet for gas/flow; the two SMA
connector legs of the fiber sensor are connected to spectrometer and light
source, respectively; and (b) real image of experimental set up.

Fig. 4. Transmittance spectra (450 nm to 700 nm) of the sensor exposed
to different concentration of gastric gases: (a) CO2 of concentrations 20 ppm
and 100 ppm; and (b) NH3 of concentrations 20 ppm and 40 ppm.

the CO2 or NH3 in fluidic environment were plotted as the
transmittance verses wavelengths. Fig. 4(a) shows the response
of cresol red ion pair to two different concentrations of CO2
(20 ppm and 100 ppm), with the largest response observed in
the range of 550 nm to 640 nm. Similarly, in Fig. 4(b), the
response of Zn-TPP to NH3 (20 ppm and 40 ppm) is plotted.
In both cases, the magnitude change of the whole spectrum
results from the color change of optical dyes. In the case
of sensing CO2 and NH3, cresol red ion pair changes color
from purple to yellow, while Zn-TPP from green

Fig. 5. Sensor responses when exposed to different concentration of gastric
gases (dissolved CO2 and NH3): (a) CO2 of concentrations 2 ppm, 20 ppm,
200 ppm, 2000 ppm, the inset figure shows the enlarged image of sensor
response to 2 ppm, 20 ppm, 200 ppm CO2; (b) NH3 of concentrations 1 ppm,
10 ppm,100 ppm.

to brown, respectively. Each optical dye has its maximum
responses at different wavelength range. The magnitude
of responses depends on the concentrations of these analytes.
The advantage of looking into the whole spectrum is to
observe the overall effect of change in color and extracting
the wavelength or a range of wavelengths, where most
discerning responses can be obtained.

Fig. 5 shows the sensing performance of cresol red
ion pair or Zn-TPP functionalized fiber sensors under
fluidic environment. The Y axis in Fig. 5 represents the
percentage change of light transmission intensity when
adding different concentrations of analyte, compared
with the original spectrum. In Fig. 5(a), the change of
two wavelengths, 550 nm and 580 nm, is plotted to represent
the typical responses of cresol red ion pair functionalized
sensor to dissolved CO2. It is shown that cresol red ion pair
functionalized sensor can detect a wide range of concentration
of dissolved CO2 from relatively low concentration (2 ppm) to
relatively high concentration (2000 ppm). The inset figure in
Fig. 5(a) enlarges the sensor response to dissolved CO2 from
2 ppm to 200 ppm. From Fig. 5(a), it can be observed that
when the concentration of dissolved CO2 is below 200 ppm,
the signal magnitude changes at two wavelengths (550 nm and
580 nm) are closely related. However, in high concentration
environment (2000 ppm), the signal magnitude change at
these two wavelengths varies. In Fig. 5(b), the response of
Zn-TPP functionalized sensor to dissolved NH3 of different
concentrations from 1 ppm to 100 ppm is represented by the
signal magnitude change at the two wavelengths 620 nm and
640 nm. Similar to that of CO2 sensing, these two wavelengths
(620 nm and 640 nm) showed increasing signal magnitude
with increasing NH3 concentration. In Fig. 5, the slope of
sensor response was caused by the diffusion of analyte from
inlet to the sensor tip and the time duration of this slope
corresponds to the time needed for the background to reach
desired analyte concentration. The sensing result in Fig. 5
demonstrates the suitability of this gastric sensor by showing
its capability in sensing wide range of CO2 and NH3.

While the conjoined dual-fiber based gastric gas sensor has
been shown capable in sensing dissolved CO2 and NH3, per-
forming detection of gaseous CO2 and NH3 further extends its
functionality. Fig. 6 shows the responses of cresol red ion pair
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Fig. 6. Sensor responses when exposed to different concentration of
gastric gases (gaseous CO2 and NH3), each concentration is presented twice:
(a) CO2 of concentration 20 ppm, 200 ppm, 500 ppm; and (b) NH3 of
concentrations 20 ppm, 50 ppm, 200 ppm, the inserted figure shows the step
response of NH3 gas, with increasing of 4 ppm each step.

or Zn-TPP functionalized fiber sensors to gaseous CO2 or NH3
of different concentrations. Each concentration is tested twice
to ensure a repeatable response of the sensor. In Fig. 6(a), the
cresol red ion pair functionalized sensor responds to gaseous
CO2 of 20 ppm, 200 ppm and 500 ppm with 10%, 35%
and 50% changes in signal magnitude at 620 nm. The same
experiment was performed on Zn-TPP functionalized sensor
in sensing NH3. The sensor responded to gaseous NH3 pulse
of 20 ppm, 50 ppm and 200 ppm, as shown in Fig. 6(b).
The magnitude variation in the repeated test was due to the
difficulty in controlling the amount of injected gas precisely.
In the inset figure in Fig. 6(b), the NH3 gas is injected into
the sealed chamber with the interval of 4 ppm per injection.
With the addition of NH3 injection, a step response in the
spectrum is observed, which indicates that the sensor is able
to distinguish gaseous NH3 with ppm level accuracy.

The result in Fig. 6 shows that this fiber-based gastric
sensor can be applied in both fluidic and gaseous environment
to perform gas sensing without any further modification in
the sensor configuration. Furthermore, the sensor can dis-
tinguish CO2 and NH3 of various concentrations with ppm
level sensitivity in both fluidic and gaseous environment.
This is important in enabling sensing in both fluid-filled or
empty stomach environment. Compared with the conventional
methods, for example, breath test, which also measured vapor
gaseous byproduct due to H.pylori infection, this fiber-based
gastric sensor is aimed at assisting traditional endoscopy
imaging approach by detecting the gas products directly in
the stomach instead of breath or saliva during the endoscopy
procedure.

V. CONCLUSION

In this work, we showed a conjoined dual-fiber based
optical sensor platform for gas sensing in both fluidic
and gaseous environments. The sensor can detect various
concentrations of NH3 and CO2 under back-scattered light
condition at the ppm level. The proposed work was a first
step towards validation of a gas sensing paradigm to be
integrated into a capsule endoscope which performs visual
inspection of stomach lining. The final goal is to enhance
the accuracy of detection of H.pylori infection combining gas
sensing measurements with visual data. The next step in this

project is to perform such integration. Further improvement
in the sensitivity can be achieved by increasing the intensity
of excitation light to obtain a better signal to noise ratio.
Other improvement includes employing geometric tapering
of two fibers for increased coupling and optimizing bead
density and PDMS thickness. This will be the basis of future
work. Finally, we believe that the proposed fiber sensor can
not only be integrated into an endoscopy capsule, but can
also be utilized stand-alone for detection of CO2 and NH3.
It might also be possible to extend this sensor to other gases
for both fluidic and gaseous environments with applications
in medicine, healthcare, environment and homeland security.
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