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A real-time and indicator-free sensor specific to nitric oxide (NO) is realized for the first
time by integrating a sensing hydrogel film, a top-emitting polymer light-emitting diode
(PLED), and a silicon photodetector. The top-emitting PLED is utilized to excite the sensing
film specific to NO, and the photoluminescence of the sensing film is transformed into elec-
tric signal by the photodetector. The influence of the excitation light on the out-put pho-
tocurrent of the photodetector is diminished by two delicately selected organic filters
based on their absorption spectra. Lead phthalocyanine is deposited on a top-emitting
PLED as a filter for generating an excitation light without overlapping the emission maxi-
mum of the sensing hydrogel film. Poly(3-hexylthiophene) is placed in front of the photo-
detector as another filter to remove the excitation light. This sensor demonstrated a fast
photocurrent response to NO with response time within 5 min.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction difficult. Real-time detection of NO is important and help-
Nitric oxide (NO), a short-lived free radical, is a sig-
naling molecule transmitting signals in cardiovascular
and nervous system [1,2]. NO plays an important role in
a variety of physiological processes, such as smooth muscle
relaxation and blood pressure regulation [3]. Immune sys-
tem also generates NO as a defense against pathogens [4].
Unregulated NO production, however, is associated with
pathological conditions, such as inflammation, septic
shock, and cancer [5]. NO released after initial traumatic
brain injury damages the brain and causes secondary brain
injury [6]. Since protective and toxic influences of NO are
frequently observed in parallel, generalization of the
effects of NO on certain physiological function are quite
. All rights reserved.
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ful to unveil the correlation between NO concentration and
physiological functions. Fluorescent microscopes and elec-
tron paramagnetic resonance spectrometers are conven-
tionally utilized in fundamental research to inspect NO
with the help of fluorescent indicators and spin-trapping
compounds since NO does not fluoresce itself [7]. Dishes
of cells and slices of brain have to be prepared in sequence
to understand time-evolved NO distribution [6]. The spec-
imen preparation time is too long for real-time detection of
NO with lifetime around 5 s in physiological conditions.
Besides, the influence of fluorescent indicator and spin-
trapping compounds on cell functions cannot be com-
pletely avoided. Furthermore, fluorescent microscopes
and electron paramagnetic resonance spectrometers are
expensive, large-sized, and delicate systems. A small-sized
semiconductor sensor for monitoring NO in a real-time and
indicator-free manner is therefore essential not only for
basic research but also for clinical diagnosis. Chemical
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Fig. 1. (a) The schematic structure of the sensor integrated with a sensing
hydrogel film, a top-emitting PLED, a Si PD, and two organic filters. (b)
Device structure of the top-emitting PLED. PbPc is deposit on transparent
cathode serving as filter. (c) Photograph of the top-emitting PLED. (d)
Photograph of the P3HT filter. (e) Photograph of the sensing hydrogel film
composed of pHEMA and BPDM–H–ZnC1. Molecule structures of pHEMA
and BPDM–H–ZnC1 are also shown.
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and biological sensing has been demonstrated by an inte-
grated semiconductor device consists of an excitation
source, a photo detector (PD), and a sensing unit [8]. So
far, the integrated semiconductor devices were used to de-
tect glucose [9] and oxygen [8,10]. A sensor specific to NO
has not been realized mainly because there is no sensing
film for NO. In our recent work, a NO sensing hydrogel film
was demonstrated possessing high selectivity, sensitivity,
and stability in various pH values which could be used as
the sensing unit for NO [11]. But so far no trial has been
done to use the NO sensing film as the sensing unit. Be-
sides, to miniaturize the integrated semiconductor device,
a small-sized organic light-emitting diode (OLED) was
used in glucose [9] and oxygen [8,10] sensor. However,
the NO sensing film was characterized with a solid-state
laser diode module as an excitation source, and no work
has been done to show the NO sensing characteristics
using OLED as an excitation source. Furthermore, unlike
the laser with narrow emission spectrum, the emission
spectrum of the OLED excitation light is broad, and hence
the separation of reflected excitation light and the emis-
sion of the sensing unit is important in order to reduce
the influence of the tail of excitation light on the emission
of the sensing unit. However, optical filters based on glass
substrate is conventionally used which is expensive and
occupies volumes [8–10]. Light separation was never
achieved in an easy way.

In this work, a NO sensor is realized for the first time by
integrating a sensing hydrogel film specific to NO with a
top-emitting polymer light-emitting diode (PLED), silicon
(Si) PD, and two organic filters as shown in Fig. 1(a). The
top-emitting PLED is used to excite the sensing hydrogel
film, and the small-sized Si PD is used to detect the photo-
luminescence (PL) of the sensing hydrogel film. The influ-
ence of the tail of excitation light on the emission of the
sensing unit is reduced by using two organic filters. Filter
1 is deposited above the transparent cathode of the top-
emitting PLED to filter out the wavelength of the excitation
light around the emission peak of the sensing hydrogel film.
Filter 2 is placed in front of the Si PD to remove the light
other than the sensing hydrogel film. The sensing film spe-
cific to NO developed in our group [11] is utilized as the
sensing unit. The PL of the NO sensing hydrogel film
changes after adsorbing NO, and such change in PL can be
monitored by Si PD. Light signal is therefore transformed
into electric signal for recording. Real-time and indicator-
free detection of NO is demonstrated. All components ex-
cept the NO sensing film can be sealed inside a water-proof
container with electrical feedthroughs for driving PLED and
monitoring photocurrent outputs from Si PD. The photocur-
rent response with response time within 5 min is demon-
strated. In practice, after each usage, the sensing hydrogel
film is the only component that needs to be replaced.

2. Experimental

Top-emitting PLED is fabricated on cleaned glass sub-
strate. Schematic device structure and the image of the
top-emitting PLED under forward bias are shown in
Fig. 1(b) and (c), respectively. Aluminium (Al)/molybde-
num oxide (MoO3)/poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) is used as an opaque
anode. A striped-type shadow mask is used for preparing
Al (100 nm) and MoO3 (3 nm). PEDOT:PSS (CLEVIOSTM P
VP AI 4083) of 40 nm is then spin coated and annealed at
200 �C for 15 min. On top of the PEDOT:PSS surface, the
PLED structure is cross-linkable TFB (20 nm)/Green B
(65 nm)/Ca (10 nm)/Ag (15 nm)/PbPc (200 nm). The hole
transport layer of cross-linkable poly[(9,9-dioctylfluore-
nyl-2,7-diyl)-co-(4,40-(N-(p-butylphenyl))diphenylamine)]
(CTFB) (in toluene) is formed by spin coating and then
baked at 180 �C for 60 min. The emitting layer is also
formed by spin coating polyfluorene derivative LUMATION
Green B (GB) by Dow Chemical (in toluene) and then bak-
ing at 130 �C for 30 min. The transparent cathode Ca/Ag
and lead phthalocyanine (PbPc) are deposited with
striped-type shadow mask. Each active area is about
1 mm � 10 mm, and the width of gap between each active
area is 1 mm. During the real-time detection, the lumines-
cence of the top-emitting PLED is kept at 1600 cd/m2.
Fig. 1(d) shows 250 nm poly(3-hexylthiophene) (P3HT) Fil-
ter 2 prepared by drop casting P3HT dichlorobenzene solu-
tion on glass substrate. The sensing hydrogel film is a blend
of host polymer poly(2-hydroxyethyl methacrylate) (pHE-
MA) and fluorescent probe 11,16-bisphenyl-6,6,21,21-
tetramethyl-m-benzi-6,21-porphodimetheno-chloro-Zinc(II)
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(BPDM–H–ZnCl). The image of the sensing hydrogel film
and molecular structures of pHEMA and BPDM–H–ZnCl
are shown in Fig. 1(e). BPDM–H–ZnCl (2 mg) is first dis-
solved in a mixture (10 ml) of 2-hydroxyethyl methacry-
late (HEMA), ethylene glycol dimethacrylate (EGDMA),
and azobisisobutyronitrile (AIBN), and then the blending
solution is poured into a Teflon cell and annealed at 80 �C
for 10 min to form a film of 180 micrometer. HEMA is used
as a hydrophilic monomer, EGDMA is used as a hydropho-
bic cross-linker, and AIBN (1%) is used as thermal initiator.
HEMA is blended with EGDMA in the weight ratio 12:1.
BPDM–H–ZnCl is synthesized from m-benziporphodimeth-
ene based molecule.[12] The real-time detection of NO is
carried out with a polydimethylsiloxane (PDMS) microflu-
idic system.[13] The dimension of the channel is
30 � 15 � 1 mm (length �width � height). The PDMS
with a sheet of sensing hydrogel film in the channel is
sealed with a glass slide. Fluid inlet and outlet are located
at two ends of the channel. NO bubbled water is prepared
by bubbling 1000 ppm NO (in N2 carrier gas) into DI water
for 1 h. The electroluminescence (EL) spectra and current–
luminance–voltage (I–L–V) characteristics of top-emitting
PLED are measured by a Photo Research PR650 spectropho-
tometer integrated with Keithley 2400 multi-meter.
Absorption spectra are recorded by Hewlett–Packard
845X UV–visible system. Emission spectrum of sensing
hydrogel film is monitored by high resolution fiber optic
spectrometer (EPP2000, StellarNet). Si PD (S2387, Ham-
amatsu Photonics), sensitive from visible light to infrared
light, is biased at �10 V by Keithley 2400 multi-meter to
monitor the photocurrent. In some experiment, 405 nm la-
ser diode (Power Technology) is used to excite sensing
hydrogel film.

3. Results and discussion

The selectivity of BPDM–H–ZnC1 is demonstrated in
Fig. 2(a) and (b). Various gases are bubbled into
2 � 10�6 M BPDM–H–ZnC1 acetonitrile solution for
2 min. No dramatic difference in PL spectrum can be ob-
served after bubbling oxygen (O2), carbon dioxide (CO2),
and carbon monoxide (CO). A decrease in PL is observed
only after bubbling NO. BPDM–H–ZnC1 is specific to NO
and it does not react with O2 and CO2 in the atmosphere
and another important signalling molecule CO. In addition,
since nitrate ðNO�3 Þ and nitrite ðNO�2 Þ are end products of
NO metabolism, nitrate donor (PPN(NO2)) (PPN: bis(tri-
phenylphosphine)iminium) and nitrite donor (PPN(NO3))
are added into BPDM–H–ZnCl solution to test the influence
of nitrate and nitrite on the PL intensity. Hydrogen perox-
ide (H2O2), another free radical in human body, is also
tested. S-nitroso-N-acetylpenicillamine (SNAP) is used as
NO donor. The molecule structures of SNAP, PPN(NO2)
and PPN(NO3) are shown in Fig. 2(c). Concentrations of do-
nors are all 10�3 M. Except the SNAP, no one can induce
continuing decrease in PL as shown in Fig. 2(b). This dem-
onstrates the BPDM–H–ZnCl is highly selective which
makes it a reliable reagent for future applications in bio-
logical systems.

As shown in Fig. 3(a), NO sensing characteristics of the
hydrogel film are first demonstrated by using a microflu-
idic system and 405 nm laser as excitation source. The
sensing hydrogel film is initially settled in deionized (DI)
water in the microfluidic channel with stable PL at
675 nm. The PL spectrum of the sensing hydrogel film is
similar to the one of BPDM–H–ZnC1 solution which means
BPDM–H–ZnCl probe functions well even after being
trapped in pHEMA. Dramatic decrease in PL of the sensing
hydrogel film can be observed when the NO bubbled water
is injected into the microfluidic channel at 16th and
51st minute. The changing in PL stops after refilling the
channel with DI water at 36th and 66th minutes. These
characteristics show that the sensing hydrogel film is
suitable for real-time and indicator-free detection.

To separate excitation light and the emission light, the
first step is to filter the EL of the top-emitting PLED to form
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an excitation light without the wavelength overlaps the
emission of the sensing hydrogel film. Organic material
PbPc is therefore deposited on top-emitting PLED as Filter
1 since it absorbs light above 600 nm with an absorption
peak at 730 nm as shown in Fig. 3(b). Besides, PbPc is al-
most transparent for the light between 500 and 570 nm,
and the emission of top-emitting PLED with PbPc on trans-
parent cathode in that range can pass PbPc for excitation
without large light intensity attenuation. Fig. 4(a) shows
the EL spectra of top-emitting PLED with or without cover-
ing PbPc. The EL spectrum of the top-emitting PLED with-
out PbPc ranges from 500 to 700 nm. Deposition of
200 nm PbPc on top-emitting PLED narrows its spectrum
range and almost no emission around 675 nm can be ob-
served. This ensures the 675 nm light that Si PD received
comes mostly from the BPDM–H–ZnC1 fluorescent NO
probe in the sensing hydrogel film. The luminescence and
current efficiency of the top-emitting PLED with or without
PbPc are shown in Fig. 4(b). Although both luminescence
and current efficiency are decreased for the top-emitting
PLED with PbPc filter because part of the emission is ab-
sorbed, stable current efficiency with maximum of 5.8 cd/
A at 7 V can still be obtained. The luminescence at 7 V is
1600 cd/m2 which is enough for this integrated semicon-
ductor device.

The second step to separate excitation light and the
emission light is to remove the rest of excitation light. As
shown in Fig. 5(a), the spectrum shows two apparent peaks
at 535 nm and 680 nm as P3HT Filter 2 is absent. Since
each material used in top-emitting PLED does not have
apparent absorption above 500 nm, the PL of the sensing
film as well as the reflected excitation light can pass
though the gaps between active areas of top-emitting PLED
and received by Si PD without large light intensity attenu-
ation. Except the PL of the sensing hydrogel film, the re-
flected excitation light can also be detected. In the
presence of P3HT Filter 2 which absorbs most of the visible
light below 650 nm, the reflected excitation light can be re-
moved. However, the absorption of P3HT filter above
650 nm is not zero, and hence the emission from sensing
hydrogel film also decreased a little but still detectable.
The P3HT filter used in this work is deposited on a glass
substrate and placed in front of Si PD to demonstrate its
function. In practice, the P3HT filter can be deposited on
Si PD or on the bottom of the PLED glass substrate for space
saving.

After the separation of the excitation light and emission
of the sensing hydrogel film is achieved, the change in pho-
tocurrent outputs from Si PD may represent mostly the
change in PL of the sensing hydrogel film. Fig. 5(b) shows
the real-time and indicator-free detection of NO by an inte-
grated semiconductor device consisting of a sensing hydro-
gel film, a top-emitting PLED with PbPc filter, and a Si PD
covered with P3HT filter. The photocurrent curve is
smoothed by taking the average of 40 data points around
each point as shown in Fig. 5(c). The photocurrent output
from Si PD remains at almost the same value until the
NO bubbled water is injected into the microfluidic channel.
The photocurrent ceases to descend as DI water is refilled
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into the microfluidic channel. The decrease in photocur-
rent corresponds to the decrease in PL intensity of the
sensing hydrogel film as shown in Fig. 3(a). This is the first
time that aqueous NO can be detected by an integrated so-
lid-state optoelectronic sensor in a real-time and indicator-
free manner. The NO concentration is estimated to be in
the order of 10�3 M since it has been reported that NO sol-
ubility in oxygen-free water is 1.9 mM at 25 �C [7]. It has
been demonstrated in our previous work that a higher
NO concentration leads to a larger PL variation in the same
time interval [11]. The slopes of the photocurrent obtained
from the photocurrent vs. time plot are different for vari-
ous NO concentrations. The slope of the photocurrent is
therefore used to indicate the NO concentration, and the
response time is the time needed for the slope of the pho-
tocurrent changes to another value and the photocurrent
exceeds the noise level. Although immediate slope change
is observed within few seconds after injecting NO bubbled
water as shown in Fig. 4(c), the response time is still esti-
mated to be 5 min which is determined by the time needed
for the PD to output an photocurrent lower than the noise
level. The response time can be improved by increasing the
signal-to-noise ratio and enhancing the fluorescence of the
NO probe. Increasing the surface area of the sensing film
may also help. The realization of this integrated optoelec-
tronic sensor makes the real-time and indicator-free detec-
tion of NO possible for the first time. Such a small-sized
sensor is suitable for long-term and portable detection of
NO, and it is a help to understand the relation between
NO and physiological changes.

4. Conclusion

In conclusion, real-time and indicator-free detection of
nitric oxide is achieved by an integrated semiconductor
optoelectronic device consisting of a sensing film, an exci-
tation source, and a photodetector. The influence of the
excitation light on the output current of the photodetector
is diminished by utilizing two organic filters. One filter is
deposited above a top-emitting PLED to produce an excita-
tion light without overlapping the emission maximum of
the sensing hydrogel film. The other filter is placed in front
of photodetector to prevent the excitation light get into the
photodetector. The photocurrent changes as NO enters the
environment and the response time is 5 min. Such inte-
grated solid-state device is compact, small-size, and porta-
ble which can be used in fundamental research and clinical
diagnosis.
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