
Biosensors and Bioelectronics 191 (2021) 113442

Available online 16 June 2021
0956-5663/© 2021 Elsevier B.V. All rights reserved.

A cellular nitric oxide sensor based on porous hollow fiber with 
flow-through configuration 

Min Jiang a, Chengcheng Wang a, Xinran Zhang a, Chengsong Cai a, Zhen Ma a,d, 
Jianxiang Chen a,b, Tian Xie a,b,**, Xiaojun Huang c, Dajing Chen a,b,* 

a College of Pharmacy, Hangzhou Normal University, China 
b Key Laboratory of Elemene Class Anti-Cancer Medicines, Hangzhou Normal University, China 
c MOE Key Laboratory of Macromolecular Synthesis and Functionalization, Department of Polymer Science and Engineering, Zhejiang University, China 
d VivaChek Biotech (Hangzhou) Co., Ltd, China   

A R T I C L E  I N F O   

Keywords: 
Porous hollow fiber 
Flow through 
Tumor 
Nitric oxide 

A B S T R A C T   

Nitric oxide plays important transmission and regulation roles in the human body, but its in-vitro concentration is 
extremely low with a short half-life. In this work, we developed a three-dimensional ‘flow-through’ configuration 
based on polysulfone hollow fiber (PHF) for efficient detection of cell released NO. The PHF served as the 
substrate for cell culture as well as the base layer of the working electrode. The carbon nanotubes-gold nano-
particles (CNT-AuNPs) composites uniformly wrapped around the PHF as the sensing layer. The CNT provided a 
large specific surface area, which allowed uniform distribution and high loading of AuNPs, thus enhancing the 
electrocatalytic activity synergistically. Compared with the conventional flow-by configuration, such configu-
ration resulted in a higher surface area per unit volume and enhanced NO molecule capture efficiency. The CNT- 
AuNPs PHF sensor showed a low detection limit (91 nM), high stability, selectivity, and biocompatibility. We 
utilized it for real-time in-situ detection of NO released by human lung cancer cell H1299 under drug stimulation. 
Furthermore, owing to the unique PHF structure, we performed long-term monitoring of NO release under the 
treatment of Lipopolysaccharide, Nitroglycerin and Aminoguanidine, which helps to understand the kinetic 
process of cellular drug response.   

1. Introduction 

Nitric oxide (NO), as a vital biological messenger molecule, plays a 
significant role in various physiological and pathological processes 
(Alzawahra et al., 2008; Ignarro et al., 1987; Pekarova et al., 2009). A 
high expression of nitric oxide synthase (NOS) has been found in various 
cancers, including cervical cancer, breast cancer and central nervous 
system cancer (Reveneau et al., 1999; Rosbe et al., 1995; Taysi et al., 
2003). Many studies have shown that NO plays a significant role in 
cancer occurrence, development, and apoptosis. Depending on various 
intracellular and microenvironmental concentrations, NO can promote 
or inhibit the growth of cancer, thus NO regulation can be applied in 
tumor immunotherapy and chemical dynamic therapy (Fukumura et al., 
2006; Korde Choudhari et al., 2013; Lala and Chakraborty, 2001). 
Therefore, accurate monitoring of NO in cancer cells and their micro-
environment will help better understand its role in cancer development. 

In normal physiological processes, the nanomolar level of NO acts as 
a messenger to maintain physiological functions while a micromolar 
level of NO is generated during immune or inflammatory responses in 
pathological conditions (Smith et al., 2012). At present, researchers 
have developed a variety of methods for measuring NO in biological 
systems, including chemiluminescence (Govindhan et al., 2016), spec-
trophotometry (Rivera_Gil et al., 2013), fluorescent probe (Yu et al., 
2013) and electron spin resonance spectroscopy (Kozlov et al., 1995). 
These methods mainly measure the reaction products of NO indirectly, 
moreover they cannot continuously monitor the concentration change of 
NO (Bedioui and Villeneuve, 2003). Due to its fast responsiveness based 
on redox reaction on electrode, the electrochemistry method is more 
suitable for real-time monitoring of NO released from living cells (Pri-
vett et al., 2010). NO can be oxidized on the electrode surface, and the 
electron transfer during electrochemical tests can reflect the analyte 
concentration (Brown and Schoenfisch, 2019; Privett et al., 2010). 
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Nanomaterial modifications including noble metal, transition metal or 
semiconductive material have been applied as electrocatalysts on planar 
electrode to enhance the charge transfer (Hu et al., 2015; Xu et al., 2018; 
Zan et al., 2013). However, in these studies, most of the electrochemical 
sensors are in ‘flow-by’ configuration, in which the electrode surface 
contacts with NO mainly by random molecular motion and concentra-
tion diffusion (Kim et al., 2019). In the flow-by process, due to the short 
half-life and spontaneous decomposition, only some of NO molecules 
within a close diffusion distance can react on the electrode. Therefore, 
modification of the electrode alone cannot fundamentally improve the 
sensing performance. It is necessary to further optimize the spatial 
configuration between the electrode and cells. 

In this work, instead of using nanomaterials to modify the planar 
electrode, we developed a three-dimensional electrode with ‘flow- 
through’ configuration to capture the NO efficiently. We integrated cell 
culture with electrochemical sensing based on a polysulfone hollow 
fiber (PHF) structure. According to the previous studies of our group, the 
PHF structure showed potential applications in implantable sensing and 
drug screening (Huang et al., 2020; Ma et al., 2020b). As shown in Fig. 1, 
tumor cells were cultured in the hollow fiber lumen, and the released NO 
molecule will flow through the porous membrane, reaching the elec-
trode wrapping on the outer surface of the fiber. To fabricate a func-
tionally specific NO electrochemical sensor with high sensitivity and 
stability, we deposited the carbon nanotubes-gold nanoparticles 
(CNT-AuNPs) composites outside the PHF. The electron generated dur-
ing the electrocatalytic oxidation of NO on AuNPs can be accurately 
transferred to the electrochemical workstation through CNT meshes. 
The flow-through configuration resulted in a higher surface area per unit 
volume and higher molecule capture efficiency than the conventional 
‘flow-by’ configuration. Short-term and long-term electrochemical 
studies proved that such sensing configuration could be applied in 
precise monitoring of the NO releasing process, leading to a better un-
derstanding of pathological events associated with the increase or in-
hibition of NO. 

2. Experimental section 

2.1. Reagents and instruments 

Please refer to the supporting information for detailed information 

on reagents and instruments. Phosphate buffered saline (PBS) was used 
as the electrolyte solution for all electrochemical experiments. All so-
lutions were prepared with Milli-Q purified water. 

2.2. Preparation of polysulfone hollow fiber 

The Polysulfone hollow fiber (PHF) was used as the sensor substrate 
in this paper. PHF was prepared by a non-solvent induced phase sepa-
ration method according to our group’s previous work (Zhu et al., 2016). 
Detailed fabrication procedure was introduced in supporting 
information. 

2.3. Preparation of nitric oxide calibration solution 

To calibrate the sensor’s output signal, NO saturated solution was 
prepared according to reported literatures (Du et al., 2008). Firstly, the 
whole device was degassed with nitrogen for 30 min to remove O2. 
Subsequently, NO gas was generated by adding 3 mL of 4 M H2SO4 
slowly into the reaction flask containing 15 mL of 2 M NaNO2 at the rate 
of 0.5 mL/min. The generated gas sequentially passed through 20 mL of 
2 M NaOH and deionized water to remove other nitrogen oxides. Finally, 
generated NO gas was bubbled in 10 mL PBS (purged with argon to 
remove dissolved oxygen before NO bubbling) for 50 min to obtain the 
saturated NO solution (20 ◦C, 1.8 mM). It was worth noting that NO is 
immediately dangerous to life and health at the levels of 100 ppm, the 
preparation must be carried out in a fume hood and the exhaust gas 
should be treated with 0.01 M acid KMnO4 solution. 

2.4. Fabrication of CNT-AuNPs PHF electrode 

Gold nanoparticles (AuNPs) were synthesized by the chemical 
reduction method. Under vigorous stirring, 5 mL sodium citrate solution 
(155 mM) was added into 200 mL HAuCl4 boiling solution (1 mM). Upon 
the addition, the color of the solution changed from light yellow to wine 
red. After 10 min of continuous heating, the solution was cooled down at 
room temperature and mixed with CNT (10 μm length, 50 nm diameter) 
water suspension. One end of the PHF was sealed and immersed into the 
CNT (0.1 wt%) and AuNPs suspension (0.98 mM), the other end was 
connected to a syringe pump to draw up the suspension. CNT and AuNPs 
were trapped on PHF outer surface, forming a conductive mesh layer. 

Fig. 1. The synthesis procedure of the CNT-AuNPs PHF and the mechanism of sensing.  
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The thickness of CNT-AuNPs layer can be controlled by the volume of 
suspension filtered through PHF. The step-by-step fabrication procedure 
was illustrated in Fig. 1. 

2.5. Cell culture and staining 

Before electrochemical tests, H1299 cells (human lung cancer cell 
line) were cultured with RPMI 1640 medium containing 10% FBS in a 
37 ◦C incubator with 5% CO2 atmosphere. In the cell proliferation 
experiment, H1299 cells were injected into PHF lumen with a syringe 
and cultured in RPMI 1640 medium. Before fluorescent staining, the 
cells were fixed with 4% polyoxymethylene and incubated for 15 min. 
The cells were then stained with 2 μg/mL 4,6-diamidino-2-phenylindole 
(DAPI) and incubated in the incubator for another 15 min. Finally, the 
PHF with cells was cut open and observed under a confocal microscope. 

2.6. Electrochemical test 

The electrochemical amperometric (I-t) test was used to monitor the 
cellular NO releasing process under the drug stimulation. In brief, 50 μL 
H1299 cells suspension (cell density: 1.1 × 107 mL− 1) were injected into 
the lumen of CNT-AuNPs PHF. The amperometric test was performed 
using the cell-loaded CNT-AuNPs PHF as the working electrode at 0.8 V 
(vs. Ag/AgCl) in PBS solution. Ag/AgCl and platinum wire were used as 
the reference electrode and counter electrode. Acetylcholine (Ach) was 
used as a model drug to activate NOS to stimulate the secretion of NO in 
cells (Cohen Richard and Vanhoutte Paul, 1995). 100 μL of 0.2 M Ach 
was injected into the 10 mL cells culture medium (Ach final concen-
tration: 2 mM), which can promote cellular generation of NO. The 
released NO permeated through the porous wall of PHF to be oxidized on 
CNT-AuNPs layer, the electrochemical current could be used to estimate 
the amount of NO released from cells. A similar setup was used in the 
long-term test, and Ach was replaced by Lipopolysaccharide (LPS), 
Nitroglycerin (GTN) and Aminoguanidine (AG). In the control group, 
the same amount of H1299 cells were suspended in the electrolyte rather 
than in the lumen of PHF. 

3. Results and discussions 

3.1. Concept and design 

Under normal physiological conditions, the concentration of NO 
produced by the cells is at nanomoles level (Smith et al., 2012). Moni-
toring cell released NO upon drug stimulation is more straightforward 
than conventional drug screening measurements. At present, most 
electrochemical sensors are designed in flow-by configuration (Fig. 1). 
NO molecules are released from the suspended cells, diffused into the 
culture medium and contact with electrode surface by random motion. 
Due to the short half-life of NO, the diffusion distances are expected to 
be within 700 μm range, which significantly reduced the detection ac-
curacy and sensitivity (Villanueva and Giulivi, 2010). Therefore, 
enhancing the sensitivity of NO sensing and realizing long-term moni-
toring require not only the modification on electrode surface, but also 
the optimization of the spatial location of cells and electrode. In this 
study, a flow-through sensing structure based on polysulfone hollow 
fiber was induced for cellular NO detection (Fig. 1). Polysulfone hollow 
fiber is commonly used as a filtration and separation membrane. In 
recent years, it has been utilized in biosensing applications due to its 
excellent biocompatibility and unique porous structure (Ma et al., 
2020a). In flow-through configuration, NO released from the cells 
cultured in the lumen, which flows through the CNT-AuNPs electrode 
wrapped on the outer surface of PHF, thereby realizing real-time elec-
trochemical monitoring. The distance of NO to the electrode surface was 
greatly shortened compared with the flow-by configuration, thus 
effectively increased the NO capture efficiency. 

3.2. Characterization of morphology and structure 

In this study, the PHF served as the substrate for cell culture as well 
as the base layer of the working electrode. The CNT-AuNPs composites 
were uniformly mixed and wrapped outside the PHF as the sensing layer. 
The structure and morphology of the CNT-AuNPs PHF electrode were 
characterized by SEM and EDX. From the images of the inner and outer 
surfaces of the PHF in Fig. 2A and B, it can be found that the pore size of 
PHF decreased gradually from the inner surface (>1 μm) to the outer 
surface (<100 nm). The cross-section SEM of PHF showed that its outer 
diameter and lumen diameter are 550 μm and 400 μm, respectively 
(Fig. 2C & Figure S1). The inner surface was used for cell adhesion and 
culture, while the outer surface with a smaller pore diameter could 
effectively immobilize the CNT-AuNPs composites. In addition, the 
porous structure of PHF membrane ensures the exchange of fluids 
through interconnected pores. As shown in Fig. 2D, entangled CNT were 
trapped firmly on the outer surface of the PHF forming a three- 
dimensional conductive structure. Unlike other bulky conductive ma-
terials, the interconnected porous structure of CNT was more suitable for 
fluid exchanging. In Figure S2, flux test was carried out to verify the PHF 
permeability and fluid exchanging capability. The average flux of orig-
inal PHF was 3116 L/(m2⋅h) under 0.1 MPa. After the CNT mesh layer 
filtered on the outer surface, the water flux decreased to 2974 L/(m2⋅h). 
The overall flux decreased by less than 5%, which indicated flux per-
formance of PHF could be maintained. 

The catalytic properties of gold particles are closely related to the 
particle size. As shown in Fig. 3, AuNPs prepared by the chemical 
reduction method have a 20–30 nm diameter and can be uniformly 
dispersed in CNT suspension. In Fig. 3C, AuNPs were decorated on the 
CNT meshes, which demonstrated that such one-step modification can 
preserve the dispersion of nanoparticles. EDX analysis further confirmed 
the existence and uniform distribution of AuNPs (Fig. 3D–F), the Au 
element weight ratio was estimated around 50% (Figure S3). 

3.3. Electrochemical performance 

CNT has an efficient electron transfer network and high specific 
surface areas, as well as a loosen conductive mesh for liquid exchange, 
which is a primary requirement in the flow-through sensing structure. 
Gold nanoparticles with a diameter under 50 nm were reported to have 
higher catalytic performance in NO oxidation (Suchomel et al., 2018). 
We synthesized AuNPs with particle sizes between 20 and 30 nm by 
chemical reduction method and loaded them uniformly onto the CNT 
meshes. Therefore, the combination of CNT meshes and AuNPs syner-
gistically enhanced the sensitivity of NO electrochemical measurements 
while ensuring the liquid exchange in hollow fiber structure. In NO 
oxidation catalyzed by AuNPs, NO loses an electron to form NO+, and 
then reacts with OH- to form HNO2, which is rapidly decomposed into 
NO2- (McNeil and Manning, 2002; Tarpey and Fridovich, 2001). 

Figure S4 presented the CV curve of the CNT-AuNPs PHF scanned 
from 0.1 V to 1.1 V in different concentrations of NO. The current be-
tween the potential range of 0.7 V to 1.1 V increased with the NO 
concentration and the peak voltage gradually moved to the right, sug-
gesting a typical electrocatalytic oxidization process. The amperometric 
responses (I-t) of CNT-AuNPs PHF electrode to successive increasing NO 
concentration were shown in Fig. 4A and B. The CNT-AuNPs PHF had a 
high linear relationship (R2 = 0.9957, Intercept = 19.0266, Slope =
0.2486) between the concentration range from 10 nM to 1000 nM. 
Considering the Y-intercept and signal-to-noise ratio of 3, the limit of 
detection (LOD) of the CNT-AuNPs PHF sensor can reach 91 nM. In 
terms of response time, the current response reached 95% of the 
maximum value within 25 s upon the addition of NO. Both LOD and 
response time suggested a highly sensitive performance of the as- 
prepared electrode, which was essential for the real-time monitoring 
of cell released NO. To further study the catalytic efficiency of AuNPs, 
we prepared CNT PHF electrode and CNT-AuNPs PHF electrode for the 
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comparison of electrochemical performance. As shown in Fig. S5, the 
NO detection sensitivity of the electrode modified with AuNPs reached 
240 nA/μM, which is more than twice the sensitivity of the CNT PHF 
electrode without AuNPs. 

Various active small molecules exist in the biological environment. 
The selectivity of electrochemical sensors is one of the critical properties 
for accurate and quantitative measurements. We verified the selectivity 
of CNT-AuNPs PHF by comparing current responses to the addition of 
100 nM NO and other interferences, including sodium nitrite (NaNO2), 
sodium nitrate (NaNO3), glucose (Glu), uric acid (UA), dopamine (DA), 
glutathione (GSH), acetaminophen (AP), ascorbic acid (AA) adenine, 
guanine and hydrogen peroxide (H2O2). Fig. 4C and Fig. S7 showed that 
the current responses produced by interfering substances were lower 
than 15% of the current response to NO, indicating the high selectivity 
and specificity of CNT-AuNPs PHF. 

The stability and reproducibility of the CNT-AuNPs PHF were also 

essential considerations for cell secretion detection. Six groups of sen-
sors were stored in the culture medium for 20 days, and a stability test 
was performed every two days. The stability of these sensors was eval-
uated by comparing the current response of these sensors to the addition 
of 50 nM NO (Fig. 4D). Through 9 days of testing, the current response to 
50 nM NO was maintained above 98% of the initial value. After 20 days 
of storage, the current response to 50 nM NO dropped to 80% of the 
initial value, possibly due to the electrode material falling off during the 
long-term dipping in solution. The above results proved that the CNT- 
AuNPs PHF had sufficient stability for continuous monitoring of cell 
culture for two to three days. 

3.4. The cell proliferation in PHF 

The three-dimensional porous structure of the PHF provided a stable 
platform for cell adhesion and growth. In order to verify the 

Fig. 2. SEM images. (A) The inner surface of the PHF. (B) The outer surfaces of the PHF. (C) The cross-section of the CNT-AuNPs PHF. (D) The magnified cross- 
section of the CNT-AuNPs PHF. 

Fig. 3. (A) SEM image of reduced AuNPs. (B) SEM image of CNT layer. (C) SEM image of CNT-AuNPs composites. (D–F) EDX mapping of Au, C and C–Au merge.  
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Fig. 4. (A) Amperometric response of CNT-AuNPs PHF (Voltage at 0.8 V vs. Ag/AgCl electrode) to successive addition of NO to various concentrations. (B) Linear 
calibration plot of the response current vs. the NO concentration. (C) Selectivity study of CNT-AuNPs PHF. (D) Stability study of CNT-AuNPs PHF (n = 6). 

Fig. 5. The biocompatibility studies of PHF. (A) The SEM image. (B) The 2D rendered fluorescence image. (C) The 3D rendered fluorescence image. (D) Alamar Blue 
experiment, detection wavelength = 570 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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biocompatibility and cell activity, it is necessary to prove that the cells 
can proliferate in the lumen. Because of the light scattering by porous 
structure, the lumen of PHF cannot be directly observed with an optical 
microscope. The PHF was cut open alone length direction to expose the 
morphology of H1299 cells cultured in the lumen. The SEM image in 
Fig. 5A showed the morphology of H1299 cultured in the PHF for two 
days. It could be clearly observed that cells attached to the PHF inner 
surface tightly and retained typical adhesion morphology. After cell 
staining with DAPI, the fluorescence images were taken by a confocal 
microscope. The two-dimensional picture in Fig. 5B showed that the 
cells are evenly distributed in the PHF after a four-day long culture. 
Fig. 5C used a 3D rendering method to show the spatial position of 
stained cells. Fluorescent bright spots were found on the curved inner 
surface, indicating that the cells have adhered to the PHF wall. Cell 
growth in the PHF lumen can maintain a stable spatial relationship with 
the electrode over a long period of time, avoiding interference of cell 
suspension sedimentation in the conventional test setup. Moreover, the 
PHF porous membrane separated the cell culture area from the sensing 
layer, which was beneficial for reducing the influence of the electric 
field on the cells. 

To further verify the biocompatibility of PHF, we used Alamar Blue 
to measure cells proliferation in the lumen quantitatively. Alamar Blue 
contains an oxidation-reduction indicator that undergoes a colorimetric 
change in response to cellular metabolic reduction. The ratio of NADPH/ 
NADP+, FADH/FAD+, FMNH/FMN+ and NADH/NAD+ increased as 
cells proliferated, making the cells culture medium a reducing envi-
ronment. The reduced form of Alamar Blue is pink and highly fluores-
cent, and the fluorescence intensity is proportional to the number of 
living cells respiring (O’brien et al., 2000). The cells and Alamar Blue 
were co-cultured for 60 h, and the cell medium was sampled for UV–vis 
during the cell proliferation. The color of the culture medium changed 
from purple-blue to pink, while the absorbance at 570 nm also increased 
with culture time, indicating that cells can proliferate in the PHF lumen 
(Fig. 5D). 

3.5. Real-time in-situ detection of NO released by tumor cells 

After verifying the electrochemical performance and the biocom-
patibility of PHF, we utilized it for real-time monitoring of cell response 
to drugs. In the flow-through configuration, H1299 cells were cultured 
in the lumen of CNT-AuNPs PHF with a cell number of 5.5 × 105. In this 
experiment, Acetylcholine chloride (Ach) was used as a model drug to 
stimulate H1299 cells. Ach can induce the Ca2+ influx by activating Ca2+

calmodulin-dependent signal transduction pathway, thus activating 
NOS and stimulating the secretion of NO from living cells. After adding 
2 mM Ach into the culture medium, released NO diffused through the 
porous structure of PHF to the electrode surface and occurred the redox 
reaction. As a control, we used the same number of cells outside the PHF 
to form a suspension, then added the same concentration of Ach for 
stimulation. In this flow-by test setup, cell released NO diffused into the 
culture medium outside of PHF and gradually spread to the surface of 

the PHF electrode. We also set up a blank control group, using 2 mM Ach 
added in the culture medium without cells to verify the electrode 
response to the drug alone. As shown in Fig. 6A, the current response of 
the flow-through group after drug stimulation reached 69 nA, while the 
conventional flow-by group’s current only increased about 7 nA. The 
current response of the flow-through group was approximately ten times 
higher than the flow-by configuration, indicating that under the same 
number of cells, the PHF sensor can concentrate the cell released NO, 
which is beneficial for precise monitoring. In the flow-by test setup, cell 
released NO in this control group was oxidized rapidly during the 
transport processes to the electrode surface, thus could not be captured 
by the electrode efficiently. 

3.6. Long-term monitoring of NO release 

Owing to the unique hollow fiber structure of PHF, the relative 
spatial position of cells and electrode can be maintained throughout the 
test. We performed long-term monitoring of NO releasing to study the 
kinetic process of cellular drug response. Three different drugs including 
LPS, AG and GTN were applied to promote or inhibit NO releasing from 
cells. As shown in Fig. 7A, the expression of inducible nitric oxide syn-
thase (iNOS) in tumor cells can be up-regulated under the presence of 
LPS, leading to the production of large amounts of NO (Pekarova et al., 
2009). We treated the tumor cells with different concentrations of LPS 
(0, 0.25, 0.5, 0.75 ng/mL). After 4 h (0.75 ng/mL), 6 h (0.5 ng/mL) and 
8 h (0.25 ng/mL), NO began to be released by cells. As shown in Fig. 7C, 
the current response of CNT-AuNPs PHF sensor increased correspond-
ingly. The NO releasing reached its maximum concentration within a 
few hours and then maintained a stable concentration. The increase in 
NO releasing induced by LPS was a drug concentration-dependent pro-
cess. The higher concentration of LPS led to more NO production with a 
shorter cellular response time. 

As an exogenous NO donor, GTN can be transformed by cells from 
the precursor state to the active state of NO through series of biotrans-
formation processes (Bennett et al., 1994). In Fig. 7D, After injected 1 
μM GTN into the culture medium, the CNT-AuNPs PHF electrode 
detected the cellular NO release as the corresponding current increase 
from 375 nA to 760 nA. As a selective inhibitor of iNOS (Nilsson, 1999), 
AG was used to reduce the cellular release of NO. When injected 0.01 
mM AG after 10 h, the current signal of CNT-AuNPs PHF electrode 
gradually decreased to 75% of AG-untreated group in a period of 20 h. 
The cultured medium was discretely sampled by NO assay kit to cali-
brate the concentration, as shown in Figure S6, the trend of sensing 
current is consistent with the change of the sampled concentration. As a 
control group, no increase of NO was detected in cells without GTN 
treatment. The above results proved the possibility of using the 
CNT-AuNPs PHF electrode to continuously monitor the active molecules 
NO released by tumor cells in real-time, providing more analytical data 
for screening NO agonist and inhibitor for cancer cells. 

Fig. 6. (A) Amperometric responses to NO produced by cells in different groups. Part (B) was profile corresponding to part (A), unpaired t-test, p < 0.0001.  
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4. Conclusion 

In conclusion, we developed a hollow fiber structure integrated cell 
culture with electrochemical NO sensing. Our study revealed that PHF is 
a biocompatible material that can be used for cell growth in its lumen. 
The sensor showed facile fabrication and greatly improved sensitivity 
due to its three-dimensional flow-through configuration. Such flow- 
through configuration resulted in a higher surface area per unit vol-
ume and higher molecule capture efficiency than the conventional flow- 
by configuration. Under the same test conditions, the detected current 
signal of flow-through configuration is nearly ten times higher than that 
of flow-by configuration. Moreover, such an in-situ monitoring strategy 
allows long-term and real-time detecting of cell released NO under drug 
stimulation over 30 h. Our work enhanced the sensitivity and stability of 
NO sensor from the perspective of structural design and provided a 
robust tool in identifying cellular information. 
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