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A B S T R A C T   

Online, on-chip measurement of nitric oxide (NO) in organ-on-chip devices is desired to study endothelial (dys) 
function under dynamic conditions. In this work, ruthenium oxide (RuOx) is explored as an amperometric NO 
sensor and its suitability for organ-on-chip applications. For testing purposes, diethylamine NONOate was used as 
chemical NO donor. The NONOate’s NO generation and electrochemical oxidation of generated NO were 
confirmed by real-time electrochemical/mass-spectrometry. Using RuOx nanorods electrodes, we show that NO 
oxidation occurred at a lower onset potential (+675 mV vs. Ag/AgCl) than on bare Pt electrode (+800 mV vs. 
Ag/AgCl). Due to NO adsorption on the RuOx surface, NO oxidation also delivered a higher current density (33.5 
nA.μM− 1. cm-2) compared to bare Pt (19.6 nA.μM− 1. cm-2), making RuOx nanorods a favourable electrode for NO 
sensing applications. The RuOx electrode’s suitability for organ-on-chip applications was successfully tested by 
using the electrode to detect a few micromolar concentration of NO generated by endothelial cell culture. 
Overall, the RuOx nanorods proved to be suitable for organ-on-chip studies due to their high sensitivity and 
selectivity. Our chip-integrated electrode allows for online NO monitoring in biologically relevant in vitro 
experiments.   

1. Introduction 

Organs-on-chips are new promising in vitro models of human tissue. 
The term was coined in 2010 [1], with the development of a microfluidic 
device able to reproduce organ-level physiology of human lungs. In this 
model, living human lung cells were cultured in microchannels, where 
mechanical forces were applied to mimic the in vivo microenvironment 
of the living organ. Similarly, different models have been developed to 
replicate a wide variety of human organs [2]. Developers of 
organs-on-chips hope to offer alternatives to animal models which are 
more ethical, physiologically representative, personalizable, and can 
make use of induced pluripotent stem cell technologies as well as inte-
grated sensors [3–6]. 

To fully benefit from the dynamic nature of organs-on-chips, it is 
desirable to obtain readouts that are resolved in both space and time. 
Integrated microsensors can be placed within a very short distance from 
the cells. It would then allow real-time reading, with a time resolution 
down to tens of microseconds, from the living cells and/or reading from 
the cells’ immediate microenvironment [7,8]. Micro-sized sensors have 
also been used to successfully get localized readouts from cell cultures, 

or even readings from a single cell [9,10]. These readings provide in-
formation beyond cell morphology (through microscopy) or end-point 
assays. Electrochemical sensors, specifically metal oxides, are often 
used for such devices, given their robust, miniaturizable, and 
reagent-free properties. 

Nitric oxide (NO) is a gasotransmitter involved in a variety of human 
(patho)physiology. NO is most prominently released by endothelial 
cells, where it serves many roles in maintaining normal endothelial 
functions [11,12]. A large class of organ-on-chip devices involve the 
modelling of tissue barriers, where endothelial cells are often incorpo-
rated [2]. This makes them one of the most prevalent cell types in 
organ-on-chips. Furthermore, endothelial cells themselves are often at 
the centre of fundamental and translational (in vitro) studies. For 
example, their dysfunction (often discernible by reduced availability of 
NO) is closely associated with both chronic and acute cardiovascular 
diseases [13–15]. Online NO sensing would enable valuable studies of 
endothelial (dys)function in response to the dynamic and physiological 
conditions achieved in organs-on-chips, something which, to our 
knowledge, has not been reported before. Given the highly unstable 
nature of NO, an excellent time resolution is necessary to capture its 
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activity in a real-time manner. This makes metal oxides electrochemical 
NO sensors an appropriate option for organ-on-chips applications. 

NO can be electrochemically oxidized and reduced. Consequently, 
NO concentration can be determined electrochemically in a real-time 
manner. However, since the reduction potential of NO is close to that 
of oxygen (an inevitable component in biological studies), measurement 
of NO oxidation is generally preferred. NO is electrochemically oxidized 
in a one-electron transfer reaction. The overall irreversible reaction is 
given in Eq. 1 below.  

NO + OH− → HNO2 + e-                                                                (1) 

This work explores the applicability of ruthenium oxide (RuOx) as an 
amperometric NO sensor that is practical for use in organ-on-chip set-
tings. Typically, NO oxidizes on metal oxides at a relatively high po-
tential of +800 mV (vs. Ag/AgCl) [16,17] and at an even higher 
potential (of around +1000 mV) on carbon electrodes [18,19]. How-
ever, RuOx has been reported to have an electrocatalytic effect on NO 
oxidation, where NO oxidation occurs at a lower potential of +675 mV, 
due to the easy formation of nitrosyl complexes on the ruthenium sur-
face [16]. This would allow us to probe the system with lower potential 
bias and effectively avoid interfering oxidation signal from other species 
(e.g. nitrite, which oxidizes at around +770 mV [20]). Therefore, RuOx 
would enable selective and sensitive direct NO sensing, even in a com-
plex biological matrix [21]. 

In the last decade, papers on electrochemical NO sensing have re-
ported a very broad range in sensitivity [22]. Of the reported electrodes, 
it is apparent that 3D (ultramicro)electrodes tend to deliver the highest 
sensitivity [21,23,24]. While it is well-established that the sensitivity of 
amperometric sensors benefits greatly from the increased mass trans-
port, 3D (ultramicro)electrodes (e.g. modified carbon fibres) are not 
easy to integrate on chips. Furthermore, the use of ultramicroelectrodes 
would require an array design to generate sufficient current. Such an 
array would need a relatively large distance between the microelec-
trodes to be effective. This would sacrifice spatial resolution, which is a 
coveted advantage of on-chip sensing. In addition, the very fast response 
theoretically possible with ultramicroelectrode arrays is not achieved 
due to the sluggish oxidation reaction of NO. Therefore, we propose a 
robust and practical 2D electrode design for on-chip NO sensing. By 
modifying a flat Pt electrode with RuOx nanorods [21,25], we can study 
the electrocatalytic RuOx electrode for on-chip NO sensing, something 
that has not been reported before. Table 1 summarizes relevant works on 
on-chip macro electrodes tested for their NO sensitivity. Our RuOx 
electrodes show a current response due to NO oxidation at a lower po-
tential than other materials while delivering high current densities. The 
same electrode has also been tested for its potentiometric pH and 
amperometric oxygen sensing performance [26], making it a simple and 
versatile electrode for many organ-on-chips applications. 

For testing an NO sensor, it is desirable to have a source of controlled 
NO generation. In the late 1990s, a class of stable compounds with [N(O) 

NO]- functional group were synthesized for this purpose. The compound 
can be made to predictably breakdown and release NO [30] even at 
relatively low concentrations and its breakdown rate can be controlled 
by both pH and temperature. These compounds have since become a 
favourable way to generate NO, as their use is more practical and safer 
than bottled NO gas or chemical synthesis of NO from HNO3 reduction. 
Nonetheless, NO generation as described by Keefer et al. has yet to be 
directly and independently confirmed by other means than electro-
chemical detection. 

In this work, we report a novel way to confirm NO generation from 
diethylamine NONOate (DEANONOate) via real-time electrochemistry/ 
mass-spectrometry (EC/MS). We also validate a novel electrocatalytic 
RuOx electrode for direct, real-time NO detection via the same tech-
nique. The electrode’s suitability for use in organ-on-chip settings is 
demonstrated by its performance in an in vitro environment akin to 
organ-on-chip. 

2. Experimental 

2.1. DEANONOate solution preparation 

Solid Diethylamine NONOate (DEANONOate from Cayman chem-
icals, kept at − 80 ◦C under N2), was used to make a stock solution of 1.5 
mM DEANONOate, by dissolving 2.6 mg of the solid DEANONOate in 25 
mL 10 mM NaOH that has been thoroughly deaerated. Before use, ali-
quots of the stock solution were also kept at − 80 ◦C under N2 for 2 
months at most. Aliquots were also checked for their UV–vis absorbance 
(DEANONOate absorbance at λ = 250 nm) immediately before use. 
Typical absorbance spectra of DEANONOate are shown in the appendix 
(Fig. A14). 

2.2. EC/MS experiments 

Real-time electrochemistry/mass-spectrometry (EC/MS) measure-
ments were performed using the SpectroInlets’ (Copenhagen, Denmark) 
EC/MS system (Fig. 1) using He as the carrier gas [31]. Different m/z 
signals (2, 4, 32, 40, 44) were recorded over time each with 16 ms dwell 
time. m/z = 30 signal was recorded with 32 ms dwell time to reveal NO 
formation and oxidation. A three-electrodes electrochemical cell [31] 
was used with ⌀ 5 mm Pt disk working electrode (Pine Research), Pt wire 
counter electrode, and Ag/AgCl (saturated KCl) reference electrode (CH 
Instrument). The platinum disk electrode was polished following the 
routine cleaning as outlined by Pine Research. Bio-Logic VSP potentio-
stat was used to perform electrochemistry techniques. 

EC/MS experiments were carried out using a 1.5 mM DEANONOate 
stock solution (in 10 mM NaOH, pH 12.076). At this point, the solution’s 
high pH prevented the breakdown of DEANONOate. Cyclic voltammetry 
was performed between -0.2 and 1.1 V (vs. Ag/AgCl) at 10 mV/s scan 
rate (SR) to stabilize the system, before controlled DEANONOate 
breakdown was initiated using a controlled-current technique to drive 2 
mC (200 μA for 10 s), resulting in a pH decrease triggered by the oxygen 
evolution reaction (OER) of water. The objective was to decrease the pH 
to below 10, to ensure DEANONOate breakdown. Further calculations 
are shown in section A3. Note that the potential was scanned down to 
-0.2 V to strip the platinum oxide that might have formed during the 
forward scan. All mass-spectrometry recordings over time were filtered 
with a moving average window (n = 50). Mass scans (up to m/z = 40) 
with 32 ms dwell time were performed before and after DEANONOate 
activation. 

2.3. Preparation of RuOx electrode 

RuOx modification was done on sputtered Pt electrodes (circular, 2.4 
mm in diameter, 200 nm thick) on glass chips (Fig. 2a). The glass chips 
were first cleaned by sonication in isopropanol for 5 min. The substrate 
was then electrochemically cleaned by applying cyclic potential sweeps 

Table 1 
Summary of on-chip macro (2D) NO sensing electrodes.  

Electrode material/ 
design 

Eox (mV) 
vs. Ag/ 
AgCl 

Sensitivity (nA. 
μM− 1. cm-2) 

Electrode 
dimension 

Ref 

CA/CS/AuNP T- 
Macro 

+795 20.2 GSA 0.495 
cm2 

[27] 

N-G/FePc/Nafion/ 
PLL ITO 

+945 210 ~ ⌀ 8 mm [28] 

Au nanomembrane +800 20.6 ~ 4 × 5 mm [29] 
RuOx nanorods +675 33.5 ⌀ 3 mm This 

work 

Abbreviations: CA, cellulose acetate; CS, chitosan; AuNP, gold nanoparticle; T- 
Macro, transparent macroelectrode; GSA, geometric surface area; N-G, nitrogen- 
doped graphene; FePc, iron(II)phthalocyanine; PLL, poly(L-lysine); ITO, indium 
tin oxide. 

E. Tanumihardja et al.                                                                                                                                                                                                                         



Sensors and Actuators: B. Chemical 334 (2021) 129631

3

(5 cycles with SR 200 mV/s in 0.5 M H2SO4 between -1 and 2 V (vs. Ag/ 
AgCl), ending in 2 V; followed by 20 cycles with SR 100 mV/s in 0.5 M 
H2SO4 between -0.2 and 1.2 V, ending in 1.2 V). The chip was then 
rinsed with deionized (DI) water, blown dry with N2, and used as RuOx 
substrate as previously described [25,26] with a slightly different 
heating protocol. In short, Ru(OH)3 precursor was precipitated from 5 
mM RuCl3 solution, by adding 5 mM NaOH solution drop by drop. The 
precursor was then rinsed and resuspended in DI water. The resus-
pension was then dropped on the clean Pt substrate and left to dry at 
room temperature. The chips with Ru(OH)3 precursor were baked in a 
pre-heated oven at 350 ◦C for 4 h and left in the oven to cool to room 
temperature (usually overnight). The resulting RuO2 nanorods were 
confirmed by scanning electron microscopy (SEM) imaging. 

Before every test, the electrodes (RuOx or Pt) were again electro-
chemically cleaned. RuOx electrodes were cycled in two steps. First, 5 
cycles with SR 200 mV/s in 0.5 M H2SO4 between -0.2 and 1.5 V (vs. Ag/ 
AgCl), ending in -0.2 V; followed by 20 cycles with SR 100 mV/s in 0.5 M 
H2SO4 between -0.2 and 0.7 V, ending in -0.2 V. Before measurements, 
the freshly cleaned RuOx electrodes were preconditioned by applying 5 
potential sweeps in phosphate-buffered saline (PBS) solution (from 0.2 
to 0.8 V at 10 mV/s) to build a stable oxide layer. Pt electrodes were 
cycled 20 times with SR 100 mV/s in 0.5 M H2SO4 between -0.2 and 1.2 
V (vs. Ag/AgCl), ending in -0.2 V. Before the first measurement, a 
negative potential (-0.25 V vs. Ag/AgCl) was applied in PBS solution for 
1 min to strip the oxide layer, followed by 2 potential sweeps from 0.2 to 
1 V at 10 mV/s. 

2.4. Electrocatalytic experiments 

The RuOx electrode chip was used for most experiments unless stated 
otherwise. The glass chip was used with an in-house fabricated Teflon 
chip holder equipped with pogo pins for connection. The chip holder 
exposes the electrodes’ active area to the electrolyte chamber (Fig. 2b). 

All potentials were measured against a liquid-junction Ag/AgCl (sat’d 
KCl) reference electrode (CH Instruments), typically placed ~5 mm from 
the RuOx electrode. The setup was placed inside a Faraday cage during 
all measurements. All measurements were carried out using Bio-Logic 
SP300 bipotentiostat and were performed at 22 ± 1 ◦C. Staircase vol-
tammetry was carried out by scanning the potential in 10 mV step 
increment every 1 s, the current was sampled at the final 10% of each 
step. 

Different amounts of the DEANONOate stock solution were diluted in 
PBS solution (pH 7.4) containing 27 mM KCl and 137 mM NaCl (Sigma) 
to make the DEANONOate concentration series. Measurements were 
performed after 10 min of NO formation in a closed vial. Cleaning step 
was always performed right before or between tests/runs to obtain 
comparable starting condition. All electrodes were stored in air. 

2.5. Cell culture and biological experiments 

Green fluorescent protein (GFP)-expressing human umbilical vein 
endothelial cells (HUVECs) were obtained from Cellworks. In all ex-
periments, we started with HUVECs at passage 5. These cells were first 
cultured in a collagen-coated culture flask (CELLCOAT T75 flask, 
Greiner) using endothelial cell growth medium (EGM) from Cell Ap-
plications. The cell medium was refreshed 4 h after seeding the flask, 
and subsequently every 48 h. Cells reached 80% confluency after being 
cultured in 37 ◦C, 5% CO2 incubator for 72 h and were then subcultured 
onto Transwell inserts as described below. 

Transwell inserts (Corning Transwell, 12 mm diameter, polyester 
membranes with 0.4 μm pores) were covered by collagen (rat tail 
collagen-I from Gibco) prior to cell seeding. The apical side of the 
Transwell insert was covered with 0.1 mg/mL collagen in PBS solution 
at 7.5 μg collagen/cm2 membrane for 45 min in the incubator. The 
remaining collagen solution was then aspirated and the membrane was 
allowed to dry under the flow hood for 30 min. Before seeding cells, 
collagen was rehydrated with cell medium for at least 15 min. HUVECs 
were obtained from an 80% confluent flask as mentioned above. The 
cells were released from the flask using a 0.05% trypsin-EDTA solution 
(Gibco) and suspended in EGM to a concentration of 1 million cells/mL 
before being seeded onto the collagen-covered inserts at a final density 
of 100.000 cells per insert. Inserts were cultured to confluency for 
another 24 h before measurement. Microscopy images of the cells in 
Transwell inserts were taken with an EVOS (EVOS M5000 Imaging 
System), using a GFP filter cube (AMEP4651 EVOS LED CUBE/GFP). 

Right before measurement, the cultured inserts were washed two 
times with PBS solution and put into the autoclaved Teflon chip holder 
(Fig. 3) with the RuOx chip. In this configuration, the insert’s membrane 
(with the cells on the apical side) were suspended 3 mm away from the 
electrodes at the basolateral side of the membrane (Fig. 3b). The baso-
lateral side of the Transwell insert was filled with 750 μL PBS solution, 
and the apical side was filled with 500 μL PBS solution. Every time the 
insert was placed in the holder, it was inspected to make sure that no air 

Fig. 1. EC/MS system and cross-section of its cell. Volatile molecules from the electrolyte are harvested and analysed by the MS. A Pt disk electrode was used as WE. 
[53,54] Adapted from original work by [31], Copyright 2018, with permission from Elsevier. 

Fig. 2. (a) Glass chip with electrodes: RuOx-modified Pt WE, Ag/AgCl RE, Pt 
CE. (b) Teflon chip holder with pogo pins connection block. 
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bubble was trapped between the electrodes and membrane. The setup 
with the cells was then left to equilibrate for 1 h in the incubator before 
measurements started. 

In the biological experiments, potentials were measured against an 
on-board quasi Ag/AgCl reference electrode. This Ag/AgCl electrode 
was fabricated by anodic chloridization of sputtered Ag electrode in 1 M 
KCl solution for 1 h (at 13 μA/mm2). Before the cells were introduced, 
the RuOx electrode was electrochemically cleaned as described in sec-
tion 2.1, followed by three times rinsing with PBS solution and scanning 
in PBS solution. Electrochemical techniques were controlled by an 
EmStat 3 portable potentiostat (PalmSens). 

Once the cells and setup had equilibrated in the incubator (37 ◦C, 5% 
CO2), the chronoamperometry measurement was started by stepping the 
potential on the RuOx electrode up to +650 mV vs. the quasi Ag/AgCl in 
PBS solution (equivalent to +725 mV vs. a liquid junction Ag/AgCl RE). 
The slightly higher potential bias (of +725 mV vs. liquid junction Ag/ 
AgCl instead of the previously tested +675 mV) was applied to 
compensate for the eventual peak shift in the more acidic environment 
inside the incubator. The resulting current was sampled every 0.2 s. 
After 400 s, different amounts of 10 mM L-arginine (Sigma) in PBS so-
lution (filtered through 0.22 μm filter) were pipetted into the apical side 
of the Transwell insert, the solution was pipetted in and out several 
times to ensure good mixing. At 1600s after the measurement started, 
the Transwell insert containing the cells were taken out of the setup 
using tweezers. The cells viability was checked visually (using the EVOS 
system) after each measurement. All chronoamperometry recordings in 
the biological experiments were filtered with a moving average window 
(n = 50). Data analysis was performed in Matlab. 

Additionally, a pulsed amperometry experiment was done the same 
way as chronoamperometry measurements, only instead of a potential 
step, potential pulses were applied. The potential was first held at 650 
mV for 20 s, followed by 40 s of unbiased potential; this full cycle was 
repeated until the end of the experiment. The result plots the averaged 
current of the last 75% of each pulse. 

3. Results and discussion 

3.1. NO formation from DEANONOate 

As mentioned, NONOate chemicals are preferred for in-situ NO 
generation. DEANONOate is a member of the NONOate class, with a 
half-life time of 16 min in pH 7.4 at 22 ◦C [30]. While the breakdown of 
the DEANONOate itself can be easily monitored via its absorbance at λ =
250 nm, the actual NO production has yet to be directly confirmed. So 
far, the NO production of DEANONOate has only been characterized 
electrochemically. Given the difference in the interaction between NO 
and different electrode materials, the signature oxidation/reduction 
signals of NO can be difficult to verify, especially on a novel electrode. In 
addition, they are often (partly) masked by other redox-active compo-
nents in the solution. Here we present a new way to directly validate NO 
generation from DEANONOate breakdown, and validate its electro-
chemical signature, using a real-time EC/MS system. 

Electrochemistry and mass-spectrometry measurements were started 

with 1.5 mM of DEANONOate in a 10 mM NaOH solution. The recorded 
MS data (Fig. 4a) shows the NO (m/z = 30) signal starting at a compa-
rable baseline value to measurement in Fig. A3, confirming that the high 
pH prevented the DEANONOate breakdown. As shown in Fig. 4b, cyclic 
voltammetry (SR =10 mV/s) was performed before the DEANONOate 
breakdown was started. As highlighted in Fig. 4c, no redox activity from 
the DEANONOate was observed during cycling. 

DEANONOate breakdown was initiated by lowering the pH of the 
solution. Since the EC/MS system had a very small working volume of 2 
μL [31], it was impractical to lower the pH by liquid dosing. Therefore, 
we electrochemically lowered the pH via water electrolysis. After the 
initial potential scans, a controlled-current technique was used to supply 
2 mC of charge through the system (at t = 566 s) and drive the OER (Eq. 
2 below). The controlled-current technique was made sure to follow the 
cyclic voltammetry as it ended at +1.1 V, to guarantee that a stable 
oxide layer was established. Consequently, no charge would go into 
building an oxide layer and all of the supplied charge was assumed to 
directly contribute to oxygen generation via the OER. This allowed for 
an accurate calculation of the amount of protons produced, and conse-
quently the change in pH. It was calculated that the 2 mC of charge 
delivered 20.7 nmol of protons into the 2 μL working volume, reducing 
the pH to 3.5. The solution was therefore considered more than acidic 
enough to start DEANONOate breakdown.  

2 H2O → O2 + 4 H+ + 4 e− (2) 

As the reaction occurred, the volatile products were immediately 
detected by the MS. The increase in O2 signal (M32-O2, Fig. 4a) 
confirmed that water oxidation occurred. The resulting pH drop was also 
confirmed by the potential shift of the CV features (Fig. 4c–d). Specif-
ically, a shift in the reduction current onset of Pt oxide (with a peak 
around Ewe = -0.16 V vs Ag/AgCl in Fig. 4c) to a more positive potential 
(ΔV = +150 mV) was observed (Fig. 4d). Given the poor pH sensitivity 
of Pt oxide, especially in pH < 5 [32,33], a potential shift of +150 mV 
could indicate a decrease in pH of as much as 8.5 pH units, verifying 
acidification of the electrolyte. 

As a consequence of the pH drop, DEANONOate breakdown and NO 
generation were started and volatile NO was detected (M30-NO, 
Fig. 4a). The signal showed a clear increase followed by a slower decay. 
Recorded mass-spectra (Fig. 4e) also confirmed that the NO signal (m/z 
= 30) increased after activation, while the measurement’s baseline was 
unchanged. The signal at m/z = 29 also decreased visibly after the 
activation. Traces of several atmospheric gases (e.g. nitrogen and carbon 
dioxide) would show a peak at m/z = 29 when ionized by electrons. This 
signal might indicate a trace of dissolved atmospheric gasses present in 
the sample, despite the deaeration step of the sample. The signal 
decreased over time as the solution slowly degassed. Nonetheless, it 
should be noted that at such low current range, noise contribution can 
mislead interpretation of the mass spectrum scan. Therefore analysis in 
the time domain (such in Fig. 4a), which shows a clear signal change 
beyond an established noise level, can offer more valuable insight. 

Furthermore, DEANONOate is known to break down to several by- 
products [30]. Traces of some of its by-products (i.e. diethylamine and 
N-nitrosodiethylamine) can have m/z of 30 [34,35]. However, these 

Fig. 3. Images of the setup used in the biological experiment (a) 
Photograph of the setup (glass chip, Teflon chip holder, pogo pins 
connector, and Transwell insert) (b) Cross-sectional drawing of the 
setup. Teflon holder (II) was made to suspend the membrane of 
Transwell insert (III) 3 mm above the glass chip (I), with O-ring 
(IV) to seal the electrochemical cell. Cells were cultured on the top 
(apical) side of the membrane. The spaces above (apical) and under 
(basolateral) the membrane were filled with PBS solution during 
measurements.   
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by-products cannot be directly oxidized at potentials lower than +1 V 
under our condition [36]. Therefore, we also recorded CVs before and 
after activation (Fig. 4c–d). IV-curve after the activation step showed a 
new oxidation peak at around 790 mV (vs. sat’d Ag/AgCl), this current 
also correlates positively to the recorded MS current at m/z = 30 
(Fig. 4f). Variations between the two data can be attributed mainly to 
the low-amplitude (therefore low signal-to-noise ratio (SNR)) MS signal. 
In addition, the slight peak shift of the NO oxidation signal due to the 
shift in pH can also introduce some variations. Given the correlation 
with the MS data, the peak current can be validly ascribed to NO 
oxidation. 

3.2. RuOx nanorods fabrication results 

Fig. 5 shows SEM images of the annealed RuOx electrodes. The figure 
shows island-like structures that are covered with rod-like RuO2 struc-
tures with rod widths between 15− 25 nm and rod lengths between 
115− 150 nm. The island-like structures are the amorphous Ru(OH)3 

precursor (the unheated precursor is shown in Fig. A1 for reference), the 
remaining amorphous precursor can also be seen in Fig. 5b, underneath 
the nanorods. Fig. 5a shows that the nanorods mostly grew on the pre-
cursor and not on the bare Pt substrate between the precursor islands. 
However, SEM images of the different parts of the electrode (similar to 
Fig. 5a) show that more than 75% of the entire electrode area was 
covered by RuO2 nanorods. Longer baking time, as well as substrate pre- 
conditioning (outlined in section 2.3), resulted in improved surface 
coverage by smaller nanorods compared to previously reported work 
[26]. The resulting roughness was characterized by its capacitive cur-
rent (recorded during the cleaning step, Fig. A2). The growth of nano-
rods typically increased the electrode’s active surface area by a factor of 
15− 25 when compared to its geometric surface area. 

3.3. Electrocatalytic NO oxidation on RuOx 

Once the stable generation of NO by DEANONOate had been vali-
dated and quantified, DEANONOate was used as an NO source for 

Fig. 4. (a) Recording of different m/z over time from the SpectroInlets system with 1.5 mM DEANONOate in 10 mM NaOH, the M30-NO values indicate the amount 
of NO (m/z = 30) generated over time. (b) Recording of potential (vs. Ag/AgCl) and current on the Pt WE (c) CV (SR =10 mV/s) recorded on Pt WE during voltage 
sweep before NO generation started (d) CV recorded after NO generation started (e) Mass scans taken before and after NO generation had started (f) Electrochemical 
current (measured current from each forward scan at Ewe =790 mV) plotted against MS current at the same point in time. Linear regression plot is added for visual 
guidance only. 

Fig. 5. SEM images of RuOx nanorods grown 
on Pt substrate. (a) Low magnification image 
showing the coverage of the RuOx nanorods, 
where more than 75% of the substrate area was 
covered by nanorods. (b) High magnification 
image showing the morphology of the nano-
rods. Most rods have a width between 15-25 
nm, and a length between 115-150 nm. The 
nanorods grew mostly on the Ru(OH)3 precur-
sor, and the remaining precursor appears as the 
amorphous structures interspersed throughout 
the nanorods.   
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calibrating the response of our RuOx electrodes. Fig. 6 shows staircase 
voltammograms (SR =10 mV/s) recorded on RuOx and Pt electrodes in 
different concentrations of DEANONOate. It can be seen that NO 
oxidation occurred on both electrodes. The oxidation current deter-
mined for Pt in this setup closely resembled the measurements in the EC/ 
MS system (Fig. 6b), albeit with less clear peak-shape due to the lower 
concentrations of NO tested. The absence of a clear peak from potential 
sweeps on Pt electrodes has also been reported elsewhere [37]. None-
theless, this current was strongly correlated (R2 = 0.99) with the 
DEANONOate concentration at an +800 mV vs. Ag/AgCl working 
electrode potential bias (Fig. 6b, inset). A similar degree of correlation 
was achieved at a much lower potential bias of +675 mV vs. Ag/AgCl on 
our RuOx electrode (Fig. 6a, inset). This is in agreement with the pre-
viously reported electrocatalytic effect of RuOx on NO oxidation. 

The RuOx electrodes showed good stability, as depicted in the inset 
graph of Fig. 6a. The same electrode (7 months old at the time of 
testing), when tested 4 times within 1 week time, delivered comparable 
slopes and offset. On the other hand, variability between electrodes is 
found to be higher (Fig. A5). Four electrodes (ages between 6–11 
months) were tested and compared. While they showed comparable 
sensitivity, they showed a larger offset range (between 3.20 and 4.69 
μA), which attributed greatly to the visibly high standard deviation. 
Nonetheless, seeing how every electrode gave a highly linear response to 
NO concentrations (R2 > 0.99), individually-calibrated electrodes can 
be used for reliable NO sensing despite the electrode to electrode 
variability. 

It is also noteworthy that NO oxidation on Pt was found to be hin-
dered by the presence of a Pt oxide layer. Fig. A6a shows the results of an 
experiment similar to that presented in Fig. 4, however, the lower limit 
of the potential scan was limited to +300 mV vs. Ag/AgCl. In this po-
tential window, Pt oxide remained stable throughout the scans. As can 
be seen, the oxidation peak associated with NO oxidation did not appear 
in this experiment, regardless of the successful NO generation as 
confirmed by the MS measurement. Similarly, Fig. A6b compares 
staircase voltammograms recorded on the same Pt electrode in presence 
DEANONOate, where one scan took place before the stripping of the 
oxide layer (PtOx), and another after (Pt). The voltammogram recorded 
on Pt electrode shows much higher oxidation current in presence of 
DEANONOate than the one recorded on PtOx. This finding is in agree-
ment with other reports, corroborating Pt oxide’s reduced activity for 
NO oxidation when compared to Pt [38,39]. Given that Pt oxide for-
mation is unavoidable while electrochemically driving NO oxidation, it 
is expected that Pt electrodes would deactivate over time when used for 
NO sensing. 

A notable work [37] reported NO oxidation on Pt black electrode to 

occur at a low potential of +620 mV. However, their detection method 
necessitates a baseline correction due to a progressive electrode 
poisoning. Such baseline correction might prove unfavourable in our 
applications since a stable baseline might not be guaranteed in 
organ-on-chip studies. Furthermore, Fig. A4c–d show that the reported 
poisoning did not occur on our RuOx electrode under similar settings. 
All the abovementioned observations make RuOx the more robust 
electrode for (continuous) NO sensing. 

Fig. A7 shows that at scan rates up to 30 mV/s, the NO oxidation 
current on RuOx grows linearly with the square root of the scan rate. 
This confirms that the system is diffusion-limited at the used SR of 10 
mV/s. Therefore, while the RuOx nanorods electrodes have larger sur-
face area compared to the bare Pt electrodes, the nanoscale roughness 
did not contribute to the generated current in our diffusion-limited 
system [40]. At the time of current sampling, the NO diffusion layer is 
expected to have grown to tens of micrometre thick. This distance is 
much larger than the scale of roughness of the RuOx electrode. As the 
surfaces of equal concentration tend to be averaged in the diffusion 
layer, the electrode appeared flat at the diffusion layer distance. 
Therefore, for a fair comparison, the current densities are normalized to 
the electrodes’ geometric surface area (Fig. 6, insets). Yet, the compar-
ison shows that the RuOx nanorods electrode delivered a higher current 
density than the bare Pt electrode. A similar observation has been re-
ported [16], which can be explained by NO adsorption on the electrode 
surface, possibly in combination with the increased surface area and, 
therefore, more adsorption sites. 

The nanoroughness has also been reported to be especially important 
for the effectiveness of NO electrodes [21,41]. The nanorough surface 
would be much more accessible to the small NO molecules than bigger, 
possibly interfering, molecules. As a preliminary experiment, the RuOx 
electrode was tested in a different electrode configuration using a PDMS 
microchannel setup (Fig. A15). Different solutions containing 
potentially-interfering molecules were flown in the channel to test the 
selectivity of the RuOx electrode. The recorded chronoamperogram 
(Fig. A16) showed that compared to NO, the RuOx electrode was 115 
and 300 times less sensitive to NaNO2 and ascorbic acid, respectively. 
Together with the lower oxidation potential, this makes RuOx nanorods 
a promising selective electrode for NO sensing in complex biological 
matrices, pertinent to organ-on-chip applications. 

The RuOx’s lower limit of detection, observed from chro-
noamperometry experiments (Fig. A9), was around 250 nM. The current 
increase in presence of ~250 nM NO was just larger than the three times 
standard deviation of the noise, making the signal-to-noise ratio the 
limiting factor. While the limit of detection is comparable to several 
other reports [42,43], fair comparison should include comparison of the 

Fig. 6. (a) Staircase voltammograms (SR equivalent to 10 mV/s) recorded on a RuOx electrode in different concentrations of DEANONOate in PBS solution (pH 7.4), 
inset plots the calibration curve (at +675 mV, the lowest potential which is highly correlated to DEANONOate concentration) of the same electrode, error bars 
showing one standard deviation among the different runs (N = 4). (b) Staircase voltammograms (SR equivalent to 10 mV/s) recorded on an unmodified Pt electrode 
in different concentrations of DEANONOate in PBS solution (pH 7.4), inset shows calibration curve (at +800 mV, the lowest potential which is highly correlated to 
DEANONOate concentration) obtained from 2 electrodes each tested twice, error bars showing one standard deviation among the different runs (N = 4). 
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equipment’s noise rating, which is difficult to achieve. Moreover, the 
observed limit of detection cannot be immediately translated to the 
expected extracellular concentrations emitted by a cells population 
[37]. In such setting, the detected concentration depends highly on the 
device design and geometry. For an accurate evaluation, experiment 
with cells-generated NO in a device that reflects the sensor’s future 
application is preferred. 

3.4. Signal from cells-generated NO 

To show that our sensor is appropriate for measuring cell-secreted 
levels of NO, we demonstrate in vitro detection of the NO generated 
by a colony of HUVECs in response to stimulation with L-arginine. The 
cells used for this experiment were GFP-expressing HUVECs cells. The 
GFP expression was necessary for clear visualization of cells through the 
membrane in the Transwell inserts (Fig. 7). Endothelial cells, such as 
HUVECs, express an isoform of nitric oxide synthase (NOS) enzyme, 
which catalyzes NO synthesis from L-arginine. The catalyzed reaction is 
shown below [44]. 

2 L − arginine + 3 NADPH + 3 H+ + 4 O2 →NOS 2 citrulline + 2 NO

+ 4 H2O + 3 NADP+

(3) 

As endothelial cells continuously synthesize NO in presence of L- 
arginine can be used as NO-pathway activators in in vitro experiments. 
Fig. 8 shows chronoamperometry measurements (at 650 mV vs. quasi 
Ag/AgCl or 725 mV vs. liquid junction Ag/AgCl) in 1.2 mL PBS solution 
in presence of HUVECs. The measurements were started in PBS solution. 
Different amounts of L-arginine were pipetted into the solution 400 s 
after the start of measurement (shown by the orange arrow in Fig. 8). As 
the measurement continues, 127 ± 40 s after the addition, each mea-
surement showed a clear increase in oxidation signal. While the 
observed response time was higher than reported in other studies [21, 
45], the system’s relatively large working volume, and consequently 
large mass transport times, could explain such a delay. Using estimated 
NO diffusivity in PBS at 37 ◦C [46], NO molecules would take around 
150 s to travel an average distance of 1 mm. The high standard deviation 
(40 s) among the observed response times was also directly related to 
how well the L-arginine was mixed into the PBS solution. Due to the 
constricted space of the incubator, mixing of the solution by pipetting 
could not be done with high consistency. This observation implies that 
sensor and setup miniaturization is necessary to better measure of the 
HUVEC’s time response. Smaller distance and working volume would 
reduce mass transport time and, effectively, the system’s response time. 

The observed amperometric response was consistent with NO syn-
thesis by cells. With all L-arginine concentrations tested, the ampero-
metric signal displayed a rapid increase in current followed by a slow 
decrease. This formed a peak at 157 ± 18 s after the onset of signal 

increase, with peak heights that are positively correlated to the L-argi-
nine concentration. This behaviour can be expected given the high 
initial concentration of L-arginine which decreased over time as it was 
consumed as a substrate for NO synthesis. The produced NO also slowly 
reacted with dissolved oxygen to form NO2

− . Considering the interplay 
between the slowly diminishing NO synthesis and the NO oxidation, 
such peak behaviour can be expected. Fig. 8a also shows an upward 
current drift present at each measurement, especially noticeable after 
the current peaks. Control experiments (Fig. A12) also show similar 
upward drift that was introduced at 900 s after the start of measure-
ments. It is conceivable that the drift is a result of extra convective flow 
due to thermal gradient introduced by door opening. This drift, super-
posed with the diminishing NO signal, could also explain the plateau- 
like current observed at time 900 – 1600s. As expected, the drift- 
ridden plateau current showed poor correlation to L-arginine concen-
trations, making early time current (i.e. the peak current) the better 
indicator of the NO production in response to the L-arginine concen-
tration (Fig. 8b). Please note that Fig. 8b is not meant to serve as a 
calibration curve, rather just as an indication of correlation. Further 
study is necessary to determine the sensor’s sensitivity to cells generated 
NO. Currently, our preliminary results demonstrated the RuOx elec-
trodes’ sufficient sensitivity and time resolution to monitor cell- 
generated NO and its dynamics in in vitro settings. 

The cell colony was removed from the setup 1600s after measure-
ment had started (indicated by black arrows in Fig. 8), effectively 
removing NO source from the system. The NO in the remaining PBS 
solution was oxidized quickly on the electrode’s surface, resulting in a 
rapidly decreasing amperometric signal. Measured current in all ex-
periments seemed to decrease to a lower current than their initial 
baseline before the signal began to increase again. This could be due to 
several effects. Firstly, the temperature effect might play a role, as the 
incubator door needed to be opened for ~1 min when removing the 
cells, slightly dropping the temperature of the setup. Similar current 
decrease was also observed after the incubator door was opened during 
the addition of L-arginine. Secondly, a similar response was also reported 
in another article [16]. While measuring at a potential higher than 675 
mV (vs. Ag/AgCl (1 M KCl)), the authors also observed ‘reduction-like’ 
current after exposing electrodes to NO. The authors attributed this 
behaviour to attenuated oxidative background current. At such high 
potential, oxidation current of Cl− or OH− would partly make up the 
background current. As the electrode was exposed to NO, nitrosyl groups 
formed on the electrode and decreased the oxidation rate of Cl− or OH− . 
This would result in a current lower than baseline current measured 
before exposure to NO. As a potential bias of 725 mV (vs. Ag/AgCl (sat’d 
KCl)) was used in this work, the conjecture is also directly applicable to 
our observation. 

All of the cells experiments were performed using the same chip, 
setup, and cell colony, they were performed sequentially in decreasing L- 
arginine concentrations, with a quick rinse with PBS solution in between 

Fig. 7. Fluorescence image of HUVECs on Transwell insert cultured to confluency, taken before measurement (a) at 10x magnification (b) at 4x magnification. 
Speckle in images comes from imaging through the Transwell membrane. 
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experiments. Admittedly, the decrease of signal could be falsely corre-
lated to L-arginine concentration, while it actually was a sign of elec-
trode degradation. However, experiments conducted after the 
measurement with the lowest L-arginine concentration showed excellent 
signal recovery. A control experiment was conducted afterwards, using 
0.9 mM L-arginine concentration (Fig. A11) and another experiment 
probed with a pulsed-amperometry technique (Fig. 9). The signal in both 
experiments recovered to the signal of the earlier experiment with the 
same 0.9 mM L-arginine concentration. This suggests that the electrode 
degradation did not (significantly) influence the monitored current in 
this preliminary study. Further experiments are necessary to study the 
sensor’s degradation and lifetime. Keeping this in mind, the electrode 
performed reproducibly over the conducted continuous experiments 
(eight experiments in total, each of around one hour long) in two days’ 
time. These experiments were representative of the expected operation 
of organ-on-chip sensors, where modular sensors can be prepared 
separately and introduced to the cell culture chip short before the 
continuous measurements (expected to be one to two hours long). 
Overall, the experiments served as a proof-of-concept of the RuOx 
electrodes’ applicability in organ-on-chip studies. Cell colonies 
remained viable for at least 24 h after the measurements, indicating the 
PBS solution provided sufficient pH buffering capacity to maintain 
physiological pH during the measurement. 

In addition, the true NO sensing mechanism has yet to be investi-
gated. Under in vivo conditions, NO has been reported to form s-nitro-
sothiols to increase its stability [47,48], which could also take place in 
our biological measurement setting. For instance, s-nitrosoglutathione 
can be formed through many pathways involving NO, oxygen, and 
glutathione [49,50]; all bound to be present in our system. While this 

work did not differentiate the oxidation signal coming from bare NO and 
s-nitrosothiols, report of successful in vivo NO sensing using RuOx [21] 
suggests the electrode’s ability to sense s-nitrosothiols. Similar to copper 
(typically used as catalyst in s-nitrosothiols’ decomposition to release 
bare NO), ruthenium has high affinity to form nitrosyl complexes as well 
as high thiophilicity [51,52]. Therefore, it is conceivable that s-nitro-
sothiols decomposition is promoted on the electrode, allowing NO 
oxidation to occur. 

The pulsed-amperometry technique was pursued to improve the 
amperometric signal. Especially in such a lengthy amperometry mea-
surement, it is practically impossible to predict the current behaviour as 
the depletion layer grows too large and becomes unstable. Therefore, a 
pulsed technique is more robust for lengthy amperometry measure-
ments. The confined, uniform pulse width results in a more defined 
depletion layer during each measurement. By giving the system enough 
time in between pulses, the concentration profile on top of the electrode 
is allowed to reach equilibrium with the bulk before the next pulse. 
Therefore, a reproducible and reliable signal can be measured over 
longer periods of time. The confined concentration gradient also deliv-
ered an overall higher current (Fig. 9), resulting in increased SNR. By 
retaining sufficient time resolution, the same dynamic captured by the 
conventional chronoamperometry was also clearly captured by the 
pulsed-amperometry technique. The aforementioned upward drift 
(observed at longer time scale in continuous amperometry technique) 
also seemed to be less apparent in the pulsed-amperometry measure-
ment. This can suggest the drift as a ramification of the unstable 
continuous measurement, however, further experiments are necessary 
to confirm it. 

Fig. 8. (a) Normalized chronoamperometric 
signal in presence of HUVECs colony. Different 
amounts L-arginine was added at t = 400 s, 
noted by orange arrows. At t = 1600s, Trans-
well insert containing the cells was removed 
from the setup, noted by black arrows. The 
curves were normalized by subtracting each 
curve with its baseline current (Fig. A11). (b) 
Peak currents from the normalized chro-
noamperometry measurements are plotted 
against L-arginine concentration. The plot 
shows a good positive correlation, indicating 
the peaks as a response to L-arginine additions. 
Order-of-magnitude estimation of the corre-
sponding change in NO concentration is given 
in the right axis (see section A11). Linear 

regression plot is added for visual guidance only.   

Fig. 9. Current measured by pulsed amperometry technique in presence of HUVECs. L-arginine solution was added at t = 400 s (noted by the orange arrow) to make 
0.9 mM L-arginine solution. Cells were taken out at t = 1600s, noted by the black arrow. Data shown are the averaged current from the last 75% of the pulsed 
potential. Raw data can be found in Fig. A13. 
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4. Conclusions and future work 

We have reported on a new method to confirm NO generation by 
DEANONOate, in a direct and real-time manner by means of coupled 
EC/MS. Via the same system, we also directly identified the electro-
chemical signal corresponding to NO oxidation. 

We have shown RuOx nanorods to be a favourable electrocatalytic 
electrode for NO oxidation. NO oxidation occurred at a lower potential 
on RuOx electrode than on Pt. The electrocatalytic effect can be un-
derstood as the result of the concentrating effect of the RuOx surface on 
the NO due to ruthenium’s high affinity to form nitrosyl complexes. To 
the same effect, NO oxidation on RuOx also delivered a higher current 
density than on Pt. 

The lower limit of detection of NO oxidation on RuOx was tested to 
be around 250 nM, limited by the SNR of the current setup. Nonetheless, 
we demonstrated the RuOx based sensor to have high enough sensitivity 
for organ-on-chip applications and biological experiments. Ampero-
metric measurement on RuOx electrodes successfully monitored NO 
down to the low micromolar concentration as generated by a colony of 
endothelial cells. We also demonstrated a pulsed-amperometry tech-
nique as an improvement over conventional chronoamperometry for 
lengthy amperometric measurements. The preliminary cell biology re-
sults serve as a proof-of-concept, which suggest that RuOx is a versatile 
electrode material for organ-on-chip technologies. Future work will 
include miniaturization and on-chip integration of the RuOx electrode 
and its application in biologically-relevant studies. 
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