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Abstract 

 Over the past 30 years, the significance of nitric oxide (NO) has become increasingly 

apparent in mammalian physiology.  It is biosynthesized by three isoforms of nitric oxide 

synthases (NOS): neuronal (nNOS), endothelial (eNOS), and inducible (iNOS). Neuronal and 

eNOS both produce low levels of NO (nM) as a signaling agent and vasodilator, respectively.  

Inducible (iNOS) is present in activated macrophages at sites of infection to generate acutely 

toxic (µM) levels of NO as part of the mammalian immune defense mechanism. These 

discoveries have led to numerous animal and clinical studies to evaluate the potential 

therapeutic utility of NO in various medical operations/treatments, primarily using NO gas 

(via gas-cylinders) as the NO source.  In this review, we focus specifically on recent 

advances in the electrochemical generation of NO (E-NOgen) as an alternative means to 

generate NO from cheap and inert sources, and the fabrication and testing of biomedical 

devices that utilize E-NOgen to controllably generate NO for medical applications. 
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1            INTRODUCTION 

Nitric oxide (NO) is an endogenous gas that plays several key physiological roles in 

humans, including prevention of platelet activation/adhesion, inhibiting bacterial adhesion 

https://doi.org/10.1002/elsa.202100156
https://doi.org/10.1002/elsa.202100156
https://doi.org/10.1002/elsa.202100156
about:blank


 

This article is protected by copyright. All rights reserved. 

2 

and proliferation, enhancing vasodilation, promoting angiogenesis, mediating nerve-signal 

transduction, and aiding in wound healing.
1-7

  At low NO fluxes of 0.5 –  4.0 x 10
-10

 mol min
-

1 
cm

-2
, as emitted from a normal-functioning endothelium, NO acts as an anticoagulant, both 

controlling arteriolar tone and preventing activation of platelets that approach this surface.
8
 
 
 

NO is also released by macrophages and nasal epithelial cells at higher fluxes, where it acts 

as a potent antimicrobial agent to combat bacterial infection.
9, 10

 The antithrombotic and 

antibacterial properties of NO have resulted in its use to combat clotting and bacterial biofilm 

formation in several medical applications. 

Inhaled nitric oxide (INO) therapy has become a mainstay of intensive care units for 

lung failure, resulting in preferential pulmonary vasodilation.
11

    In cases where neonates 

have hypoxic respiratory failure (HRF), INO has been demonstrated to improve oxygenation 

and reduce the need for extracorporeal membrane oxygenation (ECMO) therapy.
12, 13

    

Though INO is only approved for HRF at present, it has been demonstrated to be beneficial 

in a numerous other treatments, including for pneumonia,
14

  acute respiratory distress 

syndrome (ARDS),
15

 stroke, ,
16

 cystic fibrosis,
17

 tuberculosis,
18

 pulmonary hypertension,
19, 20

 

pulmonary fibrosis,
21

 COPD,
22

  and most recently for potential use in treating COVID-19.
23, 

24 
 During cardiopulmonary bypass (CPB), NO has also been shown to prevent blood 

activation (due to the exposure of blood to air),
25

  inflammation, and organ failure during 

heart surgery.
26, 27

    When NO is added to the sweep gas of an oxygenator during simulated 

CPB, it has been shown to attenuate blood cell activation.
28-31

 

The major limitation to the routine use of NO in emergency rooms and in the field is 

the prohibitively high cost and low portability of current commercial systems for gaseous NO 

delivery.  These require delivering NO via gas cylinders, which are limited to critical care 

facilities, contain NO at concentrations that can lead to decomposition (due to 
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Fig. 1.  Mechanism of 

electrochemical reduction of 

NO2
-
 to generate NO via a 

Cu(II)-ligand catalyst. 

disproportionation over time) to generate NO2, a highly toxic gas, and are expensive 

(~$3000/patient/day).
32

   Alternative approaches have been tested to develop more 

compact/portable NO-delivery systems.  For example, a liquid N2O4 device as a source of NO 

is under development (GeNO, LLC).   N2O4 exists in equilibrium with NO2(g) that gets 

passed over a reducing cartridge, ultimately generating NO.
33

    The focus of this review is on 

recent research into alternative, portable, tunable, and low cost means of generating NO 

electrochemically from inorganic nitrite ions for medical applications. 

2       |       BIOMEDICAL APPLICATIONS OF ELECTROCHEMICAL NITRIC 

OXIDE GENERATION 

Taking inspiration from biological copper-nitrite reductases (CuNIR),
34, 35

 our team 

has developed a new, low-cost electrochemical method to generate NO from benign 

precursors for potential use in clinics, ambulances, and in the field.  Using CuNIR inorganic 

model complexes as a starting point, the electrochemical reduction of nitrite (NO2
-
) ions to 

NO gas can be achieved using specially developed Cu(II)-ligand (Cu(II)-L) complexes as 

catalysts.  Here, the Cu(II)-L complex is initially reduced to the Cu(I)-L form via either an 

applied current or potential, then binds NO2
-
 and rapidly reduces it to NO and water, thereby 

regenerating the Cu(II)-L form of the catalyst (Fig. 1, eq. 1).  Importantly, NO gas levels are 

tuned at rates dependent on the applied voltage or current.  The ability to generate NO on 

demand from low-cost and stable sources                             Cu(I)-L + NO2
-
 + 

2H
+
  Cu(II)-L + NO + H2O    (eq. 1) 

(NaNO2), and the ability to tune the concentration of NO 

generated (applied current/voltage) are both highly 

desirable in applying this method of NO generation for a 

variety of biomedical applications.  Below we discuss 
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advances in the controlled electrochemical generation of NO via this method in three 

different configurations for three different biomedical applications: intravenous (IV)-

catheters, gas phase NO for INO therapy, and silicone rubber patches for wound healing (Fig. 

2). 

2.1      |       IV-CATHETERS 

 The use of IV-catheters comes with two primary risk factors – thrombus formation 

and bacterial infection.  These risks can range from simple interference with medical care to 

fatality, with an estimated 28,000 deaths and ~$2.3 billion in additional healthcare costs per 

year associated with these two complications.
36

  Nevertheless, this risk is tolerated because 

vascular access is essential for diagnoses and treatments.  Due to the antithrombotic and 

antibacterial effects of NO, the generation of NO within catheter devices has been studied 

extensively in the literature as a potentially novel and convenient solution to mitigate IV-

catheter risk factors.
37, 38

 

A large body of literature details the use of the non-electrochemical generation of NO 

via NO donor molecules within polymeric materials, or as coatings on implantable devices, 

including IV-catheters.
10, 39-53

  For example, silicone foley catheters impregnated with S-

nitroso-N-acetylpenicillamine (SNAP) generate surface NO fluxes > 0.7 × 10
-10

 mol min
-1

 

cm
-2

 for over 31 days and result in up to 2.5 log unit decreases in viable S. epidermis biofilms 

at the catheter surface compared to controls.
51

  
 
 Diazeniumdiolate derivatives (also frequently 

referred to as NONOates  
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Fig. 2.  Overview of three E-NOgen devices utilized for biomedical applications. (A) Two- 

and three-electrode single-lumen IV-catheters and dual lumen catheter containing a second 

PO2 sensing lumen, (B) Bulk NO generator for INO, and (C) NO-releasing silicone rubber 

patch for wound healing. 
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in the literature) have also been studied in catheter/sensor applications.  For example, glucose 

sensors containing a diazeniumdiolated dibutylhexyldiamine coating tested in bovine serum 

exhibited continuous NO fluxes > 1.0 × 10
-10

 mol min
-1

 cm
-2

 for 6 days leading to more 

accurate venous blood glucose sensing in rabbit jugular veins compared to controls without 

the coating.
52

    While long-term NO release and anti-thrombotic activity have been 

demonstrated for several NO donors/coatings, the use of common NO donors such as 

diazeniumdiolates or S-nitrosothiols in NO-releasing catheter devices/coatings is limited by 

their instability to temperature, photolysis, leaching, etc., negatively impacting their 

storability over time.  Furthermore, these NO donor-based methods suffer from low tunability 

of their NO release profiles – dependent on the nature of the molecule (half-life/kinetics of 

NO release is molecule/material dependent), can potentially leach out of the material, and 

may require rigorous storage and handling conditions to prevent decomposition prior to their 

use.  Consequently, the commercialization of these technologies has been challenging.   

Over the past ~10 years our laboratory has devised and tested a series of copper-based 

E-NOgen catalysts for use in IV-catheter devices.  In our initial report of an E-NOgen-based 

catheter device, we demonstrated that a single-lumen silicone-rubber catheter containing a 

Cu
0
 working electrode and Ag/AgCl working/counter electrode with a buffer/nitrite/EDTA 

solution can generate low concentrations of NO from trace Cu(I) generated at the surface of 

the Cu
0
 electrode under specific conditions.

54
    Due to the initial presence of a fouling 

copper-oxide layer at the surface of the Cu
0
 electrode, holding solely at an anodic potential 

for long periods results in negligible surface oxidation of Cu
0
 to Cu(I), and correspondingly, 

negligible NO generation.  Instead, a two-step pulse sequence was required, whereby an 

initial 3-minute cathodic potential at -0.7 V vs. NHE was applied to strip the copper-oxide 

layer, followed by a subsequent 3-minute anodic potential at 0.2 V vs. NHE to generate Cu(I) 

at the exposed Cu
0
 wire for nitrite reduction.  Due to the rapid formation of new copper-oxide 
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layers during the anodic phase, the continued generation of NO from this system required a 

constant three-minute alternating cathodic/anodic voltage cycle.  Low NO fluxes of 0.5-1.0 × 

10
-10

 mol min
-1

 cm
-2

 were emitted from the outside surface of the catheter, measured via the 

gold-standard chemiluminescence NO detection method.
55

   Further, in a 7-day antimicrobial 

study, viable bacterial counts of E. coli and A. baumanni strains on the outside surface of 

these NO emitting catheters were reduced by 97% and 98%, respectively. In a subsequent 

study, the pulse sequence was refined to produce more consistent and increased NO fluxes by 

reducing the pulse cycle from 3 min to 30 s and by using a -1.3 V applied cathodic potential, 

respectively.
56

 Overall, the limitations of using a Cu
0
 working electrode as source of Cu(I) 

ions were somewhat prohibitive (requiring sequentially alternating the applied voltage, etc.), 

but nevertheless, these studies provided preliminary evidence that the preparation of 

alternative Cu(I)-ligand catalysts could potentially be employed to electrocatalytically 

generate pure NO from a NO2
-
 source.  

The next generation of E-NOgen catalysts for IV-catheters took an alternate approach: 

the design and synthesis of Cu(II)-L catalysts that could be electrocatalytically reduced to the 

Cu(I)-L state for nitrite reduction (see Fig. 1A).  This work took inspiration from the type II 

copper center (T2-Cu) active site of bacterial CuNIRs,
57, 58

  as well as other reports of 

Cu(II)/Cu(I) model complexes that can catalyze nitrite reduction 

chemically/electrochemically.
59-61

   In our initial report using this approach, tris(2-

pyridylmethyl)amine (abbreviated as TMPA here, but also commonly abbreviated as TPA or 

TPMA) was used to generate a Cu(II)-TMPA catalyst (Fig. 3A), that  exhibits a reversible 

Cu(II)/Cu(I) couple with ER = -380 mV vs. Ag/AgCl in the absence of nitrite.
62

  Single-lumen 

silicone rubber catheters containing a Pt wire working electrode and an Ag/AgCl 

reference/counter electrode with the [Cu(II)(TMPA)]
2+

 complex (4 mM in a 0.5 M, pH 7.2 

MOPS buffer with 0.2 M NaCl electrolyte and 0.4 M NaNO2) in the bulk solution/reservoir 
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were fabricated.  These 

catheters generated NO 

fluxes ranging from ~0.5 

- 3.0 × 10
-10

 mol min
-1

 

cm
-2

 and were tunable 

based on cathodic hold 

potentials applied to the 

working Pt electrode 

(ranging from -0.20 V to 

-0.40 V).  Furthermore, continuous NO release at physiologically relevant levels was 

demonstrated for up to 7 days.  In clinical settings, the application of this technology requires 

the use of dual-lumen catheters (see Fig. 2A), whereby one lumen acts as a dedicated E-

NOgen compartment while the second lumen is used for clinical purposes (i.e., drug infusion 

or electrochemical sensing of blood gases, electrolytes, glucose, etc.).  As such, both single- 

and dual-lumen catheters were tested in both in vivo anti-thrombosis trials within a rabbit 

model, as well as for antimicrobial/biofilm properties using a drip-flow bioreactor (as a 

model for in vivo conditions).  Significant reductions in thrombosis were achieved with both 

single and dual lumen catheters after 7 h of NO release compared to controls (83 ± 12% 

reduction; p < 0.05, n = 3).  Likewise, upon an initial inoculation of E. coli on the surface of 

single- and dual-lumen catheters, followed by a continuous flow of medium containing E. 

coli for 3 days in the bioreactor, a > 10
2
 decrease of viable bacteria were found on the 

surfaces of the catheters when E-NOgen was turned on for only 3 h per day at a NO flux of 

0.6 × 10
-10

 mol min
-1

 cm
-2

. 

One potential concern with using non-centrosymmetric dual-lumen catheters was 

whether E-NOgen within one lumen of the catheter could generate adequate NO fluxes at the 

 

Fig. 3.  Overview of the Cu(II)-L catalysts tested in E-NOgen 

devices. 
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surface of the other lumen.  To address this, a detailed finite element analysis study was 

performed on single- and dual-lumen catheters, as well as a hypothetical 3-lumen catheter for 

more centrosymmetric NO release profiles.
63

    The transport of NO from the internal E-

NOgen lumen to the external surface of a catheter is dictated by NO transport in the bulk E-

NOgen medium, as well as through the polymeric catheter material – i.e. its partition and 

diffusion coefficients.  Importantly, this study demonstrated that dual-lumen catheters 

composed of silicone rubber and Elast-Eon 5-325 (silicone polyurethane), both polymers with 

high NO diffusion and partition coefficients, exhibited asymmetric NO release profiles at 10 

min response times, with increasing symmetry in NO release after 20 min.  Across the board, 

polymer materials with higher diffusion coefficients gave faster response times to reach a 

steady-state and more symmetric NO outer surface fluxes, while the effect of the partition 

coefficient on response times and symmetry of NO release was more complex.  Poor 

distribution/symmetry of NO was predicted at short response-times (10-20 min) with 

polymers containing high partition coefficients for NO (likely due to needing higher NO 

concentrations in the polymer before it is released at the surface of the material), though these 

ultimately gave the highest NO fluxes at longer response-times (30-40 min).  In contrast, 

rapid and more symmetric distributions of NO at 10-20 min time points were predicted in 

polymers with lower partition coefficients, ultimately generating lower maximum NO fluxes 

with longer response-times.  The results from this study indicated that both silicone rubber 

and Elast-Eon 5-325 are the best polymer materials to use as IV-catheters for rapid and more 

symmetric NO release, and that within 20-40 minutes NO is produced at physiologically 

relevant fluxes at all sides of the catheter. 

Our laboratory has also demonstrated that E-NOgen from dual-lumen catheters can in 

fact enhance the accuracy of electrochemical intravascular sensing of the partial pressure of 

O2 (PO2).
64

    Typically, blood analytes are tested periodically in vitro by drawing blood 
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samples, leaving gaps between analyte monitoring that could potentially be detrimental for 

patient care/diagnostics, especially with critically ill patients.  To address this challenge, Ren 

et al. devised a dual-lumen catheter containing one E-NOgen lumen with a Pt wire working 

electrode and Ag/AgCl reference/counter electrode containing the Cu(II)-TMPA catalyst in a 

nitrite/buffer/electrolyte solution (see Fig. 2A).  The PO2 sensing lumen consisted of a PFA-

coated Pt wire working electrode with an Ag/AgCl wire counter/reference electrode with a 

0.1 M bicarbonate buffer at pH 10.  The leads from both lumens were connected to separate 

channels of a multi-channel potentiostat to separately induce E-NOgen by holding the applied 

potential at -400 mV, and PO2 sensing by holding the applied potential at -700 mV (both vs. 

Ag/AgCl) to induce O2 reduction.   In benchtop experiments, the O2 sensing was fully 

compatible with E-NOgen - the low NO fluxes produced from E-NOgen do not affect O2 

sensing results relative to controls where the E-NOgen process was not turned on (i.e., the 

second order reaction of NO with O2 is negligible at the concentrations of NO being 

produced).   When tested in vivo within rabbit veins for 7 h and porcine arteries for 21 h, IV-

catheters that had E-NOgen turned on were able to continuously measure accurate PO2 levels 

over the entire 7 h and 21 h duration of the rabbit and porcine experiments, respectively.  In 

contrast, in the controls where E-NOgen was turned off, PO2 measurements were accurate for 

only 4 h in rabbit veins and 6 h in porcine arteries before large negative deviations in the 

sensed PO2 levels were measured due to the formation of blood clots on the catheter surface 

(with active platelets in these clots consuming oxygen, lowering the PO2 levels locally at the 

surface of the catheters in vivo).  This technology could potentially be expanded towards the 

development of other in vivo sensors for continuous and accurate real-time measurements of 

different blood analytes to greatly enhance real-time medical diagnostic capabilities. 

More recently, we have tested several other Cu(II)-L catalysts to improve catalyst 

lifetime and NO fluxes (see Fig. 3B, 3C).
65, 66

    The Cu(II)-Me3TACN (Me3TACN = 1,4,7-
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trimethyl-1,4,7-triazacyclononane) catalyst (Fig. 3B) exhibits a reduction potential of ~ -340 

mV vs. Ag/AgCl.  Single- and dual-lumen catheters containing a Pt-wire working electrode 

and Ag/AgCl wire reference/counter electrode and a solution of 2 mM Cu(II)-Me3TACN/0.4 

M NaNO2/HEPES buffer, pH 7.3, within the E-NOgen lumen, were fabricated.  These 

catheters were tested for tunability of NO flux, long-term stability/lifetime, antibacterial 

properties, and O2 sensitivity.  Notably, NO fluxes were generated with a high degree of 

tunability – ranging from 0 to 16 × 10
-10

 mol min
-1

 cm
-2

 (single-lumen) and 0 to 14 × 10
-10

  

mol min
-1

 cm
-2

 (dual-lumen), corresponding to applied currents of 0 to 20 μA, and from 0 to 

17 × 10
-10

 mol min
-1

 cm
-2

 (single-lumen) and 0 to 15 × 10
-10

 mol min
-1

 cm
-2

 (dual-lumen) 

corresponding to applied potentials of 0 to -400 mV vs. Ag/AgCl.  The Cu(II)-Me3TACN 

catalyst produced NO with average Faradaic efficiencies, ranging from 84% at 1 μA applied 

current to 57% at 11 μA applied current.  Furthermore, the continuous release of NO at 

physiologically useful NO fluxes (at ~ 5 × 10
-10

 mol
 
min

-1
 cm

-2
) was demonstrated for up to 8 

days.  In antimicrobial studies, dual-lumen catheters with one lumen containing the catalyst 

(and electrodes) exhibited a greater than two-log unit decrease in viable P. aeruginosa and 

slightly under a 3-log unit decrease in viable S. aureus cell counts when E-NOgen was only 

turned on for 6 h per day at a -300 mV hold potential vs. Ag/AgCl for 5 days.  Despite the 

significant advances in catalyst lifetime/NO flux/antimicrobial properties compared to 

previous catalysts, the Cu(II)-Me3TACN catalyst suffered from two major drawbacks.  

Owing to its negative reduction potential, this catalyst is O2 sensitive, and NO fluxes 

decreased by ~75% when the vessel housing of the catheter was switched from a 100% N2 

sparge gas to a 3% O2 sparge gas.  Additionally, in the presence of low levels of nitrite, CV 

experiments suggested that disproportionation of the Cu(I) form of the complex to Cu(II) and 

Cu
0
 occurred, the latter of which plated out on the surface of the working electrode over time. 
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 In order to draw detailed comparisons between ligand structure and catalyst 

properties (i.e. reduction potential, Faradaic efficiencies, turnover frequencies), a series six of 

Cu(II)-BMPA-/BEPA-/Et/Pr/Bu (BMPA = bis(2-methylpyridyl)amine; BEPA = bis(2-

ethylpyridyl)amine) catalysts containing appended carboxylate arms (Et = ethylate, Pr = 

propionate, Bu = butylate) were recently studied (Fig. 3C).
66

  Remarkably, these catalysts 

span Cu(II)/Cu(I) reduction potentials ranging from -380 mV in Cu(II)-BMPA-Pr to +10 mV 

for Cu(II)-BEPA-Bu (both vs. Ag/AgCl), whereby the BMPA-carboxylates all exhibit more 

negative reduction potentials compared to their BEPA-carboxylate analogs.  Furthermore, 

within the series of BMPA-/BEPA-carboxylates, the shorter carboxylate chain lengths 

correlate with more negative reduction potentials (e.g., BEPA-Et = -250 mV, BEPA-Pr = -80 

mV, and BEPA-Bu = 10 mV).  DFT modelling of this series suggests that the ligand steric 

constraints affect optimal metal-ligand binding geometries, leading to contracted Cu(II)-

pyridine bonds across the BMPA-carboxylate series, causing  more negative potentials for the 

BMPA-carboxylates.  Additionally, the optimized BMPA- and BEPA-Et structures had 

elongated Cu-OOC bond-lengths, leading to further contraction of Cu(II)-pyridine and 

tertiary amine bonds to compensate for poor donicity from the ethylate arm, which is not long 

enough to optimally coordinate to the Cu(II) center.  With the large range of reduction 

potentials across the series, several trends were identified in the catalyst properties.  For 

example, the turnover frequencies were directly proportional to the Cu(II)/Cu(I) reduction 

potential, whereby more reducing catalysts had faster turnover frequencies (BMPA-Et > 

BMPA-Pr > BMPA-Bu > BEPA-Et > BEPA-Pr > BEPA-Bu), ranging from 11.82 s
-1

 with 

Cu(II)-BMPA-Et to 1.18 s
-1

 with Cu(II)-BEPA-Bu.  On the other hand, the Faradaic 

efficiencies were quite low for BMPA-Et, BMPA-Pr, and BEPA-Et at 15%, 47%, and 23% 

respectively.  The BMPA-Bu, BEPA-Pr, and BEPA-Bu Cu(II) complexes had Faradaic 

efficiencies of 84%, 94%, and 91%, respectively.  These values were ascribed to two 
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competing factors: (1) The more reducing complexes could further reduce/disproportionate 

generated NO to yield N2O, and (2) The steric strain in BMPA-/BEPA-Et complexes 

enhances this disproportionation reaction, leading to deviations in the general trend 

correlating Er to Faradaic efficiency.  The combined data for this series demonstrates that a 

balance must be struck between reduction potential and catalyst Faradaic efficiency: more 

positive Cu(II)/Cu(I) couples inhibit the over-reduction of NO to N2O but such complexes are 

also slower catalysts.  

In catheter studies, Cu(II)-BMPA-Pr was demonstrated to release NO fluxes between 

0 – 8 × 10
-10

 mol min
-1

 cm
-2

 using cathodic hold potentials ranging from 0 to -0.45 V vs 

Ag/AgCl, and similarly generated NO fluxes between 0 – 7 × 10
-10

 mol min
-1

 cm
-2

 using  

applied currents between 0 – 15 μA within single-lumen catheters.
65

    Cu(II)-BEPA-Pr is the 

best performing catalyst reported to date, with NO fluxes ranging from 0 – 24 × 10
-10

 mol 

min
-1

 cm
-2

 and 0 – 17 × 10
-10

 mol min
-1

 cm
-2

 in single- and dual-lumen catheter 

configurations, respectively, when applied potentials ranged from 0 to -0.35 V vs. Ag/AgCl.  

In antimicrobial studies with dual-lumen catheters containing the Cu(II)-BEPA-Pr complex, 

> 2 log unit reductions in viable strains of both P. aeruginosa and S. aureus were reported.  

Nevertheless, the Cu(II)-BEPA-Pr catalyst suffers from similar O2 sensitivity problems as 

Cu(II)-Me3TACN, with a ~70 % decrease in NO flux when switching from N2 to 3% O2 

sparge gasses.  Even so, the performance and NO fluxes generated from the catalyst were still 

adequate to achieve significant anti-thrombotic and antimicrobial activities under ambient 

conditions. 
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2.2      |       INHALED NITRIC OXIDE AND CARDIOPULMONARY BYPASS 

SURGURY 

 The application of our E-NOgen technology using nitrite ions and Cu(II)-ligand 

complexes has also been studied and optimized for other potential medical applications 

including inhaled nitric oxide (INO) to treat persistent pulmonary hypertension (PPHN) and 

during cardiopulmonary bypass (CPB) surgery.
67

  The major risk factor of CPB is white 

blood cell activation due to the contact of extracorporeal blood with the ambient atmosphere 

during cardiotomy suction, and a corresponding systemic inflammatory response (SIR) 

during the procedure.
68

  Recently, our laboratories have sought to test E-NOgen as an 

alternate and cheaper source of NO(g) for medical procedures like PPHN and CBP.  Using 

the E-NOgen principles established for the IV-catheter applications above, a portable gas-

phase NO generator was fabricated and tested during CPB with extracorporeal circulation in 

a porcine model.   

The first generation portable E-NOgen device consisted of an 80 mL bulk E-NOgen 

cell containing 7 mM Cu(II)-Me3TACN catalyst, 1.0 M NaNO2, and 0.5 M HEPES buffer 

(pH 7.3), as well as a high-surface area 50 cm
2
 Au-mesh working electrode and 25 cm

2
 Pt-

mesh counter/reference electrode.  In the optimal configuration for NO generation (Fig. 2B), 

the E-NOgen cell solution is circulated rapidly into a gas-extraction cell at flow rates up to 

700 mL/min via a micro-liquid pump.  A silicone-fiber-based gas exchanger rapidly extracts 

the highly permeable NO gas from the circulating bulk solution while the remaining solution 

is recycled back to the pump reservoir and ultimately to the E-NOgen cell to continue 

generating more NO from the nitrite reservoir.  We found that this method of NO(g) 

extraction was superior to a previously reported configuration using an iron meso-tetrakis(4-

N-methylpyridiniumyl)porphyrin as the nitrite reduction catalyst,
69

  whereby the NO 
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extraction cell consisted of a bubbler containing the sweep gas with an outlet gas port for the 

extracted NO plus carrier gas.  With the silicone-fiber based gas exchanger method, upon 

extraction/transport of NO through the walls of the hollow silicone fibers, a recipient carrier 

gas (N2 or air) delivers the NO for potential medical applications.  To test the levels of NO 

being generated in the gas flow, the stream can be monitored continuously with NO/NO2 

selective electrochemical sensors.  At a set 0.1 L/min carrier-gas flow rate, output NO levels 

could be tuned between ~200 – 400 PPM (with N2 as the carrier gas) by varying the applied 

current to the E-NOgen cell from 5 – 30 μA, with only a 5-min response time between the 

adjustment of current and generation of steady-state levels of NO.  The continuous generation 

of 400 PPM NO was sustained for up to 24 h.  Upon using ambient air as the carrier gas, NO 

levels decreased by 50%, though NO can still be generated at suitable levels (up to ~180 

PPM) for most desired medical applications.  The use of ambient air as the carrier gas is 

ideal, as the device would eliminate the need for any NO and N2 gas cylinders, greatly 

enhancing its portability, cost, and utility.  However, the reaction of NO with O2 presents a 

concern at these higher NO concentrations where the reactivity of NO with O2 could 

potentially generate hazardous levels of NO2.  To test NO2 output levels, an experiment 

where NO was continuously generated at 60 PPM with air as the carrier gas was conducted. 

This experiment yielded relatively low concentrations of NO2 (< 1.5 PPM), consistent with 

the reaction rate of NO in air.
70

  The disproportionate decrease in NO output relative to NO2

 

detection suggests that the diminished NO release under increased concentrations of O2 in the 

sweep gas is primarily due to the O2 sensitivity of the Cu(I)-L catalyst and competition 

between NO2

 and O2 binding to the reduced Cu(I)-L center. 

The application of this E-NOgen device in CBP was tested in a porcine model where 

500 PPM of NO was generated and delivered in a 1:1 N2:O2 carrier gas to the blood-
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oxygenator of a cardiotomy suction unit.  CD11B expression in granulocytes and monocytes 

was monitored as a biomarker for the degree of white blood cell activation.  In the 

experimental group that received 500 PPM of NO, normal values of CD11B in both 

granulocytes and monocytes were sustained during the 2 h operation, as well as during the 

subsequent 72 h of post-op monitoring.  In contrast, a large increase in CD11B expression 

was measured in the control group during the procedure (up to 600% relative to the baseline 

in granulocytes and 250% in monocytes), suggesting an inflammatory response occurred 

during the operation (termed “systemic inflammatory response syndrome (SIRS)).  These 

results provide promising evidence that the E-NOgen technology not only can be utilized 

specifically for CPB, but due to its robust tunability and low cost, could also be further 

adapted for other medical applications requiring airway delivery of gas phase NO (i.e., 

PPHH).  The device does not require NO gas cylinders (which are expensive and unstable 

over long time periods) and can generate adequate concentrations of NO using ambient air as 

a carrier gas source. 

2.3      |       WOUND-HEALING PATCHES 

 The antimicrobial properties of NO combined with many of its reported secondary 

benefits, e.g. inhibition of inflammatory responses, increasing angiogenesis, etc. have led to 

its testing in NO-based therapeutics for wound-healing applications.
71

   This approach is 

especially useful in cases of chronic wounds and infections, where antimicrobials or 

antibiotics would typically be utilized over long time periods.  With increasing drug-resistant 

bacterial strains, alternative methods for chronic wound treatment, including NO, have been 

evaluated.  Indeed, several reports utilizing the chemical release of NO have demonstrated 

that NO-releasing materials such as nanoparticles and hydrogels can be quite useful in 

wound-healing applications.
72-75
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 We have reported the adaptation of our E-NOgen technology within silicone-rubber 

patches that can controllably release NO directionally from one surface of the patch (see Fig. 

2C).
76

   The device consists of a 10-40 mm x 10-40 mm x 5-10 mm patch (several dimensions 

were fabricated/tested) made from polydimethylsiloxane (PDMS) housing, a cheap and 

flexible material.  Within the housing lies: (1) a physical aluminum barrier to force 

directional NO release at the surface of the patch that adheres to the skin; (2) a Ag/AgCl 

mesh as the reference/counter electrode; (3) a porous PDMS spacer with an inner chamber 

housing a 4 mM Cu(II)-TMPA catalyst solution with 0.4 M NaNO2, 0.2 M NaCl, and 0.5 M 

HEPES (pH 7.2); (4)  a gold-sputtered stainless steel mesh working electrode; and lastly (5) 

an outer surface that would contact the wound site that is sealed with a silicone rubber 

membrane and adhesive.  Since portability is essential for such a device (where the E-NOgen 

application is not directly involved with ICU medical care), the electrode leads were tested 

with a portable, battery-powered, voltage supply that can provide potentials within a ± 1V 

range.  Across a range of applied potentials between -0.1 V to -0.5 V, NO fluxes from 1 – 8 × 

10
-10

 mol min
-1

 cm
-2

 were achieved (patch dimension: 40 x 40 x 6 mm).  Additionally, 

continuous E-NOgen of fluxes between 8 – 5 × 10
-10

 mol min
-1

 cm
-2

 were sustained over 4 

days, and recovery of 8 × 10
-10

 mol min
-1

 cm
-2

 fluxes were demonstrated upon replacement of 

the internal catalyst solution with a fresh nitrite/Cu(II)-TMPA stock solution after 4 days.  In 

antimicrobial studies with the E-NOgen patches placed on blood agar plates, viable E. coli 

counts were reduced by 35% after 6 h of E-NOgen, 2 log units after 24 h of E-NOgen, and 3 

log units after 48 h of E-NOgen (all with respect to control patches where E-NOgen was not 

powered on to provide NO).  Similarly, viable S. aureus decreased by 20% after 6 h and 3 log 

units after 24 h of continuous E-NOgen. These results demonstrate that low-cost PDMS 

patches with mesh electrodes in contact with a solution of nitrite and Cu(II)-ligand complex 
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can serve as an inexpensive and effective means of controllably inhibiting the proliferation of 

infectious bacteria at sites of chronic infection. 

3.        |       CONCLUSIONS 

 The beneficial biomedical properties of NO have been investigated for some time.  A 

large body of the research to date has focused on the use of gaseous NO or NO-donor 

molecules (i.e. S-nitrosothiols or diazeniumdiolates) to deliver NO for vasodilation, 

antimicrobial and anti-thrombotic purposes.  Indeed, inhaled NO gas is already approved for 

treating pulmonary hypertension in newborn babies and adults.  Gas phase NO has also been 

used off-label in certain medical applications (CBP, see above) and shown to be beneficial in 

numerous others, but present technologies for NO administration are limited to emergency 

rooms/hospital settings due to portability and cost constraints.  The recent advances in the 

design and testing of new biomedical devices that carry out E-NOgen highlight a potential 

means of making NO treatments much more cost efficient by using cheap/inert NaNO2 as an 

NO reservoir, and more portable by the design of compact electrochemical devices and 

portable voltage sources.  For the devices discussed herein, one major limitation to the overall 

catalyst lifetime and concentration of NO generated is the O2 sensitivity of the Cu(II)-L 

catalysts in their reduced form.  The continued tuning of the Cu(II)/Cu(I) reduction potentials 

via synthesis of new Cu(II)-ligand catalysts may provide a means to reduce or eliminate O2 

sensitivity, allowing for significant elongation of catalyst lifetimes.  At even more positive 

Cu(II)/Cu(I) potentials than those reported for our BMPA-/BEPA-carboxylate ligand series,
65, 

66
  over-reduction of NO to N2O would certainly be mitigated, but a new balance between 

minimizing/eliminating catalyst O2 sensitivities and the decreasing turnover frequencies of 

such catalysts will need to be struck.  For IV-catheter applications, catalysts that can tolerate 

up to 11-15% O2 (for use in more O2-rich arteries) while still generating NO fluxes of 1 – 4 × 
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10
-10

 mol min
-1

 cm
-2

 are desirable, while for CBP, INO, and wound-healing patches, O2 

tolerance of up to 20% or greater would be ideal.  For CBP/INO, this would allow for 

ambient air to be used as the carrier gas.   Since the wound-healing patch design has no way 

to sparge or eliminate atmospheric O2 levels in the Cu(II)-L/NO2
-
 reservoir, tolerance to 

ambient O2 levels would be even more desirable.  Further catalyst development in this 

direction is in progress.  Additionally, for NO-generating technologies to be used for medical 

purposes, the tight control of output NO levels is essential for their use in the field.  While the 

Cu(II)-L catalysts discussed herein can generate a wide range of NO fluxes by tuning either 

the applied potential or current, the bulk catalyst solution slowly becomes more basic.  This 

leads to a slow decrease in catalyst activity, and correspondingly, lower NO fluxes over time 

when holding at either a constant current or potential. The incorporation and optimization of 

feedback controls to allow for precise NO monitoring and automated adjustment of the 

applied currents/voltages to achieve consistent levels of NO generation would greatly benefit 

the development of these technologies for ultimate use in the medical field. 

The physiological functions of NO and the potential for corresponding biomedical 

applications are numerous and extend beyond the anti-thrombotic, antimicrobial and anti-

inflammatory emphasis of this review.  For example, one recent publication reports the 

design of an implantable E-NOgen device that utilizes Fe3S4 nanoparticles containing a 

surface Pt-dopant to reduce a NaNO2 source to NO.
77

    Here, the device was implanted into a 

mouse brain and the effect of controlled electrochemical-mediated NO release on NO-

dependent neuronal signaling was visualized.  We expect that the continued optimization of 

cost, portability, tunability, and stability/lifetime of the catalysts will be essential in the 

advancement of existing and newer E-NOgen-based biomedical devices for applications in 

clinics at scale. 
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Fig. 1.  Mechanism of electrochemical reduction of NO2
-
 to generate NO via a Cu(II)-ligand 

catalyst.  
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Fig. 2.  Overview of three E-NOgen devices utilized for biomedical applications. (A) Two- 

and three-electrode single-lumen IV-catheters and dual lumen catheter containing a second 

PO2 sensing lumen, (B) Bulk NO generator for INO, and (C) NO-releasing silicone rubber 

patch for wound healing.  
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Fig. 3.  Overview of the Cu(II)-L catalysts tested in E-NOgen devices. 
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