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This study marks the first parallel measurements where S-

nitrosothiol behaviour is directly correlated to nitric oxide 

(NO) release for an established polymer system under 

exposure conditions that are specific to S-nitrosothiol 

decomposition (i.e. heat, light, pH). These methods are 

intended to be applied to confirm the NO source in any 

biomaterial system. 

Over the past couple of decades, materials with the capability to 

release nitric oxide (NO) have gained much interest for biomedical 

applications. In general, the largest limitations of current implanted 

devices are related to biofouling from persistent infection and 

thrombus formation, which ultimately lead to device failure. The 

ability to impart the therapeutic properties of NO (i.e., anti-platelet, 

prevent thrombosis and infection, promote wound-healing) into a 

material system would mark an advancement in biomaterials 

development toward combatting device failure. Many materials have 

been reported with the capability to release NO at therapeutically 

relevant levels by directly incorporating NO donors.1 The two most 

common NO donors are N-diazeniumdiolates2 and S-nitrosothiols 

(RSNOs),3 where RSNOs are gaining interest based upon their 

biological relevance in NO storage and transfer in vivo.4 As such, 

many different material platforms, both biostable and biodegradable, 

have been presented that are based upon the storage and release of 

NO via RSNO moieties that are covalently bound to polymer 

backbones. S-Nitrosothiol-incorporated materials include fumed 

silica particles,5 polyesters,6 polyurethanes,7 hydrogels,8 

dendrimers,9 xerogels,10,11 and polymer blends.12 

The ultimate bioapplication of the material involves the delivery 

of NO, thus the primary analytical method employed to characterize 

S-nitrosated polymers is solely measuring the release of NO. S-

Nitrosothiols are usually formed via nitrosation of a thiol site, but 

can also form due to transnitrosation and oxidative processes13,14 

When considering the complexity associated with nitrosation 

processes, it is critical to consider that there may be competitive 

nitrosation processes occurring rather than the exclusive formation 

of RSNOs. More specifically, the formation of RSNO is achieved 

via nitrosation of thiol residues within the system, but other 

nitrosation products can form depending upon the available 

functional groups. Common nitrosation conditions include nitrous 

acid, alkyl nitrites, or exposure to NO under oxygenated conditions.3 

For the first two, it is possible that residual inorganic nitrite or alkyl 

nitrite could remain trapped within the material, which is an issue 

since nitrites can serve as NO donors under the appropriate reduction 

conditions, such as the Cu2+ conditions commonly employed to 

reduce RSNOs.15 For the NO/O2 nitrosation, the chemistry of NO 

results in the formation of NOx species, such as NO2, N2O3, N2O4, 

HNO2, under oxygenated conditions in the presence of ambient 

moisture.16 These intermediate species are of concern due to their 

involvement in nitrosation processes.14 Overall, residual nitrosating 

agent could contribute alternate sources of NO aside from the 

intended RSNO donors. Other potential NO sources could be due to 

the possibility that multiple nitroso species can form during the 

nitrosation process. For example, in earlier work, we demonstrated 

that N-nitrosamines formed competitively with S-nitrosothiols for 

dextran polymers containing both amine and thiol sites.17 Due to the 

versatility of nitrosation chemistry,14 electrophilic nitrosation could 

occur on any number of nucleophilic sites along the polymer 

backbone. Therefore, the ability to characterize the RSNO moiety 

and monitor its decomposition while simultaneously measuring NO 

will ensure that other nitroso products are not also giving rise to NO. 

Overall, due to the versatility of nitrosation chemistry and the 

wide array of nitrosating agents available, it is necessary to consider 

potential products that could contribute to NO release aside from the 

intended RSNO. However, the current approach in the literature is to 

characterize the material predominantly by NO detection methods, 

which indicates nothing about the donor behaviour. Polymers 

exposed to copper ions consistently demonstrate significantly 

enhanced NO recovery compared to heat or light initiated 

decomposition. Therefore, many research groups will expose their S-

nitrosated polymer to copper in order to “completely” reduce the 

RSNO to yield a total NO recovery. The recovered NO is then 

directly attributed back to initial RSNO content in a 1:1 molar 

ratio.5,10,18 However, one study attempted to completely decompose 

S-nitrosothiols via copper and was not 100% effective, likely due to 

Cu2+ coordination to thiol sites in the system.19 Therefore, the 

introduction of copper to the system may not be representative of 

initial RSNO content in terms of NO recovery. 
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Accurate correlation of NO release with specific donors requires 

that the material be analysed in real time to ensure that the NO is 

coming from the donor of interest. It is imperative for these systems 

that the source of NO from the system is due to the decomposition of 

the RSNO to ensure no alternate sources of NO. If the kinetics of 

donor decomposition and NO release do not align, this indicates that 

other physical processes are occurring within the polymer to give 

rise to NO. Before these materials can be considered for use in 

biomedical applications, the source of NO must be identified to 

eliminate the possibility of side reactions occurring, which may 

result in unintended results once in a biological system. 

Herein, a model polymer based upon poly(lactic-co-glycolic 

acid), S-nitrosated PLGH-cysteine, was investigated to understand 

the rate of donor decomposition compared to those of NO release 

(Figure 1). The synthesis and spectroscopic characterization of the S-

nitrosated PLGH-cysteine was published by our group previously.20 

This system was chosen for these model studies due to its known 

solubility and stability properties (in 2:1 methanol:dichloromethane) 

to enable solution-phase UV-vis measurements. Additionally, UV-

vis spectroscopic analysis was previously performed to determine 

the molar extinction coefficient value corresponding to the λmax at 

335 nm for the RSNO.20 The polymer was nitrosated in 2:1 

methanol:dicholoromethane during exposure to t-butyl nitrite for 4 h. 

Thin films of the nitrosated PLGH derivative were prepared by 

casting the polymer solution onto glass substrates. The films were 

further analyzed via Sievers 280i nitric oxide analyzers (NOAs, 

General Electric) and a UV-visible spectrophotometer (Thermo 

Electron Evolution 300) to monitor the NO release and RSNO 

behaviour, respectively. Experiments were performed under 

simulated physiological conditions (phosphate buffered saline soak, 

pH 7.4, 37 °C) or dry conditions exposed to UV irradiation.  

 

Figure 1. The structure of S-nitrosated PLGH-cysteine, where the 

NO moiety is indicated in bold text. 

 

S-Nitrosothiol decomposition via thermal degradation under 
biological conditions. To monitor significant changes in the donor 

decomposition, studies were performed to analyse the RSNO content 

and NO release as a function of time for films exposed to buffer soak 

at 37 °C over a 48 h window. The primary mechanisms of S-

nitrosothiol decomposition under these conditions included pH, 

temperature, and ambient light. No copper ion was added to solution 

and the NOA cells and vials employed for this analysis were 

transparent to ambient UV light. Films for UV-vis analysis were 

placed into individual vials and purged with N2. At t=0, 4 mL of 

deoxygenated PBS (37 °C) were injected into each vial, and the 

films were placed into a water bath for the duration of the analysis 

interval. Films for RSNO donor studies were analyzed every 12 h, 

while the films analyzed under NOA underwent a 48 h period on the 

NOA instrument. For films analyzed via NOA, a film was loaded 

into a cell, purged with N2, and at t=0, 4 mL of buffer were added. 

Direct NO measurements were performed via chemiluminescent 

detection of NO with ozone. Since the NOA setup involved a 

deoxygenated environment, the films for UV-vis analysis were also 

deoxygenated via a N2 purge so that the conditions between the two 

methods matched. Previous reports have demonstrated that RSNOs 

undergo accelerated decomposition under aerobic conditions 

compared to anaerobic conditions due to the presence of N2O3,
21 thus 

it was additionally important to keep the conditions consistent 

between methods. The NOA was daily calibrated with 0 and 45 ppm 

NO calibrant gases and the sample data was collected real-time with 

a 5 s collection interval, at a cell pressure of 3.9-4.3 torr, an oxygen 

supply pressure of 5.1-5.7 psi, and a PMT cooler temperature of -

12.0 °C.  The released NO was swept into the NOA reaction 

chamber via a N2 purge where it was subsequently reacted with O3 to 

result in a chemiluminescent response. The produced photon from 

the reaction of NO and O3 was detected by a PMT, and subsequently 

converted to units of ppb. The ppb values were subsequently 

converted to mol of NO through the use of a calibration constant 

(mol NO s-1 ppb-1) that is determined through a calibration process 

involving the reduction of nitrite. All NO values (total mol) were 

normalized by the mass of the polymer film. 

To determine RSNO content within the polymer film at each 

time point, the polymer sample was dissolved in 2:1 

methanol:dichloromethane solvent for subsequent UV-vis analysis. 

The raw absorbance value at 335 nm was baseline corrected by 

subtracting out the absorbance value corresponding to the non-

nitrosated polymer in solution. Using Beer’s Law (A = εbc), the 

concentration of RSNO (c) in units of mol L-1 was determined by 

dividing the corrected absorbance value (A) by the value εb, where ε 

was the previously determined molar extinction coefficient value of 

882.9 ± 18.2 M-1 cm-1,20 and b was a fixed pathlength of 1 cm 

corresponding to the quartz cuvette. The concentration of RSNO in 

terms of mol L-1 was converted to mmol g-1 using the polymer 

concentration (3.5 mg mL-1) as a conversion factor. Figure 2 shows 

the plot of RSNO content and NO release as a function of the 48 h 

soaking period, while Table 1 shows the values at each time point. It 

can be seen in Figure 2 that the RSNO content (mmol g-1) over time 

trace is inverse of the NO release plot. Additionally, the slope 

corresponding to the 12-48 h data as determined by a linear 

regression analysis was 1.39 ± 0.29 ×10-4 mmol g-1 h-1 for the NO 

release and -2.16 ± 0.60 ×10-4 mmol g-1 h-1 for RSNO content. At the 

95% CL, there is no statistically significant difference between these 

slopes, indicating that NO release indeed correlates inversely to 

RSNO decomposition. After the 48 h analysis period, 30% of the 

initial RSNO content was left. 

 

Table 1. The RSNO content and NO release values as a function of 

PBS soak time at 37 °C for S-nitrosated PLGH-cysteine films. Each 

data point corresponds to the average and standard deviation of n=3. 

time (h) µmol RSNO g-1 µmol NO g-1 

0 37.5 ± 3.1 0.0 ± 0.0 

12 20.0 ± 2.2 28.3 ± 0.1 

24 15.8 ± 0.9 31.5 ± 0.3 

36 16.2 ± 3.6 32.4 ± 0.4 

48 11.2 ± 0.4 33.6 ± 0.5 

 

 

 
Figure 2. The RSNO decomposition (red) and NO release (black) 

profiles over time for S-nitrosated PLGH-cysteine films exposed to a 

37 °C deoxygenated PBS soak over 48 h.  Each data point 

corresponds to the average and standard deviation of n=3. 
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S-Nitrosothiol decomposition under dry, UV-triggered 

conditions. Additionally, we considered RSNO decomposition and 

NO release under exposure to UV light. Since UV conditions trigger 

RSNO decomposition,22 this marks an alternate NO delivery 

pathway. The films were individually loaded into an NOA cell and 

exposed to a high intensity UV lamp (365 nm) for 10, 20 or 30 min. 

After this analysis period, films were collected for solution-phase 

UV-vis analysis. Control, non-nitrosated films were also exposed to 

UV light and showed no changes in the UV-vis spectrum. The mmol 

RSNO g-1 values were determined as described for the PBS soaked 

films at 37 °C. Figure 3 shows the NO release and RSNO content as 

a function of UV exposure time, while Table 2 shows the values at 

each time point.  

The slopes corresponding to NO release and RSNO content in 

Figure 3 were 1.14 ± 0.11 ×10-3 mmol g-1 h-1 and -1.11 ± 0.12 ×10-3 

mmol g-1 h-1, respectively, as determined by a linear regression 

analysis. At the 95% CL, there is no statistically significant 

difference between these slopes, indicating that, as for the case of the 

films soaked in PBS, the UV-initiated RSNO decomposition is 

directly giving rise to the detected NO. This correlation can be 

further seen because the total RSNO that decomposed over the 30 

min period was 0.034 ± 0.025 mmol g-1, while the total NO that was 

released was 0.033 ± 0.006 mmol g-1. After the 30 min analysis 

period, 75% of the initial RSNO remained. 

 

Table 2. The RSNO content and NO release values are shown as a 

function of UV exposure time for S-nitrosated PLGH-cysteine films. 

Each data point corresponds to the average and standard deviation of 

n≥6. 

time (h) mmol RSNO g-1 mmol NO g-1 

0 0.138 ± 0.012 0.000 ± 0.000 

10 0.129 ± 0.011 0.012 ± 0.003 

20 0.120 ± 0.009 0.027 ± 0.007 

30 0.104 ± 0.022 0.033 ± 0.006 

 

 

 

 
Figure 3. The RSNO decomposition (red) and NO release (black) 

profiles as a function of UV exposure time for S-nitrosated PLGH-

cysteine films under dry, deoxygenated conditions. Each data point 

corresponds to the average and standard deviation of n≥6. 

 

The overall NO yields are highly dependent on the 

decomposition pathway employed. In particular, UV irradiation had 

demonstrated a significant increase in NO release rates for S-

nitrosated materials compared to thermal conditions.7,9,10 The RSNO 

soaking studies performed, displayed in Figure 2, show a smaller 

amount of NO release over a longer time period, while the UV 

irradiation studies, displayed in Figure 3, give rise to a larger amount 

of NO release in a shorter amount of time. Although the release rates 

are quite variable among decomposition pathways, the correlation 

between the RSNO decomposition and NO recovery can be analyzed 

regardless. 

Conclusions 

 Overall, the % NO recovery and % RSNO decomposition 

values match at each time point under various deoxygenated 

conditions, demonstrating that the RSNO is the predominant 

source of NO release in the system. More specifically, RSNO 

decomposition correlated to NO release for S-nitrosated PLGH-

cysteine films exposed to buffer at 37 °C as well as films 

exposed to UV light under dry, ambient temperature conditions. 

The conditions reported herein are relevant to RSNO 

applications, where the decomposition is initiated primarily 

through thermal, pH and UV triggered stimuli.3 More 

specifically, the experimental conditions of buffer soak at 37 °C 

enable pH and thermal initiated decomposition, while the dry, 

UV conditions enable UV initiated decomposition of the 

RSNO. While these studies were performed under the 

deoxygenated conditions required for the NOA standard setup, 

the spectroscopic methods described herein can be applied to 

compare donor behavior and NO release in general. More 

specifically, a validated NO measurement technique capable of 

sensitive NO detection under oxygenated conditions could be 

coupled to spectroscopic analysis of the donor to understand 

material behavior and therapeutic delivery for bioapplications. 

This study marks the first time that the RSNO decomposition 

has been directly correlated to NO release for a polymer 

system, thereby implicating the S-nitrosothiol moiety as the 

predominant source of NO. Most studies simply assume that the 

RSNO moiety gives rise to NO, while this process is not 

directly probed. Since there can be alternate sources of NO in 

the system, such as residual nitrosating agent or other nitroso 

products, it is necessary to directly measure the RSNO 

behaviour to ensure that the RSNO decomposition correlates 

directly to NO release. 

 It should be noted that this study has been performed using 

a model polymer system with a corresponding solvent that is 

appropriate to solubilize the polymer while not destabilizing the 

RSNO, thus making it appropriate for solution-phase UV-vis 

analysis. However, there are many polymers that are not readily 

soluble, therefore making them inappropriate for solution-phase 

UV-vis. In such a case, solid state UV-vis measurements, such 

as diffuse reflectance, can be employed. In addition, a polymer 

that does not absorb in the 300-400 nm wavelength region is 

required to monitor the absorbance feature at 335 nm due to the 

no → π* transition. To analyze RSNO content for a polymer 

with interference in this region, it is possible to instead monitor 

the 550-600 nm band that is due to the nN → π* transition.3 

Since the 550-600 nm absorbance feature exhibits a 

significantly smaller εmax value (~20 M-1 cm-1
 compared to ~103 

M-1 cm-1), a higher concentration of polymer would be required 

for this analysis to increase the concentration of RSNO in 

solution to a detectable level. However, the extinction 

coefficient for the 300-400 nm absorbance feature is roughly 

50× that of the coefficient for the 550-600 nm feature. Since a 

3.5 mg mL-1 polymer solution was required to yield an 

absorbance value of ~0.1 for analysis at 335 nm, analysis at 

~550 nm would require a polymer solution on the order of >100 

mg mL-1 which could be beyond the solubility range of the 

polymer. Thus, analysis at 550 nm of the RSNO is limited by 

the solubility of the polymer in question.  

 The ability to correlate NO release with RSNO 

decomposition is important for confirming that the RSNO in 

the polymer is responsible for the NO release. These methods 
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are intended to be applied, not just to the model PLGH system 

described here, but to all NO releasing materials (both 

biodegradable and biostable). This will ensure that each unique 

system is yielding NO from the intended source, rather than 

potential byproducts or residual species present in the system. 

The ability to confirm that the NO reservoirs within materials 

are predominantly due to the donor of interest will enable 

understanding of the NO material behaviour for subsequent 

application. Once the fundamental physical processes occurring 

within NO releasing films are completely understood, these 

materials can be further applied in biomedical settings. 
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