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Abstract

A novel non-invasive system has been developed to measure transdermally emitted hydrogen 

sulfide (H2S) from the upper and lower limbs of human subjects. The transdermal arterial 

gasotransmitter sensor (TAGS™) has previously been shown to detect low levels of H2S ranging 

between 1 and 100 ppb considered relevant for physiological measurements (Shekarriz et al. 

2020). This study was designed to compare its measurement precision in detecting transdermal 

H2S to a commercially available chemiluminescent device, the H2S-selective Ecotech Serinus 55 

TRS™. Although TAGS™ does in-situ and real-time sampling, the comparative studies in this 

paper collected gases emitted from the lower arm of 10 heathy human subjects between the ages of 

30 and 60. Three replicate samples of each individual were collected for 30 min in a sealed 10 L 

Tedlar® bag to allow readings from the same sample by both devices. Readings from the TAGS™ 

system correlated strongly with the values obtained from the Serinus™ device, both ranging 

between 0.31 ppb/min and 2.21 ppb/min, with a correlation coefficient of R2 = 0.8691, p < 0.0001. 

These results indicate that TAGS™ measures transdermal H2S specifically and accurately. Because 

vascular endothelial cells are a known source of H2S, TAGS™ measurements may provide a 

non-invasive means of detecting endothelial dysfunction, the underlying cause of peripheral artery 

disease (PAD) and microvascular disease. TAGS™ has potential clinical applications such as 

monitoring skin vascular perfusion in individuals with suspected vascular disease or to monitor 

progression of wound healing during treatment, which is of particular value in diabetic patients 

with calcified arteries limiting detection options.
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1. Introduction

In the wake of the pioneering studies of Kimura’s group [2], many questions still remain 

about the roles of H2S as a biologically-relevant signaling molecule [3]. H2S is a gas 

molecule that is twice as soluble in lipid membranes as in water, allowing it to pass 

through the lipid bilayer of endothelial and other cells to reach the skin [4,5]. There 

are several methods available to detect H2S in plasma [3,6,7], but no methods have 

been described to measure free H2S in human tissues without extraction (i.e. transdermal 

H2S) [8]. Previous studies have evaluated the utility of measuring transdermal gases in 

biomedical applications. These studies used gas-chromatography with mass spectrometric 

detection (GC–MS) coupled with solid phase microextraction (SPME) as a pre-concentrator 

to provide data on many volatile organic compounds (VOCs) emitted from the human skin 

[9,10]. Such measurements have provided emission ranges of many hydrocarbons, ketones, 

aldehydes and sulfur compounds, however, there are no data on the rate of H2S emission 

from human skin. Consequently, there is relatively little evidence describing changes in 

H2S tissue concentration under different disease and physiological states since no methods 

accurately measure transdermal H2S levels in real-time [3,8,11]. Knowing the normal 

concentration of H2S released from the skin would provide a non-invasive way to monitor 

tissue emission of this important signaling molecule and could potentially provide an easy 

and accessible way to evaluate early changes in local bioavailability of H2S by diffusion and 

production to signal the presence of disease.

In an effort to fill this gap in measurement methods, we developed the TAGS™ system 

to detect low levels of transdermal H2S (~1–100 ppb) in near real-time (i.e., < 30 s 

response time) [1]. Our laboratory was the first to demonstrate the ability to perform 

measurement of localized transdermal H2S emission in humans. Therefore, the purpose of 

this study was to confirm the accuracy of the TAGS™ measurements of transdermal H2S 

by comparing to readings made using a previously validated, commercially available, H2S-

selective device Ecotech Serinus 55 TRS™. Briefly, the Ecotech Serinus 55 TRS™ device 

(Serinus™ device) uses pulsed fluorescence, chemiluminescence to detect H2S by passing a 

gas sample through an SO2 scrubber and then converting H2S to SO2 in a thermocatalytic 

reactor prior to measurement of SO2 concentration [12]. Compared to the TAGS™ system, 

the Serinus™device has a lower detection limit (< 0.3 ppb vs. 2 ppb), but requires a much 

larger sample for H2S detection (i.e., ≥500 mL vs. 5 mL). The ability to use a smaller 

sample size makes the TAGS™ system more practical for clinical point-of-care applications 

than the Serinus™ device. The following sections discuss the protocol to collect a single 

transdermal sample large enough to conduct H2S readings using both the TAGS™ system 

and Serinus™ device to evaluate the hypothesis that H2S measurements made by the TAGS™ 

system would equate to H2S measurements by the Serinus™device.

2. Methodology

2.1. Comparing standard gas measurements between the TAGS™ system and Serinus™ 

device

Briefly, the clear, air-tight container with a rubber needle port allowed accurate injection or 

removal of gases using a syringe and needle. Calibration gas dilutions were generated from 
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certified 10 PPM H2S gas (±2%) with balance N2 (Cal Gas Direct Inc., Huntington Beach, 

CA). A 1.0 L FlexFoil® bag (SKC Inc., Cat. No. 252–01) was filled with the certified 

gas. A 5.0 mL syringe (ThermoFisher Scientific, 2S7510–1) with a 1.25-in. 27-gauge 

needle (BD #305136), was used to transfer the precise volume of standard gas into the 

1 L sealed container using the dilution formula (Eq. 1) derived from conservation of mass 

for ideal gasses at isobaric and isothermal conditions to get the four different calibration 

concentrations.

C1V1 =  C2V2 (1)

C and V are concentration and volume of the gas and subscripts 1 and 2 indicate the 

stock gas and calibration gas, respectively. Following calibration, standard gas of a known 

concentration were prepared in a 1.0 L FlexFoil® bag and sensor readings of a given H2S 

concentration were made with both the TAGS™ system and Serinus™ device. In total, 12 

different standard gas concentrations, ranging between 10 ppb and 120 ppb, were prepared 

and measured using both devices. FlexFoil® bags were purged of standard gas between 

concentration steps. Linear regression analysis was performed to determine the correlation 

of the readings from the two devices.

2.2. Comparing human gas measurements by the TAGS™ system and the Serinus™ 

device

2.2.1. Subject recruitment—10 healthy participants (no indication of cardiovascular 

disease) between the ages of 30 and 60 were recruited for this study. Exclusion criteria 

included BMI > 30 kg/m2, liver disease, kidney disease, current or past smoker, diagnosis of 

cancer, diagnosis of diabetes mellitus (DM). Participants were asked to fast at least 8 h prior 

to their appointment.

2.2.2. Data collection—Before a participant arrived for testing, the TAGS™ system and 

Serinus™ device were calibrated using four H2S concentrations, namely, 25 ppb, 50 ppb, 

75 ppb, and 100 ppb. Prior to conducting the gas collection, participant information (i.e., 

height, weight, and blood pressure (BP)) were measured and recorded in order to determine 

whether participants were in good health. Participants with a BMI > 30 kg/m2 and a systolic 

blood pressure > 180 mmHg were excluded. Briefly, BP was assessed on the upper arm with 

clothing removed from the arm using an appropriately sized cuff while participants sat with 

legs uncrossed and feet flat on the floor while their back and arm supported [13].

Following the collection of participant information, gas samples from the right arm were 

collected into the 10 L Tedlar® Bag that was sealed to the arm using Tegaderm™ (KCI 

Manufacturing, REF: M6275009/10, San Antonio, TX, USA). After attachment of the bag 

to the arm, the bag was emptied of all gases and then filled with 2.0 L of room air. After 

a 30-min collection period, collected gases were transferred into 2 different 1.0 L Tedlar® 

bags and H2S measured within 1 h of collection by both the TAGS™ and Serinus™ devices.

2.2.3. Data analysis—The data are presented as mean ± standard deviation (SD). 

Differences between the two groups (TAGS™ and Serinus™) were evaluated using a paired 
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t-test. Simple linear regression analysis was performed to evaluate the correlation of H2S 

measurements by the TAGS™ system with measurements made by the Serinus™device. All 

of the analyses were performed using GraphPad Prism 8 (GraphPad Software, Inc., San 

Diego, CA, USA).

3. Results

There were 5 females and 5 males in the study with a mean ± SD age (years) of 42 ± 13.4. 

Participants recruited were in good health. BMI (kg/m2) was 25.3 ± 2.5 and systolic blood 

pressure was 122 ± 15.2 mmHg.

In a clinical setting, transdermal H2S gas from individuals (n = 10) were collected and then 

transferred into 2 different 1.0 L Tedlar® bags and measured within 1 h of collection by both 

the TAGS™ and Serinus™ devices. Individual H2S gas measurements were not significantly 

different between the two instruments, (i.e., p = 0.509, Fig. 1 and Table 1).

Simple linear regression analysis was also used to compare device readings using H2S 

standard gas as described in the previous sections. There was a statistically significant 

correlation between the TAGS™ and Serinus™ readings (i.e., R2 = 0.9189, p < 0.0001, Fig. 

2).

Furthermore, the slope of linear regression line (y = x + 2.0) demonstrates that the H2S 

samples measured in each device is in a 1:1 ppb ratio with only a 2-ppb offset.

Lastly, to assess the correlation of transdermal H2S measurements between the two devices, 

linear regression analysis was performed on the readings from 10 human samples. TAGS™ 

readings significantly correlated with the transdermal H2S measurements from the Serinus™ 

device (i.e., R2 = 0.8691, p < 0.0001, Fig. 3). All 10 human gas samples fell within 

the 95% prediction bands of the best-fit line analyzed using standard gas measurements, 

demonstrating the level of accuracy of the TAGS™ system to measure transdermal H2S in 

humans.

4. Conclusion

The data from this study demonstrate that the TAGS™ system can accurately measure 

transdermal H2S emissions from healthy humans. The strong correlation between 

transdermal H2S measurements made using the Serinus™ device to readings made with 

the TAGS™ system demonstrate that the TAGS™ system is superior to the larger, bulkier 

and more expensive Serinus™ device for potential clinical applications. Furthermore, the 

similarity of the readings between the two systems demonstrates that the TAGS™ system 

accurately measures H2S released through the skin of healthy humans. This study showed 

that the TAGS™ system is an appropriate tool to further evaluate the generation of H2S 

in subcutaneous tissues. Since the endothelium of the microcirculation generates H2S in 

humans [14], changes in TAGS™ readings is likely to reflect changes in the health of 

the underlying tissue. Importantly, these data demonstrate that the electrocatalytic sensing 

approach engineered into the TAGS™ system detects physiological H2S levels in a sample 
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size that is 10 to 100 times smaller than that of the fluorescent spectroscopy approach 

engineered in the Serinus™ device and which is currently not available in any other device.

From multiple target clinical applications of accurately sensing transdermal H2S, one 

possible application would be to evaluate decreases in transdermal H2S as an early indicator 

of vascular endothelial disease. Previous work has reported that diabetes [15], hypertension 

and atherosclerosis [14,16] decrease H2S levels in human subjects, while animal studies 

demonstrate that H2S protects the vasculature from developing endothelial disease [17–19]. 

Thus, non-invasive and accurate measures of this endothelium-derived vasodilator may 

serve as an early indicator of endothelial dysfunction. Therefore, the validation of the 

TAGS™ system represents a major enabling step toward rapid, sensitive detection of this 

biomarker during routine heath visits as a potential diagnostic technique to identify early 

stage microvascular disease. Further studies are warranted to investigate the relationship 

between the plasma H2S levels, microvascular health and transdermal H2S levels.
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Fig. 1. 
Violin plot of Serinus™ readings and TAGS™ readings of gas samples collected from 10 

different humans analyzed via a paired t-test. No significant difference in mean values 

of transdermal H2S readings between the two groups (p = 0.509). Each individual is 

represented by a different colour.
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Fig. 2. 
Regression lines for TAGS™ readings (ppb) and Serinus™ readings (ppb) of 14 samples. 

There is strong significant correlation between TAGS™ readings and Serinus™ readings 

(R2 = 0.9189, p < 0.0001). Device readings using varying concentrations of standard gas 

are represented by a red point. The solid red line is the linear regression line representing 

the goodness of fit between these two variables. The dotted red line represents the 95% 

prediction bands of the best-fit line testing standard gas.
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Fig. 3. 
Relationship between TAGS™ readings (ppb) and Serinus™ readings (ppb) of 10 human 

gas samples analyzed via linear regression analysis. Device readings using collected human 

gas samples are represented by a blue point. The solid red line is the linear regression line 

comparing the two device readings using calibration gas. The dotted red line represents the 

95% prediction bands of the best-fit line testing calibration gas. All human gas samples fit 

within the 95% prediction bands.
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Table 1

Clinical characteristics of the patient population. Values are shown as mean ± SD.

Characteristic

Male/female (5/5), 10

Age (yrs) 42 ± 13.4

Systolic Blood Pressure (mmHg) 122 ± 15.2

Body mass index (kg/m2) 25.3 ± 2.5
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