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Abstract: Gunshot residue (GSR) has potential negative health effects on humans as a result of
inhalation and dermal exposure to the chemical and physical characteristics of GSR such as Pb, Sb,
Ba, nitrocellulose, nitroglycerine, and particulate size fraction. Filter (size selective) and double-sided
tape (non-size selective) samples collected airborne GSR during single and triple firing of a 0.22 caliber
revolver. Dermal exposures were considered using hand swabs and de-leading wipes, designed to
remove the heavy metals. The samples underwent analysis to investigate physical (morphology,
size distribution, zeta potential), chemical (black carbon and element concentrations), and potential
to induce oxidative stress (oxidative potential via the dithiothreitol (DTT) assay). All sample types
detected Pb concentrations higher than national ambient air standards. The de-leading wipes reduced
the metal content on the hands of the shooter for Pb (15.57 ± 12.99 ppb and 3.13 ± 4.95 ppb). Filter
samples provided health relevant data for airborne PM2.5 for all of the analysis methods except for
GSR morphology. This work identified collection and analysis methods for GSR in an outdoor setting,
providing protocols and considerations for future toxicological studies related to inhalation and
dermal exposures to particulate GSR. Future studies should investigate the influence of meteorological
factors on GSR exposure in an outdoor setting.
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1. Introduction

Recreational and professional use of firearms is common throughout the world, with
an estimated 11.5 million people in the United States participating in recreational hunting
and 32 million firearm users [1]. Gunshot residue (GSR) is the organic and inorganic
components deposited in the air and surrounding environment after the discharge of
a firearm [2]. Common elements considered tracers of GSR include lead (Pb), barium
(Ba), and antimony (Sb). Other elements found in GSR include aluminum (Al), sulfur (S),
calcium (Ca), zinc (Zn), copper (Cu), titanium (Ti), and silicon (Si) [3]. Particles of various
sizes are present in GSR following the combustion of the primer and fractionation of the
projectile or barrel of the firearm [4]. In addition to elemental components of GSR, recent
work has focused on the detection and analysis of organic GSR to establish a more complete
chemical profile [5–8].

Traditionally, the study of GSR has been related to applications for crime investigation.
This research has included determining the air suspension time and deposition area of
GSR in indoor, controlled environments [9–11]. Previous investigations primarily used
carbon-based adhesives on stubs [4,12,13], but other methods look at nasal mucus [14–16].
Different instrumentation coupled with mass spectrometry have been used to confirm
GSR [7,17–19]. While this previous literature has been useful for forensic purposes, there is
a need to understand the behavior of GSR particles in outdoor settings as well as improve
the understanding of the human exposure and environmental implications of the discharge
of firearms [20].

Appl. Sci. 2022, 12, 4423. https://doi.org/10.3390/app12094423 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12094423
https://doi.org/10.3390/app12094423
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-3858-1560
https://doi.org/10.3390/app12094423
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12094423?type=check_update&version=2


Appl. Sci. 2022, 12, 4423 2 of 18

Research into the health effects of GSR is a growing area of interest with firearm at
military firing ranges [21,22]. Some of the common elements found in GSR have known
health relevance such as Pb [23–25] and Ba [26,27]. Recent studies investigated the in vitro
toxicity of GSR [28] and through use of a lung deposition model [29]. Oxidative stress
and inflammation were increased following exposure to GSR in two epithelial airway cell
lines [28]. Another area of concern related to GSR is the environmental impact as the
dispersion of different sizes of GSR particles may vary. The current literature available
focuses on the impact of Pb deposited into the soil through bullet fragments [30–32], but
a subset of studies detected increased concentration of metals in the soil near the firing
line of different ranges [33,34], presumably from the settling of airborne GSR particles.
Combined, these studies show the necessity to continue researching the environmental and
human health impacts of GSR.

Notably, the available research is limited to a few studies analyzing GSR particles in an
outdoor setting [29] and detecting fine particulates that would be respirable to the shooter
and bystanders [28,29,35]. The determination of size deposition of GSR is important to
understand due to the health effects related to different fractions. Fine particulate matter
(PM2.5) can directly enter the lungs due to the small size of the particles, being less than
2.5 microns in aerodynamic diameter [36]. Particle size distribution of organic and inorganic
components from GSR is a key factor in the determination of health and environmental
effects related to PM2.5. A limited number of studies observed the deposition and particle
size in an indoor or controlled setting [10,11,28,29,35,37] but there is a lack of research,
particularly in outdoor settings, for characterizing PM2.5 from GSR.

PM2.5 is composed of a number of health-relevant components: including the afore-
mentioned inorganic and organic species in GSR as well as black carbon which has known
health effects [38,39]. Black carbon is a component of PM2.5 that is emitted during com-
bustion reactions from a number of sources such as biomass burning, fuel exhaust, and
industry [38,40]. Additionally, one study identified the presence of carcinogenic polycyclic
aromatic hydrocarbons (PAHs) in lead-free GSR ammunition [41]. When considering in-
halation or other exposure routes to GSR, the health effects are less investigated with studies
primarily focused on blood Pb levels in firearm users [23–25]. One hypothesized mecha-
nism for health effects following outdoor PM2.5 exposures is oxidative stress. Oxidative
stress is the imbalance of antioxidants and free radicals that leads to the accumulation of
reactive oxygen species (ROS) and leads to inflammation in cells and tissues [42]. Oxidative
potential is a proxy for oxidative stress as it measures the ability of particulate matter to
oxidize various molecules to produce ROS; however, it is understudied for particulates
collected from firearm discharge.

In this study, the dithiothreitol (DTT) assay was used to measure the oxidative potential
of the GSR samples. Here, we test GSR sample collection and analysis methods to determine
optimal procedures for assessing the exposure to GSR particles through airborne and
dermal contact. Different size fractions of airborne particles and hand swabs from a shooter
were collected and analyzed following one or three shots from a 0.22 caliber revolver.
Particle morphology, chemical composition, and oxidative potential were determined for
all samples. In contrast to previous work, this study investigates the ability to detect and
analyze GSR ≤ 2.5 microns, a fraction of particular relevance to human health. This work
outlines potential collection and analysis methods for airborne and dermal exposure to
GSR in an outdoor setting. We begin to propose procedures to fill the substantial gaps in
GSR research that exist in environmental and human health exposure assessments.

2. Materials and Methods
2.1. Sampling Procedure

Samples were collected on two days (11 August 2020 and 3 April 2021), in quadrupli-
cate to account for potential variability between sample collection day and season with one
run collected in August and three runs in April. The revolver used was a Harrington &
Richardson (H & R) Model 949 revolver chambered in a 0.22 long rifle (22 LR) with a nine



Appl. Sci. 2022, 12, 4423 3 of 18

cartridge capacity. Remington Viper rimfire cartridges with a bullet weight of 36 grains
were used. Two collection scenarios occurred: (1) a single shot fired and (2) three shots
fired in rapid succession, with 10 min between each collection. For the triple shot scenario,
the revolver was fired rapidly three times with one to three seconds between each shot.
Between repeated collections of single and triple firings (n = 4), there was at least 20 min to
allow for the deposition of GSR from the sampling area based on a number of previous
studies in this research area [9–11,37,43,44]. Identical procedures outlined in the Collection
section were used for both the single and triple shot scenarios. Background samples for
each collection method were taken prior to the discharge of the firearm.

2.2. Collection

During each sample collection multiple sample matrices were used for size-selective
(filters) and non-size-selective (double-sided tape, hand swabs) methods.

2.2.1. Filters

The size-selective air sampling method was collection of PM2.5 onto 37 mm filters
made of borosilicate glass microfibers reinforced with woven glass cloth and bonded with
polytetrafluoroethylene (PTFE) (Pall Corporation). An active air sampler was used for
collection (Access Sensor Technologies, Fort Collins, CO, USA, Ultrasonic Personal Air
Sampler, UPAS) [45]. The sampler was attached to the right arm of the shooter and active
during the discharge of the firearm and for approximately one minute after discharge, at
a flow rate of 1 L/min. A background sample was collected at the sample site for 30 min
prior to the first shot on each sampling day. The sample site was an isolated private firing
range with no firearm use at least a day before each sampling period. No alternative
contamination sources were present with the closest paved road being greater than 5 miles
away from the range. New filters were placed into the UPAS after each collection (totaling
4 single shot and 4 triple shot filters collected).

2.2.2. Double-Sided Tape (DST)

For the non-size-selective collection of airborne GSR, double-sided tape (DST) near
the firearm was used. Prior to firearm discharge, two pieces of carbon-based adhesive DST
(Scotch®, 3M, St. Paul, MN, USA) collected on aluminum stubs were placed perpendicular
to the barrel of the 0.22 caliber revolver, two feet in front of and one foot to the right of the
barrel. New DST was set out in between each shooting scenario and immediately stored in
airtight containers following collection. One of the DST pieces was sent for analysis with
a field-emission scanning electron microscope with an energy dispersive X-ray spectrometer
(FE-SEM/EDS), while the other DST piece was removed from the aluminum stub and
underwent extraction for elemental analysis and DTT analysis (described in detail below).
Blank samples were collected prior to the discharge of the firearm by exposing the tape to
ambient air for five minutes.

2.2.3. Hand Swabs and De-Leading Wipes

In addition to the airborne samples, dermal samples were collected from the shooter
using hand swabs, individually packaged in 70% isopropyl alcohol (Med Pride®, Hacken-
sack, NJ, USA). The hand swab towelettes were wiped evenly over the front and back of
both hands for approximately one minute before and after firearm discharge. Commercially
available de-leading wipes that were advertised to remove heavy metals such as Pb, Ni,
Cd, As, Ag, Hg, Cr, and Zn from hands or other surfaces (D•Wipe® Towels by ESCA
Tech Inc., Milwaukee, WI, USA) were also used with identical procedures to the hand
swabs. After each shooting scenario, a hand swab was used followed by a de-leading
wipe and finally another hand swab. This design allowed for the collection of blanks
and samples after shooting and after the use of a de-leading wipe. The de-leading wipes
were collected and 1

4 of the wipe was cut with ceramic scissors and stored at 4 ◦C until
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subsequent analysis. Blank hand swabs and de-leading wipes were taken on the shooter’s
hands for blank correction.

2.3. Sample Preparation

Non-destructive analyses conducted directly on the sampling material preceded sam-
ple extraction and is described below (i.e., FE-SEM/EDS, black carbon).

All samples were extracted using sonication in methanol for 60 min at 60 Hz (Barnson
Ultrasonics Corporation, Brookfield, CT, USA). The filters and hand swabs were extracted
in 8 mL of methanol in 15 mL tubes while the DST and de-leading wipes were extracted
in 20 mL of methanol in 50 mL tubes. Following sonication, each sample was rinsed with
methanol to collect any residual sample and 300 µL aliquots were collected for oxidative
potential analysis. The remaining sample was dried via nitrogen gas blowdown (Organoma-
tion Associates N-Evap 111 Nitrogen Evaporator, Berlin, MA, USA) and resuspended in
8 mL of deionized (DI) water, sonicated for 10 min, and vortexed for 10 s at 1500 rpm.
A 1 mL aliquot of these solutions was removed for dynamic light scattering (DLS) analysis.
The remaining samples were stored at 4 ◦C for elemental analysis.

2.4. Analysis

Multiple analysis methods were dependent on the sample collection medium. Analysis
methods with specific sample types that underwent the analysis are detailed in Figure 1.
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Figure 1. Sample Flow Chart. The flow chart summarizes all of the analysis processes done to each of
the sample types.

2.4.1. FE-SEM/EDS (Filters and DST)

A JSM-7200 FLV field-emission scanning electron microscope with an energy disper-
sive X-ray spectrometer (FE-SEM/EDS, Peabody, MA, USA) with a gold sputter coating
was used for analysis of samples and controls at several magnifications (100×, 500×, 1000×,
and 5000×). FE-SEM/EDS analysis was performed on a portion of the collected filters (5 ×
5 mm section) and DST strips for each shooting scenario by the Microscopy and Imaging
Center at the University of Mississippi. The stored DST samples were collected directly on
top of aluminum stubs and thus additional preparation was not needed. Filter portions
were cut using ceramic scissors following black carbon analysis on all blanks and samples.

2.4.2. Dynamic Light Scattering (All Samples)

Size distribution and zeta potential were determined using a Malvern nanoseries
zetasizer (United Kingdom) for all samples and controls. Aqueous 1 mL extracted samples
were placed into appropriate cuvettes for size distribution and zeta potential analysis, run
in triplicate. One-eighth of the original sample was used for this analysis. The data analysis
and sample comparisons were completed using the Malvern zetasizer software.

2.4.3. Black Carbon (Filters Only)

Prior to extraction all 37 mm filters were analyzed using a Magee OT21 Sootscan
instrument (Magee Scientific, Berkeley, CA, USA) set at 880 nm to measure black carbon
concentrations. The absorbance between blank and collected filters were compared. All



Appl. Sci. 2022, 12, 4423 5 of 18

sample filters were analyzed (in triplicate) alongside the blank filter collected at the firing
range. The attenuation measurements from the instrument were converted to black carbon
concentrations using precise sampler runtimes and flowrates.

2.4.4. Elemental Analysis (All Samples)

Aliquots of all samples and controls underwent Inductively Coupled Plasma Mass
Spectrometry (Thermo Fisher Element XR ICP-MS, Waltham, MA, USA) for elemental
quantification of Ag, Ba, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, Mn, Ni, P, Pb, Sr, Tl, U, V, and
Zn. The calibration curves were generated by Multielement Calibration Standard Solution
2A (Spex Certiprep), and method accuracy was confirmed by the analyzing NIST certified
standard reference material 1640a “Trace Elements in Water” as previously described in
detail [46]. For the elements representative of GSR, the percent recovery was within ±10%
from the actual value of the standard reference material 1640a. The operational parameters
of the instrument are described in Table S1. All samples were blank corrected except for
the de-leading wipe samples. Prior elemental analysis, the 8 mL samples were acidified
with 166 µL of HNO3 and 134 µL of internal standard was added for quality assurance.
Based on instrumental quality assurance standards, the number of samples for each group
ranged from 3 to 4, except for the first de-leading wipe used which was in duplicate.

2.4.5. Oxidative Potential (All Samples)

Oxidative potential was measured for the samples and controls using the acellular
dithiothreitol (DTT) assay in a 96-well plate. The assay was performed as previously
described [47] with the following modifications to adjust for measurement of the different
sample types. The samples were run at different volumes to determine the optimal volume
for each sample type. The final volumes used were: 20 µL for filters and hand swabs and
15 µL for DST. The volume of methanol added into the DTT calibration curve was matched
for each sample type. DTT consumption was measured at 412 nm and determined by using
sample specific calibration curves followed by blank correction of the samples. All of the
calibration curves, controls, and samples were run in triplicate on the 96-well plate.

2.4.6. Statistical Analysis

All statistical analysis was performed using Excel, SigmaPlot, and R version 4.1.1 with
R studio software version 4.1.1717 [48]. Figure graphing was done using the “ggplot2” R
package [49]. Data are reported as averages with standard deviation (sd) or standard error
means (SEM) where noted. Following blank corrections comparisons between single and
triple shots scenarios were made using the Welch’s t-test in SigmaPlot. The Welch’s t-test
compared the scenarios for black carbon, elemental concentrations, and oxidative potential
analysis using SigmaPlot. Multiple group analysis for hand swab samples were performed
using a one-way analysis of variance (ANOVA). Correlations between oxidative potential
chemical components were made using Spearman’s Correlation in SigmaPlot software.
Statistical significance was defined as <0.05 unless otherwise noted.

3. Results/Discussion
3.1. GSR Particle Identification (Filter and DST)

FE-SEM/EDS analysis was used to identify airborne GSR particles on two sample
substrates. Characteristic GSR elements and particles were detected on the single and
triple shot DST samples (Figure 2A) but not on the filters (Figure 2B). The DST served
as a particle collection surface that allowed for the identification of GSR after a single
shot (Figures 2A and 3). Traditionally, GSR morphology is identified as a spherical particle
containing a mix of Pb, Ba, and Sb [3]. The particles collected on the DST were slightly
misshapen from an ideal spherical shape (Figure 3). These findings align with a previous
study that collected GSR directly from the ammunition primer onto carbon adhesive tape
and found irregular morphology of some particles [50]. A potential rationale for the non-
spherical particles collected is the collection method, with particles needing to directly
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adhere to the DST and in the process of impaction slight alterations to the shape may have
occurred. Additional elements (Al, K, O, Si, Sr, Ti) aside from characteristic GSR (Ba and
Pb) were used as further validation of the source of the collected particles [51,52]. The
elemental composition of all samples will be discussed in detail below.
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Figure 2. Representative FE-SEM/EDS images of DST and Filters. A representative image of a particle
for the DST collection (A) is displayed with elemental overlay for Pb (yellow) and C (blue) after
a single shot at 6500×; the scale bar indicates 5 µm. No particles were identified on the filter samples
(B) which provided a complex matrix for imaging at 1000×; the white scale bar indicates 10 µm.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 7 of 19 
 

 
Figure 3. FE-SEM/EDS data for DST single shot sample. A representative GSR particle on DST from 
the single shot sampling shows the morphology and elemental composition. The elemental overlay 
of Ba (yellow), K (green), Ti (purple), O (red), and C (blue) along with a combined image (in the top 
left) are displayed at 1000× magnification; the scale bars indicate 25 µm. 

3.2. Particle Size Distribution and Zeta Potential (All Samples) 
Size distribution and zeta potential for each sample type is provided in Table S2. 

Overall, the particle size distribution did not substantially vary between sample collection 
mediums. The zeta-potential, which is a measure of particle dispersion in solution, was in 
a stable or highly stable range [56]. These findings support the ability to extract GSR from 
different collection media into solution for subsequent analyses. 

3.3. Black Carbon (Filters Only) 
Black carbon was detected on all filter samples (Figure 4) aside from one of the four 

replicates of the single shot scenario. The average concentration between the shooting sce-
narios was not significantly different based on the number of shots fired but there was a 
trend that the triple shot (2836 ± 1606 ng/m3) was lower than the single shot scenario (3893 
± 2316 ng/m3). The average black carbon collected during the triple shot scenario was 31% 
lower than the single shot average. Black carbon was anticipated to increase with the num-
ber of shots due to the increase in GSR released, but the unexpected findings may be due 
to high variation between the replications of each shooting scenario. Meteorological fac-
tors such as wind could play a substantial role in the sample collection and can rapidly 
change even with samples collected during a small time period outdoors. Additional me-
teorological factors are discussed in detail below. 

Black carbon is generated from incomplete combustion reactions, and GSR is primar-
ily the product of incomplete combustion of unburnt propellant [12]. Determining the 
concentrations of black carbon following the discharge of firearms is important due to the 
potential human health impacts [38], yet thus far there is limited research quantifying a 
shooters’ exposure to black carbon. A previous study measured the distribution and 
amount of soot, a commonly used term to describe black carbon, emitted at the point of 
impact from a bullet [57]. However, the reported absorption wavelength, sample media, 
and sampling distance differed from the current study. Additional measurements of black 
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the single shot sampling shows the morphology and elemental composition. The elemental overlay
of Ba (yellow), K (green), Ti (purple), O (red), and C (blue) along with a combined image (in the top
left) are displayed at 1000× magnification; the scale bars indicate 25 µm.

DST is routinely used forensically for collecting GSR from suspects’ hands; however,
in this study, it was used to collect airborne particles. In contrast, the complex woven
nature of the filters (Figure 2B) was a difficult matrix for particle identification with no GSR
particles detected. However, additional chemical analysis, described below, provides data
that GSR was present on the filter samples. It is likely that GSR particles were present on
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the filter samples but that the smaller particles collected on the filters (under 2.5 µm) were
deposited deep into the layers of the filter during the active sample collection. A study
investigating size-selective traffic emissions was able to obtain elemental and morphological
characterization of PM2.5 particles on PTFE membrane filters [53,54]. Sampling times and
exact filter materials in the study differed from those in the current work. Differences in
sampling times, 12 h vs. 1 min in this study, likely resulted in different particle loading
amounts on the filters. Previous studies using borosilicate glass PTFE-coated filters, like
the ones in this study, have documented the complex woven background [55]. The lower
particle loading and filter material used in this study likely prevented visualization and
characterization. FE-SEM/EDS is the standard analysis for use on carbon adhesive tape
in forensic sciences, but chemical characterization may not be adequate for use on filter
samples unless the filters have a higher loading of sample than in this study.

3.2. Particle Size Distribution and Zeta Potential (All Samples)

Size distribution and zeta potential for each sample type is provided in Table S2.
Overall, the particle size distribution did not substantially vary between sample collection
mediums. The zeta-potential, which is a measure of particle dispersion in solution, was in
a stable or highly stable range [56]. These findings support the ability to extract GSR from
different collection media into solution for subsequent analyses.

3.3. Black Carbon (Filters Only)

Black carbon was detected on all filter samples (Figure 4) aside from one of the
four replicates of the single shot scenario. The average concentration between the shooting
scenarios was not significantly different based on the number of shots fired but there was
a trend that the triple shot (2836 ± 1606 ng/m3) was lower than the single shot scenario
(3893 ± 2316 ng/m3). The average black carbon collected during the triple shot scenario
was 31% lower than the single shot average. Black carbon was anticipated to increase with
the number of shots due to the increase in GSR released, but the unexpected findings may
be due to high variation between the replications of each shooting scenario. Meteorological
factors such as wind could play a substantial role in the sample collection and can rapidly
change even with samples collected during a small time period outdoors. Additional
meteorological factors are discussed in detail below.
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Black carbon is generated from incomplete combustion reactions, and GSR is primarily
the product of incomplete combustion of unburnt propellant [12]. Determining the concen-



Appl. Sci. 2022, 12, 4423 8 of 18

trations of black carbon following the discharge of firearms is important due to the potential
human health impacts [38], yet thus far there is limited research quantifying a shooters’
exposure to black carbon. A previous study measured the distribution and amount of
soot, a commonly used term to describe black carbon, emitted at the point of impact from
a bullet [57]. However, the reported absorption wavelength, sample media, and sam-
pling distance differed from the current study. Additional measurements of black carbon
concentrations near shooters are needed to understand the scope of human exposure.

3.4. Elemental Analysis (All Samples)

Concentrations for all detected elements are presented in Table 1. The total elemental
values reported are averages of the total elements for all of the sampling events in a given
scenario (single or triple shot), while the GSR elemental values are defined as the average
of Ba and Pb concentrations for all sample runs.

3.4.1. Filters

Elements commonly found in GSR including Pb and Ba as well as Sr had elevated
concentrations for triple shot samples in comparison to the single shot samples (Figure 5A).
The trend of higher elemental concentrations for the triple shot scenario compared to
the single shot was expected due to the increased number of shots which could release
additional GSR into the air for collection. The elemental concentrations for the triple shot
samples were 46%, 69%, and 132% higher than the single shot samples for Ba, Sr, and Pb,
respectively. These findings contradict the trends observed with black carbon. Even though
both black carbon and elemental concentrations are part of the chemical composition
of GSR the collection of each may differ due to meteorological factors, particle size, or
susceptibility to dispersion by the wind. The ability to quantify increased characteristic
GSR elements between the single and triple shots is important to note. Future research
is needed to determine if this trend persists in other scenarios, for example a 100-round
sample at an outdoor range or exposure from multiple shooters.
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Figure 5. Elemental Concentrations. The elemental concentrations (ppb ± SEM) are shown for Ba,
Pb, and Sr in filter samples (A), Pb in DST samples (B), and Ba and Pb in hand swab samples (C).
Statistical significance was determined using a Welch’s t-test for comparison of single and triple shot
scenarios (filter and DST) and a one-way ANOVA for multiple group comparisons (hand swabs) with
a p-value of ≤0.05 considered significant. No statistically significant differences were observed.
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Table 1. Elemental Concentrations for All Sample Types.

Sample Description Element Concentrations (ppb ± (SEM))

Sample Type Sample Name Ag Ba Cd Ce Cs Pb Rb Sr Th U Total
Elemental

GSR
Elemental

Filters 1-shot - 12.64 (14.24) - 0.08 (0.07) - 1.81 (1.59) 0.07 (0.08) 1.64 (1.67) 0.01 (0.01) - 23.42 (11.00) 20.72 (9.90)
3-shots - 20.27 (13.41) - 0.13 (0.08) 0.01 (0.00) 8.83 (6.91) 0.14 (0.08) 3.39 (1.96) 0.02 (0.01) 0.01 (0.00) 39.79 (11.71) 35.54 (10.75)

Double-sided
Tape

1-shot - 4.30 (1.59) 0.03 (0.02) 0.03 (0.02) - 76.37 (40.62) - 0.35 (0.11) - - 81.24 (41.29) 80.78 (41.19)
3-shots - 0.65 (1.27) 0.01 (0.00) - - 49.39 (46.76) - 0.17 (0.19) - - 54.36 (46.96) 54.09 (46.80)

Hand Swabs

1-shot - 45.52 (27.16) 0.02 (0.05) 0.21 (0.17) 0.01 (0.01) 261.11 (143.20) 2.07 (1.49) - - - 309.61
(170.07)

306.71
(170.30)

After De-leading Wipe - - - - - 15.57 (12.99) - - - - 19.90 (9.95) 19.90 (9.95)
After 3-shots - 61.25 (8.26) - 0.01 (0.06) - 446.24 (82.67) - - - - 507.91 (90.13) 507.49 (90.10)

After De-leading wipe - - - - - 3.13 (4.95) - - - - 5.98 (3.29) 5.98 (3.29)

De-leading
wipe *

Wipe after 1 shot 0.07 (0.00) 29.60 (16.46) 1.00 (0.12) 0.73 (0.14) 0.19 (0.05) 2518.89 (1707.78) 25.49 (2.92) 13.68 (5.08) - 0.05 (0.01) 2589.70
(1732.33)

2548.49
(1724.24)

Wipe after 3 shots 0.06 (0.01) 31.93 (14.60) 0.94 (0.25) 0.60 (0.05) 0.13 (0.01) 824.04 (243.37) 15.22 (2.40) 25.11 (8.82) - 0.05 (0.00) 898.09
(264.59)

855.96
(257.95)

* = Sample was not blank corrected.
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3.4.2. DST

The elemental concentrations for DST (Table 1) differed from those observed from the
filter samples. The single shot elemental concentrations for Ba, Sr, and Pb were elevated
compared to the triple shot concentrations. While statistically significant differences were
not observed, this is an interesting trend across elements. When comparing concentrations
to those collected in the particle size-selective method onto filters, Ba was lower for both
single and triple shot. Conversely, for Pb (Figure 5B), the DST samples had higher con-
centrations potentially due to Pb particles being in a larger size fraction detectable by this
sampling method. Even though Ba had a low contribution to the total concentration of char-
acteristic GSR elements, the DST samples still had higher concentrations in comparison to
the filter samples. In contrast to the filter samples, the concentration for triple shot DST was
40% lower than the single shot scenario. The FE-SEM/EDS analysis in this paper showed
the ability to detect the GSR characteristic elements on the DST, while elemental analysis via
ICP-MS showed that Pb was the primary GSR indicator for this collection method. Based
on the adhesive nature of the DST, it is possible the methanol extraction process was not
able to completely remove the additional inorganic GSR constituents collected. A previous
study was able to extract organic GSR from the surface of a carbon adhesive tape without
disturbing the inorganic GSR for FE-SEM/EDS analysis [2]. Following extraction in this
work, the double-sided tape broke down into a thin strip of fragile tape and an adhesive
gum-like substance. The adhesive portion of the DST may have retained a portion of the
collected GSR particles. Thus, particle size and collection/extraction methods need to be
considered when designing GSR-related studies. Additional analysis of GSR components
including organic GSR may provide a more robust quantification of GSR from DST sam-
ples [17]. Further assessment of extraction and quantification methods for elements on DST
is needed as this is a promising low-cost, passive GSR collection method.

3.4.3. Hand Swabs/De-Leading Wipes

The hand swab and de-leading wipe elemental data (Table 1) had concentrations for
some of the GSR-related elements that were elevated compared to the airborne samples.
The hand swab average and SEM for single and triple shots were Ba (45.52 ± 27.16 ppb
and 61.25 ± 8.26 ppb) and Pb (261.11 ± 143.20 ppb and 446.24 ± 82.67 ppb), respectively
(Figure 5C). Following use of de-leading wipes, the concentrations on the hand swabs after
one or three shots were below the limit of detection for Ba and substantially reduced for
Pb (15.57 ± 12.99 ppb and 3.13 ± 4.95 ppb), respectively. Prior to use of the de-leading
wipe, the hand swab samples had the highest concentration of combined characteristic GSR
elements when compared to the airborne samples. The use of de-leading wipe decreased
the hand swab characteristic GSR (Ba, Pb) concentrations by over 175% for the single
and triple shot scenarios, demonstrating the effectiveness of the wipes in removing heavy
metals from the hands of the shooter (Figure 5C). This was further confirmed by measuring
the elements present on the used de-leading wipes which had the highest total elemental
concentrations of all samples analyzed. The high levels of Ba, Pb on the de-leading wipes
further suggest the transfer of metals from the hands of the shooter to the de-leading wipe.
The chemicals present in the de-leading wipe allow for the effective removal of metals,
including ethylenediaminetetraacetic acid (EDTA), a known chelator [58], along with other
chemical compounds present in the wipes. The use of de-leading wipes helped reduce the
amount of Ba and Pb on the hands of the shooter after both scenarios and may be a more
effective collection method for inorganic GSR than hand swabs.

The above table shows the concentration mean values and standard error mean (SEM)
in ppb for all four of the sample types. All the samples were blank corrected with respective
sample blanks except for the de-leading wipe samples. The GSR elemental is the average
combined concentration of Pb and Ba from all of the sample runs.
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3.5. Oxidative Potential (All Samples)

Oxidative potential is the ability for particulate matter to oxidize molecules and
produce reactive oxygen species (ROS). The production of ROS can induce health effects
such as oxidative stress which is the imbalance of free radicals and antioxidants [59–61].
The DTT assay is one method to measure oxidative potential [62,63]. The assay determines
the amount of DTT consumed with an increase in DTT consumption indicating increased
oxidative potential [59].

3.5.1. Filters

Oxidative potential was measured by DTT consumption with averages and SEM for
single shot (11.1 ± 9.6 pmol) and triple shot (35.3 ± 19.9 pmol) (Figure 6A). There was a 68%
increase in oxidative potential for the triple shot compared to the single shot averages. This
increase was consistent with the observed increase in elemental concentrations for the filter
samples based on number of shots. A previous study investigating PM2.5 identified metals
as a major contributor to DTT consumption [64]. Additional DTT analysis of GSR samples
may help identify differences based on the number of shots fired or specific firearms used.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 12 of 19 
 

68% increase in oxidative potential for the triple shot compared to the single shot aver-
ages. This increase was consistent with the observed increase in elemental concentrations 
for the filter samples based on number of shots. A previous study investigating PM2.5 iden-
tified metals as a major contributor to DTT consumption [64]. Additional DTT analysis of 
GSR samples may help identify differences based on the number of shots fired or specific 
firearms used. 

 
Figure 6. Oxidative Potential. DTT consumption and SEM (pmol) are shown for the filters (A), DST 
(B), and hand swab samples (C). No significant differences were detected during statistical analysis 
using a Welch’s t-test (filters and DST) and one-way ANOVA (hand swabs) with p-values of ≤0.05 
considered significant. 

3.5.2. DST 
DTT consumption of the GSR samples collected on DST was below the limit of de-

tection for two or three of the sample replicates after blank correction. The average DTT 
consumption was elevated in the single shot compared to the triple shot scenario (Figure 
6B). These findings were consistent with the elemental data that had elevated concentra-
tions in the single shot scenario for the DST. To the authors’ knowledge this is the first 
study to conduct oxidative potential analysis from DST collected samples, identifying a 
new collection and analysis scheme for airborne GSR. 

3.5.3. De-Leading Wipes/Hand Swabs 
Oxidative potential was detected for all hand swab collected samples. The average 

DTT consumed and SEM for after single shot (137.8 ± 46.2 pmol), after using de-leading 
wipe one (174.2 ± 63.0 pmol), after triple shots (102.8 ± 45.8 pmol), and after using de-
leading wipe two (199.4 ± 78.8 pmol) is shown in Figure 6C. The de-leading wipe DTT 
consumption did not provide reproducible results which was likely due to the composi-
tion of the de-leading wipes themselves because the blank, non-used de-leading wipes 
had high oxidative potential values, preventing blank correction of samples. The hand 
swabs directly following shooting scenarios had lower DTT consumption than the sam-
ples directly following the use of a de-leading wipe (Figure 6C). The higher values of the 
hand swab samples after de-leading wipe could be explained by the de-leading wipe res-
idue left on the shooters hands potentially reacting with the DTT. The de-leading wipes 
also contain EDTA, a compound that suppresses the DTT response from metals, which 
likely impacted the oxidative potential results from the de-leading wipe samples [64]. 
Even though EDTA itself suppresses DTT response, other components of the de-leading 
wipes could directly react with reagents in the assay. Overall, the DTT consumption val-
ues for the hand swab samples were higher than both the filter and DST samples, which 

Figure 6. Oxidative Potential. DTT consumption and SEM (pmol) are shown for the filters (A), DST
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3.5.2. DST

DTT consumption of the GSR samples collected on DST was below the limit of de-
tection for two or three of the sample replicates after blank correction. The average DTT
consumption was elevated in the single shot compared to the triple shot scenario (Figure 6B).
These findings were consistent with the elemental data that had elevated concentrations
in the single shot scenario for the DST. To the authors’ knowledge this is the first study
to conduct oxidative potential analysis from DST collected samples, identifying a new
collection and analysis scheme for airborne GSR.

3.5.3. De-Leading Wipes/Hand Swabs

Oxidative potential was detected for all hand swab collected samples. The average
DTT consumed and SEM for after single shot (137.8 ± 46.2 pmol), after using de-leading
wipe one (174.2 ± 63.0 pmol), after triple shots (102.8 ± 45.8 pmol), and after using de-
leading wipe two (199.4 ± 78.8 pmol) is shown in Figure 6C. The de-leading wipe DTT
consumption did not provide reproducible results which was likely due to the composition
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of the de-leading wipes themselves because the blank, non-used de-leading wipes had
high oxidative potential values, preventing blank correction of samples. The hand swabs
directly following shooting scenarios had lower DTT consumption than the samples directly
following the use of a de-leading wipe (Figure 6C). The higher values of the hand swab
samples after de-leading wipe could be explained by the de-leading wipe residue left on
the shooters hands potentially reacting with the DTT. The de-leading wipes also contain
EDTA, a compound that suppresses the DTT response from metals, which likely impacted
the oxidative potential results from the de-leading wipe samples [64]. Even though EDTA
itself suppresses DTT response, other components of the de-leading wipes could directly
react with reagents in the assay. Overall, the DTT consumption values for the hand swab
samples were higher than both the filter and DST samples, which may be a result of the
higher collection of GSR elemental concentrations (Table 1). While the DTT assay was
effective for extracted hand swabs following GSR collection, the analysis method is not
optimal for de-leading wipe analysis.

3.6. Associations

Correlations between collected components and oxidative potential were determined
for each sample type (Table 2). Significant positive correlations were observed between
total GSR-related elements and a number of metals across sample types. DTT consumption
did not have significant correlations with specific elements or total elements in any of
the samples, suggesting that other components collected may be driving the oxidative
potential responses. This is consistent with previous studies that observed high DTT
consumption with organic compounds [64], demonstrating the importance of measuring
both inorganic and organic GSR in future studies. For the filter samples, no significant
correlations with black carbon were observed. While no statistically significant associations
were made between the oxidative potential and the elemental data, there was a moderately
positive correlation between total elements and DTT consumed in filter samples that was
not observed in the DST and hand swab samples. These findings indicate that elements
may play a larger contributing role to oxidative potential for size-selective GSR than
non-size-selective GSR.

Table 2. Associations by Sample Type.

Filters

DTT Ag Ba Cd Ce Cs Pb Rb Sr Th U Total
Elements

GSR
Elements

BC −0.0687 0.356 0.595 0.445 0.631 0.595 0.556 0.631 0.631 0.631 0.487 0.378 0.414

DTT 0.149 0.543 0.0745 0.663 0.482 0 0.422 0.663 0.663 0.784 0.543 0.482

Ag 0.494 0.278 0.584 0.809 −0.096 0.674 0.584 0.584 0.584 0.494 0.36

Ba 0.809 0.855 0.891 * 0.299 0.964 * 0.855 0.855 0.891 * 0.673 0.745

Cd 0.494 0.584 0.139 0.764 0.494 0.494 0.494 0.27 0.449

Ce 0.855 0.075 0.818 1.000 * 1.000 * 0.964 * 0.527 0.491

Cs 0.262 0.964 * 0.855 0.855 0.891 * 0.782 0.745

Pb 0.337 0.075 0.075 0.112 0.636 0.711

Rb 0.818 0.818 0.855 0.745 0.782

Sr 1.000 * 0.964 * 0.527 0.491

Th 0.964 * 0.527 0.491

U 0.673 0.636

Total
Elements 0.964 *
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Table 2. Cont.

Double-Sided Tape

Ag Ba Cd Ce Cs Pb Rb Sr Th U Total
Elements

GSR
Elements

DTT −0.094 0.102 −0.11 0.671 −0.283 0.014 0.32 0.096 0.559 0.615 −0.055 −0.096

Ag 0.291 0.357 0.363 −0.283 −0.274 0.291 −0.137 −0.056 0.363 −0.191 −0.137

Ba 0.638 0.273 −0.351 0.727 0.284 0.817 0.468 0.273 0.812 0.817

Cd 0.503 0.249 0.271 0.74 0.428 0.233 0.54 0.443 0.428

Ce −0.085 −0.172 0.767 −0.123 0.425 0.925 * −0.073 −0.123

Cs −0.249 0.439 −0.249 0.085 0.085 −0.247 −0.249

Pb −0.198 0.976 * 0.491 −0.049 0.970 * 0.976 *

Rb −0.108 0.351 0.754 −0.076 −0.108

Sr 0.417 −0.025 0.994 * 1.000 *

Th 0.625 0.415 0.417

U 0 −0.025

Total
Elements 0.994 *

Hand Swabs

Ag Ba Cd Ce Cs Pb Rb Sr Th U Total
Elements

GSR
Elements

DTT n/a −0.361 −0.079 0.034 0.169 −0.532 0.007 0.311 0.311 0.169 −0.501 −0.532

Ag n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Ba 0.061 0.628 0.593 0.912 * 0.339 0.081 0.081 0.593 0.891 * 0.912 *

Cd 0.486 0.191 0.201 −0.354 0.626 0.626 0.191 0.201 0.201

Ce 0.795 * 0.598 0.270 0.565 0.565 0.795 * 0.598 0.598

Cs 0.564 0.475 0.565 0.565 1 * 0.564 0.564

Pb 0.349 0.077 0.077 0.564 0.983 * 1 *

Rb −0.188 −0.188 0.475 0.457 0.349

Sr 1 * 0.565 0.077 0.077

Th 0.565 0.077 0.077

U 0.564 0.564

Total
Elements 0.983 *

The above table shows the Spearman’s correlation coefficients and significant correlations are represented by bold
(<0.05) and bold * (<0.001). Correlations with no values are represented by (n/a).

3.7. Inhalation Considerations (Filter and DST)

The use of filter and DST sampling allowed for the detection of GSR released into
the air, identifying a potential inhalation exposure scenario from the firing of a weapon.
The filter samples represented GSR particles that were ≤2.5 µm in aerodynamic diameter
(PM2.5). PM2.5 can not only be inhaled but can also travel deep into the lungs and potentially
into the bloodstream [36]. Importantly, the chemical composition of PM2.5 could increase
the negative impacts of acute and chronic exposure, with the GSR elements, Pb [23,24]
and Ba [26,27], having known health effects, including kidney diseases, cardiovascular,
neurological, metabolic, and mental disorders. This study was able to quantify Pb and
Ba from a single shot of a 0.22 caliber revolver. In our study, concentrations of Pb ranged
from 1.81 to 76.37 ppb in the airborne samples, which is over 12 times higher than the
National Ambient Air Quality Standards (NAAQS) for Pb [65]. In future toxicological
studies, PM2.5 should be collected to assess the potential for GSR particles to enter the
lungs and bloodstream. The size-selective filter samples in this work were able to detect
and quantify elements consistent with GSR using ICP-MS. Filter samples have been used in
toxicological studies to investigate health impacts from environmental contaminants [66,67]
and similar methods can be used to assess potential toxicity of inhalation exposures from
GSR. The sample type also exhibited the ability to determine oxidative potential of GSR
samples. The main concern for filter samples is the inability to acquire morphology data
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from the complex matrix of the borosilicate glass filters, this can be reduced by using
different filter membrane materials in future work or collecting broader size ranges, for
example particles up to 10 microns.

The DST samples collected airborne particles, of all sizes that were released out of the
firearm in the vicinity of the shooting event. The non-size-selective nature of the samples
allows for a more robust analysis of the particles present, as larger particles are inhalable
but generally with fates in the upper respiratory system [36]. This method of detection is
used primarily in the forensic sciences field where tape is patted on the hands of a suspect
to determine the presence of GSR [4,13]. In contrast to previous work, DST served as
a non-size-selective, passive method of atmospheric collection of particles in our study. To
optimize the passive collection in this study, the tape was placed in closer proximity to the
weapon than in previous studies of GSR deposition [9,11]. The DST samples proved to
provide a good substrate for FE-SEM/EDS analysis, but may falter regarding extraction
efficiency for elemental analysis via ICP-MS. With increased research using tandem organic
and inorganic GSR analysis, this sample type may be amenable for morphological and
toxicological analysis after further method development, but the limitations regarding
particles that are not inhalable and concerns with extraction methods must be considered.

3.8. Dermal Exposure (Hand Swab and De-Leading Wipes)

The dermal exposures from single and triple shot scenarios were investigated by
collecting hand swabs and de-leading wipes. This data represented the GSR present on
an individual’s hands after the firing of the revolver and assessed if using de-leading
wipes decreased the elemental concentrations present. The hand swab samples allowed
for GSR collection and analysis of elements and oxidative potential. The de-leading wipes
removed large concentrations of elements from hands and were more effective than use
of hand swabs alone in collecting elements from skin. However, complications arose for
DTT analysis with the de-leading wipes, making these effective for chemical analysis
but not toxicological assessments in the acellular model used in this study. If de-leading
wipe collected GSR is desired for future toxicological studies, additional analysis of the
components present in the product itself must be considered to prevent elevated responses
in blank controls. Overall, the hand swabs and de-leading wipes demonstrated potential
options for assessing dermal exposures to GSR but additional considerations including
absorption rates must be determined in future studies.

3.9. Limitations

A major factor to be determined in future outdoor collection of GSR is wind direction
and velocity. Wind likely contributed to the lower-than-expected collection between shoot-
ing scenarios. Dispersion and deposition behavior of GSR could be highly influenced by the
positioning of samplers, orientation to the wind, or particle size. During sample collection,
the wind direction change was noted, but real-time monitoring was unavailable. The
addition of these monitors as well as sample collection in a radius around the shooter will
be explored in future work. The ability to identify GSR on filter samples via FE-SEM/EDS
can be tested further by collecting samples with higher filter loadings to try and identify
characteristic GSR particles directly on the filter. A wider range of GSR-related elements
or organic compounds was lacking in this work due to instrument calibration and quality
assurance failures or lack of sample for use in multiple analytical instruments. In future
studies, the collection of larger mass loadings by increasing the number of shots or shooters
or pooling of samples will be considered.

4. Conclusions

The outdoor collection and analysis of GSR from a 0.22 caliber revolver was possible
for airborne and dermal GSR samples, even after a single shot. Size-selective air sampling
provided a health-relevant GSR particle size for collection, but the complex woven matrix
of the filters prevented morphological analysis. Double-sided tape provided a substrate



Appl. Sci. 2022, 12, 4423 15 of 18

for the non-size-selective collection of airborne GSR that was amenable to morphological
analysis to confirm the collection of GSR, but the extraction efficiency from the tape was
a potential limitation for sonication-based removal. Hand swabs allowed for the collection
of GSR from the shooters hands and de-leading wipes proved effective in reducing the
presence of elemental components of GSR on skin. In future studies, additional composi-
tional characterization and collection of meteorological parameters would strengthen the
presented findings. This work was able to identify collection and analysis methods for
GSR in an outdoor setting, providing protocols and considerations for future toxicological
studies on the inhalation and dermal exposures to particulate GSR.
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