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Abstract

Advances in air-based surveillance of pathogen genetic material are hindered by reliance on
centralized, time-consuming molecular techniques. Point-of-care (POC) diagnostic platforms, like
the Cepheid® GeneXpert®, offer rapid, simplified testing in clinical settings but have not been
evaluated for use with air samples. Here, we paired the ThermoFisher™ AerosolSense™ air
sampler with the Xpert® Xpress SARS-CoV-2/FIu/RSV Plus test to evaluate near-real-time air
surveillance. To assess analytical sensitivity, we spiked collection substrates with inactivated
viruses and performed overnight sampling using the air sampler. As few as 10 copies of influenza
A/B (IAV/IBV) and RSV applied to the substrate were detectable by GeneXpert, while SARS-CoV-
2 required at least 100 copies for detection. Longitudinal air surveillance was conducted across
congregate settings in Columbia, Missouri, and Madison, Wisconsin, in 2024-2025, collecting 281
air samples. SARS-CoV-2 was detected most frequently, followed by IAV. To assess
concordance, 191 samples with paired GeneXpert and RT-gPCR results were analyzed across
multiple Ct value cutoffs. Agreement between GeneXpert and RT-qPCR for SARS-CoV-2 was fair
to moderate (k = 0.306-0.443). Optimal GeneXpert Ct cutoffs for the best balance between
sensitivity and specificity, determined using analyses such as Youden’s index, were site-specific:
45 for Wisconsin (67% sensitivity, 83% specificity) and 41 for Missouri (76% sensitivity, 62%
specificity), reflecting differences in laboratory protocols. For IAV, agreement was moderate (K =
0.56) with GeneXpert Ct cutoff of 40, achieving 85% sensitivity and 81% specificity. Further
studies across diverse settings and viral targets are needed to establish GeneXpert's role in

routine air surveillance.
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Importance

This study demonstrates that point-of-care molecular testing with the Cepheid® GeneXpert®
provides a faster alternative to the time-consuming molecular workflows currently used for
detecting airborne respiratory pathogens. The GeneXpert provides results within 37 minutes after
sample addition to the Xpress CoV-2/FIu/RSV test cartridge (following approximately 20 minutes
for sample elution), compared to the multiple hours or days required by laboratory-based
methods, enabling mitigation measures before widespread transmission occurs. Integrating
GeneXpert testing with air sampling offers a simple, semi-automated approach for pathogen
detection in healthcare and community settings. Because GeneXpert instruments are already
deployed in over 180 countries, including clinics in low- and middle-income settings, this approach
can extend air sampling—based surveillance to regions where individual patient testing is not
feasible. These workflows can also be adapted to detect other pathogens with point-of-care

assays.

Keywords

GeneXpert, RT-gPCR, air surveillance, respiratory, point-of-care (POC) testing.
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1. Introduction
Respiratory viruses such as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
influenza A/B, and respiratory syncytial virus (RSV) contribute significantly to seasonal
hospitalizations and public health burden (1-3). SARS-CoV-2 has caused over 7 million deaths
globally, while seasonal influenza and RSV account for hundreds of thousands of additional
respiratory deaths annually (3-6).
Environmental surveillance tools, particularly wastewater monitoring, have expanded to track
community-level viral transmission (7,8). While effective for large populations, wastewater
surveillance lacks spatial resolution due to its broad community-based coverage and is
constrained to areas with centralized sewage infrastructure. Air sampling offers a complementary
strategy for detecting airborne pathogens in indoor spaces (9-11), providing greater flexibility for
targeted monitoring in high-risk congregate settings such as healthcare facilities, schools, and
transit hubs.
Air sampling has shown utility for monitoring SARS-CoV-2 genetic material in hospitals and public
buildings (12—14), but existing detection methods have significant limitations. Traditional viral
culture methods are complex, time-consuming, and often impractical for routine surveillance due
to the need for specialized cell culture facilities, extended incubation periods of 7-10 days, and
frequent failure to recover viable virus from air samples (15). Laboratory-based molecular
methods, such as quantitative polymerase chain reaction (qQPCR) (16—18), require specialized
personnel and sophisticated laboratory equipment, necessitating sample transport to centralized
facilities and creating delays that limit rapid deployment.
Point-of-care molecular testing could address these limitations by enabling rapid, on-site detection
with simplified protocols, particularly critical in congregate settings such as nursing homes with
vulnerable populations, where prompt pathogen identification can implement control measures to

reduce transmission of pathogens (19). Several advances have been made toward this goal, such
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100  as the pathogen Air Quality (pAQ) monitor, which has been shown to detect SARS-CoV-2 in the
101 air within minutes (20), but this system is highly specialized and not commercially available.

102  The GeneXpert® system is a rapid, automated cartridge-based nucleic acid amplification and
103  detection system in use in more than 180 countries and supported by both commercial channels
104 and a global access program that subsidizes deployment in high-disease-burden regions (21—
105  23). The GeneXpert system has been successfully applied to detect pathogens in wastewater
106  (24-27); however, it has not been evaluated for the detection of pathogen genetic material from
107  air samples.

108 In this study, we evaluated the Xpert® Xpress CoV-2/FIu/RSV Plus test for rapid detection of
109  genetic material respiratory viruses collected from the air on the GeneXpert system. This 37-
110  minute multiplex test detects SARS-CoV-2, influenza A, influenza B, and RSV using a streamlined
111 workflow that requires only adding the sample to a single-use cartridge for automated extraction
112  and RT-gPCR ampilification of viral RNA. By combining air sampling with this globally accessible
113 GeneXpert system, we demonstrate a practical approach for expanding rapid respiratory
114  pathogen surveillance.

115

116 2. Materials and Methods

117 2.1 Serial dilutions of inactivated viruses to be detected using GeneXpert

118 Inactivated SARS-CoV-2 (BEI Resources Cat No. NR-52286), IAV (H1N1) (BEI Resources Cat
119  No. NR-49450), RSV (Microbiologics Cat No. HE0O028N), and IBV (BEI Resources Cat No. NR-
120  18924) were obtained, and stock concentrations were quantified using RT-gPCR (details for RT-
121  gqPCR assays can be found under the Detection of SARS-CoV-2, IAV, and Human RNase P by
122 RT-gPCR section below). Serial dilutions of each inactivated virus were then prepared in a
123  Biosafety Cabinet, and 10 uL of each dilution was applied to one clean ThermoFisher™

124  AerosolSense™ substrate made of polyurethane foam. The substrate was allowed to dry for 1
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125  hour, then placed in clean AerosolSense cartridges using sterile forceps. Cartridges were then
126  run on an AerosolSense air sampler for 24 hours in an empty, closed room (to ensure only the
127  spiked viruses were captured). The AerosolSense pulls in air continuously at a flow rate of 200
128  liters per minute. The following day, the substrate was submerged in 500 uL of phosphate-
129  buffered saline (PBS) for approximately 10 minutes at room temperature, then squeezed to
130  release the trapped particles into the PBS. The required volume of eluate (300 uL) per the Xpert
131  Xpress CoV-2/FIu/RSV Plus test instructions was dispensed into a Xpert Xpress CoV-2/FIu/RSV
132 plus test cartridge (Cepheid, Sunnyvale, CA, USA), then inserted into the GeneXpert instrument
133  and run using the Xpress CoV-2/FIu/RSV plus assay.

134

135 2.2 Collection of air samples from congregate spaces in Madison, Wl and Columbia, MO
136  Two ThermoFisher AerosolSense air samplers were placed in a long-term care facility in Madison,
137  WI. The first air sampler ran from July 2024 to April 2025, whereas the second ran from October
138 2024 to February 2025. The cartridges were inserted into the air samplers and then run for 1-7
139  days each (specific run periods for all sampling locations are listed in Supplementary Table 2). In
140  Columbia, MO, one air sampler was placed in the University of Missouri-MU Student Center, and
141  the second one in the Boone County Courthouse. The air sampler in the Student Center ran from
142 October 2024 to March 2025, whereas the one in the Boone County Courthouse ran from
143 December 2024 to March 2025. All air samplers were placed on high-top counters (above 3m
144 high from the floor) in areas with sufficient human traffic (Figure 2). The cartridges were inserted
145 into the air samplers and then run for 1-7 days each at both locations; however, on some days,
146  the sampling periods exceeded 2 weeks due to certain conditions (specific run periods for all
147  sampling locations are listed in Supplementary Table 2).

148

149 2.3 Detection of pathogens captured on AerosolSense substrates using GeneXpert Xpert

150  Xpress CoV-2/FIu/RSV Plus test.
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151  Two AerosolSense substrates were removed from an air sampler cartridge, and each substrate
152 was transferred to a 2 mL tube containing either 500 pL of phosphate-buffered saline (PBS) in
153  the Wisconsin lab or 500 uL of Dulbecco’s Phosphate Buffered Saline (DPBS) in the Missouri lab,
154  fully saturating the substrates for 20 minutes prior to removing the sponge and squeezing out
155 absorbed DPBS. We note that airflow patterns within the sampler may result in an unequal
156  distribution of material across the two substrates. Eluate (300 pL) from the first substrate was
157  dispensed into an Xpert Xpress CoV-2-/FIu/RSV plus cartridge (Cepheid, Sunnyvale, CA, USA)
158  per manufacturer’s instructions and inserted into the GeneXpert instrument, then run using the
159  Xpress CoV-2/FIu/RSV plus assay.

160

161 2.4 RNA extraction for laboratory-based RT-qPCR detection of SARS-CoV-2, IAV, and
162  Human RNase P

163 RNA Extraction Protocol from Madison:

164  The second air sample substrate was eluted upon arrival at the laboratory using the same elution
165  protocol described above. RNA was extracted from 300 pL of eluate using the Promega Maxwell
166 RSC viral total nucleic acid kit (Promega, Madison, WI, USA) on a Maxwell 48 instrument, with
167  an elution volume of 50 pL. This was done following the manufacturer’s protocol. The resulting
168  RNA samples were stored at -80°C until later use.

169

170  RNA Extraction Protocol from Columbia:

171  For each air sample eluate, 700 uL Viral Lysis Buffer and 5.6 pL carrier RNA (cRNA) were
172 combined, vortexed, and 560 pL of the mixture was transferred to a 2 mL screw-cap tube without
173  a skirted base. Air sample eluate (140 uL) was added to each 2 mL screw-cap tube for a total
174  volume of 700 uL. This lysate was subjected to RNA extraction using the QlAamp DSP Viral RNA

175  Mini Kit (Qiagen, Germantown, MD, USA) per the manufacturer’s instructions, using the QIAGEN
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176  QIlAcube Connect and the QlAcube QIAamp Viral RNA Manual lysis program, with an elution
177  volume of 50 pL. The resulting RNA samples were stored at -20°C until later use.

178

179 2.5 Detection of SARS-CoV-2, IAV, and Human RNase P by RT-qPCR

180  RT-gPCR protocol for quantifying inactivated virus stocks in Madison:

181  The number of copies of viral RNA in the stock inactivated viruses was quantified by RT-gPCR
182 on a LightCyclerd80 (Roche) using the TagMan Fast Virus 1-step qPCR master mix
183  (ThermoFisher Cat No. 5555532) and primers/probes targeting each virus listed in Table 1.
184  SARS-CoV-2 primer/probe mixes were obtained from IDT (Coralville, 1A, USA); IAV, IBV, and
185 RSV primers were made in-house. Cycling conditions were as follows: for SARS-CoV-2, 37 °C
186  for 2 min, 50 °C for 15 min, and 95 °C for 2 min, followed by 50 cycles of 95 °C for 3 seconds and
187 55 °Cfor 30 s, then cooling for 30 s at 37°C; for AV, 50 °C for 10 min and 95 °C for 20 s, followed
188 by 50 cycles of 95 °C for 15 s and 62 °C for 1 min, then cooling for 30 seconds at 40 °C; and for
189 IBV and RSV, 50 °C for 5 min and 95 °C for 20 s, followed by 50 cycles of 95 °C for 15 s and 60
190 °Cfor90s.

191

192  RT-gqPCR protocol for air samples in Madison:

193  RT-gPCR was performed on RNA extracted from air samples collected from the long-term care
194  facility to detect and quantify SARS-CoV-2 and IAV using a multiplex PCR assay. The 20 yL RT-
195 gPCR reaction mix consisted of nuclease-free water, TagMan Fast Virus 1-Step (enzyme),
196  forward/reverse primers combined with random hexamers, probes (N1-FAM and M-Cy5), and 10
197  pL of the isolated RNA. SARS-CoV-2 primer/probe mixes were obtained from IDT (Coralville, 1A,
198 USA) and IAV primers were made in-house. Human RNase P, as an endogenous control for
199  human genetic material in each sample, was tested in a separate reaction. This RT-gPCR
200 reaction mix consisted of nuclease-free water, TagMan Fast Virus 1-Step (enzyme), the RNase

201 P primer/probe mix prepared by IDT (Coralville, 1A, USA), and 5 uL of isolated RNA. Cycling
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202  conditions for all targets were as follows: 50°C for 10 min, 95°C for 20 sec, followed by 50 cycles
203  of 95°C for 15 sec and 62°C for 1 min, and a final cool step at 40°C for 30 sec (primers and probes
204  are listed in Table 1). For all RT-gPCR assays, viral RNA copies per reaction were calculated
205  based on a standard curve.

206

207

208 RT-gPCR protocol for air samples in Columbia:

209 Each RT-gPCR reaction consisted of nuclease-free water, TagPath 1-Step Multiplex Mastermix
210  (ThermoFisher Cat No. A15299), primer/probe mix (primers are listed in Table 1), and 5 pL of
211  RNA extract were added to an Applied Biosystems MicroAmp 96-well reaction plate (Cat No:
212 4346907). The plate containing 20 uL in each well was spun down and run on the Applied
213  Biosystems 7500 Fast System. Cycling conditions for the detection of both IAV and SARS-CoV-
214 2 were as follows: 25°C for 2 min, 50°C for 15 min, 95°C for 2 min, followed by 45 cycles of 95°C
215  for 15 sec, and then a final step of 60°C for 1 min. Both viruses were detected using either a single
216  or a multiplex PCR assay (primers and probes are listed in Table 1). SARS-CoV-2 primer/probe
217  mixes were obtained from IDT (Coralville, IA, USA) and IAV primers were made in-house. Human
218 RNase P was used as an endogenous control for human genetic material in each sample.

219

220  Table 1: Primers and probes for SARS-CoV-2, IAV, IBV, RSV, and RNase P

Target Primer/Pro | Sequence Concentrati
be on

uw

SARS-CoV- | Forward 5 GACCCCAAAATCAGCGAAAT ¥ 600 nM

2 Reverse 5 TCTGGTTACTGCCAGTTGAATCTG & 600 nM
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Probe FAM-5 ACCCCGCATTACGTTTGGTGGACC 3’- | 100 nM
IBFQ
IAV  Matrix | Forward 5 GGACTGCAGCGTAGACGCTTT 3 600 nM
gene for | Reverse 5 TCTGGTTACTGCCAGTTGAATCTG & 600 nM
quantifying | Probe FAM-5’ 300 nM
inactivated CTMAGYTATTCWRCTGGTGCACTTGCC 3-
virus stocks IBFQ
IAV  Matrix | Forward 5 GGACTGCAGCGTAGACGCTTT 3' 600 nM
gene Reverse 5' CATCCTGTTGTATATGAGKCCCAT 3' 600 nM
Probe Cy5-5' 200 nM

CTMAGYTAT/TAO/TCWRCTGGTGCACTTGCC/

3IAbRQSp/
IBV gene Forward 5 GAGACACAATTGCCTACTTGCTT 3 600 nM
Reverse 5 TICTTTCCCACCAAACCAAC 3’ 600 nM
Probe FAM-5’ 300 nM

GAAGATGGAGAAGGCAAAGCAGAACTAGC 34

IBFQ
RSV gene Forward 5 CIGICATCCAGCAAATACAC 3 600 nM
Reverse 5 GCATATAACATACCTATTAAYC 3’ 600 nM
Probe FAM-5  ACAGGAGATARTATTGAYACTCCYAAT, 300 nM
3-IBFQ
Missouri
SARS-CoV- | N1 forward | 5 GACCCCAAAATCAGCGAAAT 3 100 uM

2 N1 gene N1 reverse | 5 TCTGGTTACTGCCAGTT GAATCTG 3 100 uM



https://doi.org/10.64898/2026.06.23.26354644
http://creativecommons.org/licenses/by-nc/4.0/

221

222

223

224

225

226

227

228

229

It is made available under a CC-BY-NC 4.0 International license .

medRxiv preprint doi: https://doi.org/10.64898/2026.06.23.26354644; this version posted June 26, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

N1 probe FAM-5 ACCCCGCATTACGTTTGGTGGACC 3’- | 100 uM
IBFQ
SARS-CoV- | N2 forward | G TTACAAACATTGGCCGCAAA 3’ 100 uM
2N2gene | N2reverse | 5 GCGCGACATTCCGAAGAA 3’ 100 yM
N2 probe FAM-5 ACAATTTGCCCCCAGCGCTTCAG 3’-| 100 uM
IBFQ
IAV  Matrix | M forward |5 CATGGAATGGCTAAAGACAAGAC ¥ 900 uM
gene Mreverse |5 GCGTCTACGCTGCAGTCC 3’ 900 uM
M probe ABY-5 CGCTCACCGTGCCCAGTGAGCG 3-| 250 uM
QsYy
RNase P RNase P |5 AGATTTGGACCTGCGAGCG ¥ 100 uM
forward
RNase P |5 GAGCGGCTGTCTCCACAAGT 3 100 uM
reverse
RNase P |FAM-5 TTCTGACCTGAAGGCTCTGCCGCG 3'- | 100 yM
probe IBFQ

2.6 Comparing GeneXpert and RT-qPCR Results

Statistical Analysis

To evaluate diagnostic agreement between GeneXpert and RT-gPCR, RT-gPCR was designated
as the reference standard, with all detections classified as positive regardless of Ct value.
GeneXpert positivity was assessed across Ct value cutoffs from 37 to 45 to determine optimal
concordance thresholds. Ct values below the cutoff were considered positive, and above were
negative. For each cutoff, confusion matrices were constructed to derive sensitivity, specificity,

positive predictive value (PPV), and negative predictive value (NPV) with 95% confidence
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230 intervals. Cohen's kappa was calculated to quantify agreement beyond chance, with standard
231  interpretation thresholds: <0.20 (poor), 0.21-0.40 (fair), 0.41-0.60 (moderate), 0.61-0.80
232 (substantial), and >0.80 (almost perfect). Additional metrics included Matthews correlation
233 coefficient (MCC) for class imbalance robustness, F1 score as the harmonic mean of sensitivity
234 and PPV, and McNemar's test to assess systematic bias between methods. All analyses were
235 conducted in R (version 4.x) using irr, dplyr, readx|, and writexl packages. R codes are uploaded
236  in the supplementary file.

237  To define the optimal cutoff point for classifying positive and negative air sample results on
238  GeneXpert, we also performed Receiver Operating Characteristic (ROC) curve analysis
239  (Supplement Figure 1). We fitted separate logistic regression models for Missouri, Wisconsin, and
240  combined SARS-CoV-2 datasets, with RT-qPCR results as the outcome and GeneXpert Ct values
241  as the predictor. Area Under the ROC Curve (AUC) was calculated to assess discriminatory
242  ability, with values of 0.7-0.9 considered good and >0.9 excellent (Supplementary Table 6;
243 Supplementary Figure 1). Optimal cutoffs were determined using two complementary
244 approaches: 1) maximizing Youden's Index (J = Sensitivity + Specificity - 1), which balances true
245  positive and false negative rates, and 2) minimizing Euclidean distance to the perfect classification
246 point (D = \[(1-sensitivity)? + (1-specificity)?]). The final optimal threshold was defined as the value
247  that simultaneously maximized Cohen's kappa, F1 score, MCC, and Youden index (J) while
248  minimizing Euclidean distance.

249  SARS-CoV-2 analyses were performed separately for Missouri and Wisconsin sites, because
250 they differed in RNA extraction input volumes (140 uL and 300 uL, respectively). Influenza A was
251  evaluated using only Missouri samples, with the GeneXpert IAV A1 and IAV A2 channels
252  analyzed independently.

253

254

255
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256 3. Results

257  3.1.1 Analytical Sensitivity of the GeneXpert System Using Inactivated Viruses

258  The GeneXpert Xpert Xpress CoV-2/FIu/RSV Plus test was initially validated for clinical nasal and
259 nasopharyngeal swabs, with limits of detection established for SARS-CoV-2 variants, IAV
260  subtypes, IBV, and RSV (28). Here, our goal was to determine the minimum viral genome copy
261  number required to yield a positive Ct result on the GeneXpert system when processed through
262  our air-sampling workflow. We applied serial dilutions of inactivated viruses to air substrates, ran
263  them for 24 hours in an empty room using a Thermo Fisher™ AerosolSense™ air sampler, and
264  processed the cartridges using our air sampling workflow described in the methods. The eluate
265  was tested with the GeneXpert® system using the Xpert® Xpress CoV-2/FIu/RSV Plus test. The
266  GeneXpert system interprets results using quantitative real-time PCR cycle threshold (Ct) values
267  and endpoint fluorescence.

268  We classified positivity for all viral targets based only on GeneXpert Ct values, rather than the
269 instrument's qualitative calls, as the assay's interpretation algorithm was validated for clinical
270  samples rather than air samples. SARS-CoV-2 was detected in 50% (4/8) of samples with 100
271  genome copies (gc) and in 100% (8/8) of samples with 1,000 gc applied to the substrate. SARS-
272 CoV-2 was detected in 100% (4/4) of samples tested at 10,000 gc—100,000 gc. IBV was detected
273 in 50% (2/4) of samples when 1 gc was applied and 100% (3/3) of samples at 10 gc and from
274 100-1,000 gc (4/4). RSV was detected in 75% (3/4) of samples when 10 gc were applied and in
275  100% (4/4) of samples from 100—1,000 gc. IAV was detected in 25% (1/4) of samples when 1 gc
276  was applied to the substrate and in 100% (4/4) of samples at 10—-1,000 gc. A positive IAV A1
277  signal indicated IAV detection (Figure 1a—d). SARS-CoV-2 required approximately 10-fold higher
278  genome copy numbers for reliable detection than the other respiratory viruses tested, similar to
279  Cepheid's reported clinical detection limit of 138 copies/mL for nasal swabs (26).

280  3.1.2 Mixed-Virus Interference Testing on the GeneXpert System
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281 Because multiple respiratory viruses could be present in the air space simultaneously, we
282  assessed potential interference when multiple viruses were applied to the same substrate. To test
283  this, we co-applied 1000 gc of inactivated SARS-CoV-2 with serial dilutions of inactivated IAV
284  (Figure 2a) or 1000 gc of inactivated IAV with serial dilutions of SARS-CoV-2 (Figure 2b). Under
285  both co-application conditions, each virus remained detectable across all dilutions tested, with Ct
286  values comparable to those obtained from single-virus applications, indicating no significant loss
287  of sensitivity due to co-detection (Figure 2a-b).

288  Lastly, we applied serial dilutions of a mix of all 4 viruses (SARS-CoV-2, IAV, IBV, and RSV) to
289  AerosolSense substrates and performed the same workflow as above. The Ct values for each
290  virus in the multiplex condition were not significantly different from those obtained in individual
291  virus runs (Figure 2c; Supplementary Table 5).

292

293  Table 2. Mean GeneXpert Ct values for SARS-CoV-2, IAV, IBV, and RSV under single-virus and

294  multiplex detection conditions.

295

Genome SARS- AV A1 IAV A2 IBV RSV
copies CoV-2

1 0 42.6+0.5 0 39.7+1.4 0

10 0 36.9+0.3 41+0.9 36.6+0.2 38.60.7
100 4110.6 33+0.3 36.1+0.4 33.5+0.3 34.610.3
1000 37+0.1 30+0.5 32.7+0.1 30.2+0.4 30.640.1
10000 33.6+0.2 Not tested | Not tested | Not tested | Not tested
100000 29.9+0.1 Not tested | Not tested | Not tested | Not tested
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296 3.2 Longitudinal Surveillance and Detection of SARS-CoV-2, IAV/B and RSV using Cepheid
297  GeneXpert

298  Air sample analysis using laboratory-based RT-gPCR requires complex laboratory processing,
299  delaying pathogen detection. To evaluate whether point-of-care molecular testing could simplify
300 air surveillance workflows, we deployed a GeneXpert machine on-site at a congregate living
301 health care facility in Madison, WI. We placed two AerosolSense air samplers in different locations
302  within the facility and collected 219 air samples. Location A was sampled from July 2024 to April
303 2025, while location B overlapped from October 2024 to February 2025. For each collected
304 sample, one of the two AerosolSense foam substrates was eluted and tested with the GeneXpert
305 instrument with the Xpress CoV-2/FIu/RSV Plus assay on-site to longitudinally examine the
306 presence of pathogen genetic material in these spaces (Figure 3). The second substrate was
307 reserved for RT-qPCR. Genetic material for all four pathogens yielded Ct values below the
308 detection thresholds (Ct < 45 for SARS-CoV-2, Ct < 40 for IAV, IBV, and RSV) at both locations
309 in the facility. Using the GeneXpert platform, SARS-CoV-2 yielded positive results in 53.42%
310  (117/219) of samples across both locations; IAV A1 and A2 targets in 15.07% (33/219) and 4.11%
311 (9/219) of samples, respectively; IBV in 7.76% (17/219); and RSV in 2.28% (5/219) (Figure 4a-
312 b).

313  We performed a similar collection and analysis workflow at two additional locations in Columbia,
314  MO. Location C was a University of Missouri-MU Student Center collected from October 2024 to
315 March 2025 (Figure 4c), and Location D was a Boone County courthouse collected from
316 December 2024 to March 2025 (Figure 4d). A total of 62 samples were collected from both
317 locations. In Columbia, the GeneXpert instrument was housed off-site in the laboratory, but the
318  same testing workflow used in Madison was used. SARS-CoV-2 yielded positive results in 74.19%
319 (46/62) of samples. IAV A1 and A2 were detected in 32.26% (20/62) and 16.13% (10/62) of
320  samples, respectively, with detections occurring between December 2024 and March 2025. IBV

321 and RSV were not detected at either of the Columbia sites.
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322  Across all four sampling locations, SARS-CoV-2 was consistently the most prevalent virus
323  detected (Supplementary Table 3). IAV was the second most detected in Madison and Columbia;
324 it was observed only between January and March, during winter in Columbia. IBV was detected
325  only sporadically in Madison, and RSV was rarely detected and, when present, exhibited high Ct
326  values (38< Ct<40), consistent with low viral load in the air during the sampling period.

327

328 3.3 Agreement between GeneXpert and laboratory-based RT-qPCR SARS-CoV-2 Ct values

329 from air samples

330  We evaluated the concordance between GeneXpert and RT-gPCR for SARS-CoV-2 detection
331 separately for each location, using air samples run on both assays: 129 samples from Wisconsin
332  and 62 from Missouri, totaling 191 samples. RT-qPCR results were classified as positive for any
333  detectable amplification regardless of Ct value, serving as the reference standard. To determine
334  the optimal threshold for concordance with RT-qPCR positive/negative classifications, we tested
335 different Ct cutoff values for defining GeneXpert positives, ranging from 37 (corresponding to
336 1,000 SARS-CoV-2 gc in our analytical experiments, Table 2) to 45 (the maximum cycle number,
337 indicating detection of <100 genome copies) (Supplementary Table 6). To identify the optimal
338  cutoff, we used multiple complementary metrics to avoid reliance on any single measure: Cohen's
339  kappa (agreement beyond chance), F1 score (balance of sensitivity and precision), Youden index
340  (balance of true positive and false negative rates), and Euclidean distance to perfect classification
341 (Supplementary Table 6; Table 3). The optimal cutoff was defined as the Ct value that
342 simultaneously maximized Cohen's kappa, the F1 score, and the Youden index while minimizing
343  the Euclidean distance.

344  Using this multi-metric approach, we identified optimal cutoffs of 41 for Missouri and 45 for

345  Wisconsin, which performed best across all evaluated metrics (Table 3). Notably, the Missouri
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346  cutoff of 41 aligns with our experimental detection threshold of 100 gc of SARS-CoV-2 in the
347  analytical sensitivity experiments (Table 2).

348

349  Table 3. Optimal cutoff points and corresponding performance metrics for SARS-CoV-2 are

350 presented in the following table.

Sensitivi  Specifici
Dataset CY" iy y TPVNPVE B mee D
off o o Yo Yo
% %
Missouri 41 76.3 625 763 625 039 076 039 039 044
W'S"C;O”S 45 66.3 837 891 554 044 076 047 05 037

351

352 3.4 Agreement between Cepheid and RT-qPCR IAV Ct values from air samples

353  We performed similar comparative analyses for IAV using the same 62 Missouri samples that
354  were tested with both GeneXpert and RT-gPCR assays. Wisconsin samples were excluded from
355 this concordance analysis because only 2 samples showed IAV-positive results by GeneXpert
356 (IAV A1 and A2 targets) with Ct values below the detection threshold, which was insufficient for
357 reliable concordance analysis, and all corresponding RT-qPCR results were negative. The same
358  multi-metric statistical analysis used for SARS-CoV-2 was applied to determine optimal Ct cutoffs
359 across the range of 37 to 40 (no positive detections were observed above Ct 40) (Supplementary
360 Table 6). We identified an optimal cutoff of 40 for IAV A1, achieving the highest sensitivity, a
361 moderate Cohen's kappa value (k=0.57), the highest Youden index, and the shortest Euclidean
362 distance to perfect classification (Table 4). For IAV A2, the optimal cutoff was 39, which yielded
363 amoderate Cohen's kappa (k = 0.53) and the highest Youden index (Table 4). These cutoffs align
364  with our analytical validation experiments, where IAV A1 was consistently detected below Ct 40
365 at 10 genome copies and above, but showed inconsistent detection above Ct 40 with 1 genome

366  copy. Similarly, IAV A2 was consistently detected below Ct 40 at 100 genome copies and above
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367 but showed inconsistent detection above Ct 40 with 10 genome copies (and failed to detect 1
368  genome copy).
369 Table 4. Optimal cutoff points and corresponding performance metrics for IAV A1 and A2 are

370  presented in the following table.

Sensitivit  Specificit
Zaetf‘ %‘# y y P;:V N;V Kk F1 Mcc J D
% %
IAV
A1 40 85.7 81.3 57.1 95.1 057 069 059 067 0.24
IAV
A2 39 50 95.8 778 86.8 053 0.61 0.54 0.46 0.5
371
372 4. Discussion:

373 A challenge for implementing air sampling as a routine, rapid public-health surveillance tool is the
374 long delay between collecting airborne pathogens and subsequent complex molecular testing.
375  Standard detection workflows require nucleic acid extraction, multiple manual handling steps, and
376 trained personnel, collectively extending processing time and limiting the feasibility of timely
377 interventions in many settings. Here, we evaluated whether a point-of-care molecular diagnostic
378  platform could overcome these barriers by enabling rapid, on-site testing. By eluting material from
379 the air sample cartridge, directly adding it to the Xpert® Xpress CoV-2/FIu/RSV Plus test single-
380 use cartridge and inserted into the GeneXpert® instrument, we avoided the complexities of
381 separate nucleic acid isolation and molecular amplification. This approach represents a
382  substantial improvement in operational turnaround compared to laboratory-based RT-qPCR and

383  extends air-sampling capability to locations without access to molecular laboratories.

384  Our analytical sensitivity experiments demonstrate that detection of SARS-CoV-2, IAV/B, and
385 RSV by the Xpert Xpress CoV-2/FIu/RSV Plus test on the GeneXpert system using our air

386  sampling protocol yields a relative sensitivity similar to that obtained with the same assay on
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387  different sample types. IBV and IAV exhibited the lowest detection threshold of 1 gc, followed by
388 RSV (10 gc) and SARS-CoV-2 (100 gc). While a direct quantitative comparison between air
389 samples and clinical specimens is challenging due to differences in sample matrices and
390 processing methods, relative sensitivity patterns align with clinical performance data. For SARS-
391  CoV-2, previous studies using clinical samples reported detection limits ranging from 50-131
392  copies/mL with the Xpert Xpress CoV-2/FIu/RSV Plus test, compared to the manufacturer's
393  specification of 138 copies/mL (28,29). For influenza A and B, clinical detection limits of 50
394  copies/mL have been reported, while RSV shows detection at 300 copies/mL in clinical
395  specimens(30,31). The higher sensitivity observed for IAV and IBV in our air sampling
396  experiments is consistent with their lower clinical detection thresholds compared to SARS-CoV-2
397 and RSV, suggesting the assay maintains its relative sensitivity hierarchy across different sample
398 types. Importantly, Ct values for each virus were consistent when the same genome-copy inputs
399  were tested individually or in mixed-virus conditions, indicating that the presence of multiple
400 respiratory viruses on a single substrate does not compromise assay performance (Table 2,
401  Supplementary Table 5). This is particularly relevant for environmental samples, which often
402 contain heterogeneous mixtures of viral material, cellular debris, and other biological constituents.
403  We did not include an assessment of the elution method on the success of detection. Rather, our
404  goal was to identify the Ct value generated by the GeneXpert instrument when a specific number
405  of inactivated viruses were applied to the substrate and processed through a normal workflow.
406  Alternative elution methods could further improve the detection sensitivity of pathogens collected
407  on the cartridges. However, current technologies demonstrate that as few as 1 or 10 viral copies
408  can be captured by an air sampler, eluted, and detected by the Xpert Xpress CoV-2/FIu/RSV Plus
409 test on the GeneXpert. This suggests that air collection of a defined number of viral genome

410  copies, followed by a simple elution protocol, can yield consistent Ct values with a GeneXpert.
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411  Despite lower analytical sensitivity, SARS-CoV-2 was the most frequently detected virus across
412  actual air samples from all sampling sites, suggesting ongoing circulation even in the post-
413  pandemic phase. IAV was primarily detected during the winter months, indicating the virus’s
414  seasonal dynamics (9,11,20,32). IBV and RSV were rarely detected, which was consistent with

415  low prevalence in the community (33-36).

416  Agreement between GeneXpert and RT-gPCR for SARS-CoV-2 was fair to moderate across all
417  cutoffs at both sites (Missouri: kK = 0.094-0.306; Wisconsin: k = 0.032—0.443), with optimal cutoffs
418 identified as 41 for Missouri and 45 for Wisconsin. The difference in optimal Ct cutoffs between
419  Missouri (41) and Wisconsin (45) most likely reflects methodological variations between the two
420  laboratories that affected RT-qPCR sensitivity. Wisconsin used higher input volumes for RNA
421  extraction (300 pL versus 140 uL at Missouri) and larger template volumes for RT-gPCR (10 uL
422 versus 5 pL at Missouri), resulting in approximately 4-fold higher viral RNA concentrations in their
423  RT-gPCR reactions. This enhanced RT-qPCR sensitivity enabled Wisconsin to detect lower viral
424 loads that Missouri's protocol might miss. Interestingly, the Missouri cutoff (41) aligns with our
425  experimental detection threshold of 100 genome copies, while Wisconsin achieved optimal
426  performance at cutoff 45, which corresponds to detection of <100 genome copies and thus
427  represents higher analytical sensitivity. These differences suggest that methodological variations
428  between laboratories can impact optimal cutoff determination. For influenza A, agreement was
429  substantially stronger, with IAV A1 achieving moderate agreement at Ct 40 while IAV A2 showed
430  moderate to fair agreement with an optimal cutoff of 39, indicating its role as a less sensitive

431 channel.

432 Unfortunately, the Influenza A concordance analysis was limited to Missouri samples. Among
433  Wisconsin samples run on both platforms for comparison, all RT-gPCR results were negative,
434  and only 2 GeneXpert positive results (for both IAV A1 and IAV A2) were below the detection

435 threshold, which was insufficient for reliable analysis. Also, for influenza A, 9 samples were
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436  GeneXpert IAV A1-positive but RT-gPCR-negative, with only 2 samples showing the reverse
437  pattern. This discordance reflects the different detection strategies employed by the assays:
438  GeneXpert targets the matrix (M), basic polymerase (PB2), and acidic protein (PA) genes,
439  whereas our RT-gPCR assay targets only the matrix gene. These results illustrate how assays
440  with different gene-targeting approaches can yield different detection outcomes, an important

441  consideration when implementing point-of-care molecular testing for air surveillance.

442  The findings of this study demonstrate that the GeneXpert platform can be repurposed from
443  clinical diagnostics to environmental air surveillance, capturing the presence of SARS-CoV-2,
444 1AV, IBV, and RSV in congregate settings without dependence on centralized laboratory
445  infrastructure. The global deployment of more than 10,000 GeneXpert instruments, including in
446  resource-limited settings where access to molecular laboratories is constrained, supports the
447  scalability of this approach across diverse surveillance contexts. Beyond the pathogens evaluated
448  here, this workflow could be adapted to other targets of public health relevance for which
449  GeneXpert-compatible tests already exist, such as Mycobacterium tuberculosis and norovirus,
450  enabling targeted surveillance in settings where these pathogens pose particular risks. By
451  reducing the time between sample collection and result compared to laboratory-based RT-qPCR,
452  this approach supports more timely public health responses to respiratory pathogen circulation.
453  Further studies across diverse settings and viral targets are needed to fully establish GeneXpert's
454  role in routine air surveillance, but these findings provide a foundation for integrating point-of-care

455  molecular testing into scalable, accessible respiratory pathogen monitoring programs.
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Supplementary Table 11: Data used for statistical analyses comparing GeneXpert versus RT-
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Supplementary Figure 1: ROC curves showing sensitivity-specificity trade-offs across GeneXpert

Ct cutoffs.
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641  Figure 1. Sensitivity of the Xpert Xpress CoV-2/FIu/RSV Plus test for detecting respiratory
642  viruses from air sampling substrates.

643  Ten-fold serial dilutions of inactivated SARS-CoV-2, influenza B virus (IBV), RSV, and influenza
644 A virus (IAV) (H1N1) were applied to AerosolSense air sampling substrates. Substrates were
645 placed in cartridges and run for 24 hours on AerosolSense air samplers. Substrates were then
646 eluted in PBS, and eluates were run on the GeneXpert platform. The x-axis shows the total copies

647  of virus added to each substrate; the y-axis shows the Ct values from the Cepheid GeneXpert.
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648  (A-D) show the limit of detection for serially diluted copies of SARS-CoV-2 (A), IBV (B), RSV (C),
649 and IAV A1 and A2 (D). IAV A1 and A2 are two separate channels in the Cepheid Xpert Xpress
650 CoV-2/FIu/RSV Plus test, containing different gene targets that detect IAV strains. Positive results

651  from either or both IAV A1 or A2 targets are considered positive IAV.
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670  Figure 2. Specificity and interference testing of the Xpert Xpress CoV-2/FIu/RSV Plus test
671  for detecting respiratory viruses from air sampling substrates. (A) A fixed amount of

672  inactivated SARS-CoV-2 (1000 copies) along with serial dilutions of inactivated IAV were co-
673  applied to AerosolSense substrates and run in air samplers. Subsequently, the samples were
674  run on the GeneXpert platform, and Ct values for SARS-CoV-2 and IAV were determined. The
675  table to the right of the graphs shows the copies of each virus applied to each substrate for

676  Tubes A-E (x-axis). (B) A fixed amount of inactivated IAV (1000 copies), along with serial

677  dilutions of inactivated SARS-CoV-2, were co-applied to AerosolSense substrates and run in air
678  samplers. Subsequently, the substrates were eluted and run on the GeneXpert platform, and Ct
679  values for SARS-CoV-2 and IAV were determined. The table to the right of the graph shows the

680  copies of each virus applied to each substrate for Tubes A-E (x-axis). (C) shows all four viruses
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co-applied to the substrate at increasing copies. The x-axis shows the total copies of virus

added to each substrate; the y-axis shows the Ct values from the Cepheid GeneXpert.
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Figure 3. Workflow for Air Sample Collection, Processing, and Viral Detection.

Air was sampled using ThermoFisher AerosolSense (image of the air sampler obtained from

Thermo Fisher website) instruments at locations in Columbia, Missouri, and Madison,

Wisconsin, over 24—168 hours. After collection, both substrates were eluted in PBS. One eluate

from one substrate was tested directly using the Cepheid Xpert Xpress CoV-2/FIu/RSV Plus

test. RNA was extracted from the second eluate/substrate, and RT-qPCR was performed as

indicated in the methods to detect SARS-CoV-2 and |IAV.
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Longitudinal Detection of Human Viruses from Location A in a Wisconsin Long-Term Care Facility
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Longitudinal Detection of Human Viruses from University of Missouri-MU Student Center

sanscovz [ TR T TIEITT TOONT [ T P R O 1 []
st [T TTTITTIOT TOT T T 17 DN DU [T B g™
omvencaaz [ T IT IO [OWT T [ [T TEMITT I [T TT 9=

40-45
>45

Ct value Range

<30

wnversa s [T T T T T T I T 11
Spmawer” [T T T T T T OTTTT I TT]
et [N N N N R
D.

Longitudinal Detection of Human Viruses from Missouri-Columbia Boone County Courthouse

SARS-CoV-Z- [T] | [ L T T 1] | ] | ,|

]
Ct value Range

<30

IanuenzaA1|:- [] | . | ] | ] | 5033

33-36

36-40

infivenzanz| [T | | [ [ I O N O s e
influenzas | [ [ ] L] [ [T [ [ T T 1]
Respiratory | i
synoyial | [ [ [] L[| | i b T
Virus
Sample
rrocessing. [ [ ANDEE R
Control

=

a - = =

Duration of Sampling

Figure 4. Detection of SARS-CoV-2, IAV, IBV, and RSV across two air sampling locations
in Wisconsin—-Madison and Missouri—-Columbia.

Air was sampled using AerosolSense samplers from four indoor locations across Wisconsin and
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710  Missouri between July 2024 and April 2025, and respiratory viruses were detected using the

711  Xpert Xpress CoV-2/FIu/RSV Plus test. The x-axis indicates the sampling dates and durations.
712  The white areas indicate periods during which no sampling was conducted. Due to longer

713  sampling periods in January (at the Missouri Student Center and the Boone County

714 Courthouse), the heatmaps were expanded to reflect this. However, the specific sampling

715  period for each location is provided in Supplementary Table 2. The different pathogens and

716  sample controls (sample processing control) are indicated on the left y-axis. The heatmap colors

717  indicate the Ct value detected for each pathogen for each sample.
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