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ARTICLE INFO ABSTRACT

Keywords: Understanding transmission routes of SARS-CoV-2 is crucial to establish effective interventions in
SARS-CoV2 RNA healthcare institutions. Although the role of surface contamination in SARS-CoV-2 transmission
Ct value

has been controversial, fomites have been proposed as a contributing factor. Longitudinal studies
about SARS-CoV-2 surface contamination in hospitals with different infrastructure (presence or
ATP measurements absence of negative pressure systems) are needed to improve our understanding of their effec-
Negative pressure system tiveness on patient healthcare and to advance our knowledge about the viral spread.

Variant of concern We performed a one-year longitudinal study to evaluate surface contamination with SARS-CoV-
2 RNA in reference hospitals. These hospitals have to admit all COVID-19 patients from public
health services that require hospitalization. Surfaces samples were molecular tested for SARS-
CoV-2 RNA presence considering three factors: the dirtiness by measuring organic material, the
circulation of a high transmissibility variant, and the presence or absence of negative pressure
systems in hospitalized patients’ rooms.

Our results show that: (i) There is no correlation between the amount of organic material
dirtiness and SARS-CoV-2 RNA detected on surfaces; (ii) SARS-CoV-2 high transmissible Gamma
variant introduction significantly increased surface contamination; (iii) the hospital with negative
pressure systems was associated with lower levels of SARS-CoV-2 surface contamination and, iv)
most environmental samples recovered from contaminated surfaces were assigned as non-
infectious.

This study provides data gathered for one year about the surface contamination with SARS-
CoV-2 RNA sampling hospital settings. Our results suggest that spatial dynamics of SARS-CoV-

Fomites
Organic material dirtiness
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2 RNA contamination varies according with the type of SARS-CoV-2 genetic variant and the
presence of negative pressure systems. In addition, we showed that there is no correlation be-
tween the amount of organic material dirtiness and the quantity of viral RNA detected in hospital
settings. Our findings suggest that SARS CoV-2 RNA surface contamination monitoring might be
useful for the understanding of SARS-CoV-2 dissemination with impact on hospital management
and public health policies. This is of special relevance for the Latin-American region where ICU
rooms with negative pressure are insufficient.

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the etiological agent of COVID-19, was first detected in China
in December 2019. By December 2022, about 642 million confirmed cases and over 6.5 million deaths were reported with COVID-19
disease as result of the current pandemic (World Health Organization, 2022). SARS-CoV-2 is mainly transmitted by exposure to in-
fectious respiratory fluids, primarily via droplets and aerosols and secondarily by contact with contaminated surfaces [1,2]. Although
the role of surface contamination in viral transmission has been controversial [3-5], since few studies that attempted to isolate viable
viruses failed, fomites have been proposed as a contributing factor in virus transmission.

In late 2020, it was clear that extremely transmissible and potentially more dangerous variants were arising globally. This was a
warning to public health, leading to worldwide efforts to study, these emerging variants, which were named as Variant of Concern
(VOCs). In the case of Latin America, the VOC Gamma was discovered in Manaus, Brazil. Genome sequencing analysis revealed point
mutations in the viral spike protein associated with increased binding to the human receptor [6]. At that time, we implemented a
genomic surveillance algorithm for monitoring the VOC emergence and spread in our region [7]. We found that the Gamma variant
was estimated to be introduced in Uruguay multiple times from Brazil between mid-February and early March of 2021 leading to an
increase in hospitalizations and deaths for COVID-19 during that year [7].

Later, it was shown that clinical samples from patients infected with the Gamma variant have significantly lower cycle threshold
(Ct) values related to a high viral load (approximately ten-fold higher than patients infected with the previous circulating variants of
SARS-CoV-2) and high transmissibility capacity [8]. The Ct value is defined as the number of PCR cycles required for the fluorescent
signal to cross a given threshold. Thus, Ct levels are inversely proportional to the amount of target nucleic acid (viral genome) in the
sample. Moreover, this variant was later associated with increased mortality risk, as well as a higher COVID-19 severity in younger age
groups [9].

SARS-CoV-2 surface contamination has been studied in several real-world and laboratory settings [10] and different factors such as
temperature, pH, relative humidity, and type of material have been addressed to check viral presence and viability [11-15]. However,
the correlation between organic material dirtiness (such as respiratory fluids via droplets and aerosols) and SARS-CoV-2 surface
contamination remains to be clarified [16]. Additionally, the COVID-19 pandemic highlighted the need for hospital infrastructure,
specifically, negatively pressurized isolation rooms (NPRs) are used in order to avoid airborne microorganisms from spreading to other
areas and contaminating other patients, health-care workers as well as sterile equipment [17]. Nevertheless, in low- and
middle-income countries a significant proportion of ICUs are unlikely to have NPRs. For example, 37% of ICUs throughout Asian
countries do not have NPRs. Since most Latin American countries are classified as middle income, hospitals have insufficient infra-
structure and equipment, such as NPRs [18-20]. Therefore, longitudinal studies about SARS-CoV-2 surface contamination in hospitals
with different infrastructures are needed to improve our understanding of their effectiveness in patient healthcare and to advance our
knowledge about viral spread.

Here, we performed a one-year study to evaluate SARS-CoV-2 RNA surface contamination. We monitored the presence of viral RNA
in two COVID-19 reference hospitals considering three factors: the dirtiness by measuring organic material, the introduction of a high
transmission variant, and the effect of the presence or absence of negative pressure systems. Thus, we tackled the following questions:
(i) Is there any correlation between the dirtiness caused by organic material detected on surfaces and the amount of SARS-CoV-2 RNA
contamination in hospital settings? (ii) Do high transmission variants (VOCs) increase RNA contamination on surfaces? And (iii) how
does negative pressure impact the prevalence of SARS-CoV-2 RNA on surfaces?

2. Materials and methods
2.1. Sampling collection

Sampling was performed in the two COVID-19 public health reference hospitals in Uruguay where most COVID-19 patients
requiring critical care were hospitalized. These centers were: (i) Hospital Espanol Doctor Juan José Crottogini, referenced as Hospital
A, and (ii) Instituto Nacional de Ortopedia y Traumatologia, referenced as Hospital B. The role of reference hospitals in Uruguay was to
admit every patient from public health services with severe COVID-19 diagnostic regardless of whether they had other comorbidities.
There were no differences in cleaning regimen between hospitals. Every room was sanitized with bleach every 6 h in both hospitals.
Moreover, the cleaning staff was dressed with personal protective equipment including exclusive work clothes (complete overalls),
gloves, N95 mask, eye/face protection, cap and footwear cover. In addition, both hospitals were directed by the same medical board
under common policies. Patients were assigned to one or other hospital depending on room availability. Patients were assigned to
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intermediate or ICU care depending on if they needed invasive mechanical ventilation (ICU) or not (intermediate).

The room layout was similar in both hospitals (intermediate and ICU rooms), except for the presence or absence of negative
pressure systems in hospital B. However, there were some individual rooms and others were shared rooms. In Hospital A, 73.3% (22/
30) of the beds were in individual rooms, whereas the other 8 beds were in two shared rooms of 4 beds. Similarly, in hospital B, 71.4%
(15/21) of the beds were in individual rooms, whereas the other 6 beds were in a shared room. Hospital B has a negative pressure
system (20 air exchanges per hour) at each patients’ bed, whereas Hospital A does not have it.

This work was conducted from May 2020 to June 2021. Surfaces sampling were carried out using Isohelix mini swabs (Isohelix cat.
number MS-02) pre-moistened with Zymo DNA/RNA Shield (Zymo cat. number R1100-250), a stabilization solution that preserves the
genetic integrity and expression profiles of samples at ambient temperatures and completely inactivates infectious agents, according to
the manufacturer. Swabs were deposited inside tubes pre-filled with 400 pL of Zymo DNA/RNA Shield (Zymo cat. number R1100-250)
and stored at room temperature until processing (usually within the week of swab sampling). Samples were collected by swabbing
different surfaces in patients’ rooms (both intermediate and intensive care rooms) such as bed table, mechanical ventilator, vitals
monitor, foot of patient’s bed (foot bed), floor at 1 m of distance from the patient’s bed, floor at 1 m of distance of the foot of patient’s
bed, and the room entrance door (Supplementary Fig. S1). Surfaces sampling occurred around the middle of work shifts and before
surfaces were cleaned and disinfected. Patient rooms were cleaned at every work shift (every 6 h). In total, we collected 323 swab
samples (222 surface samples from hospital A and 101 surface samples from hospital B) that resulted in 969 PCR data without
including controls (666 from hospital A and 303 from hospital B) (see summary of swab samples collected in Table 1).

2.2. ATP measures

Adenosine triphosphate (ATP) monitoring is utilized as a surrogate marker for hygiene in hospitals [21]. ATP is detected with a
biological reaction that produces light in the presence of organic matter, including microbes, feces and other kinds of dirt [22].

ATP bioluminescence measurements were performed using the PocketSwab Plus swabs and the luminometer Novalum (Charm
Science Inc). Samples were collected from different surfaces of 20 Intensive Care Unit (ICU) rooms (10 from intermediate care and 10
from intensive care) and four high-touch surfaces from a non-COVID-19 area for one year in hospital A. Sampling sites of non-COVID-
19 area were keyboard and PC, table surface and telephone located in the nursing area. Briefly, for each area, the surfaces analyzed for
SARS-CoV-2 RNA detection were monitored (see previous point). In all sampling places the same criterion was adopted for the se-
lection of the areas to be monitored, trying to sample, for the same equipment, the most frequently hand-touched sites. Measurements
were carried out by 100 cm? area (10 cm x 10 cm) for 5 s. The results of the ATP measurements were expressed as Relative Light Units
(RLU)/cm?. According to the infection committee of Hospital A and previous work [23], the threshold of ATP measurement to consider
a dirty surface is 3000 RLUs/100 cm?.

2.3. SARS-CoV-2 detection

RNA extraction was performed with TRIzol reagent (Invitrogen) according to the manufacturer’s protocol. RNA extracted were
stored at —80 °C until RT-qPCR processing. For each batch of processed samples, at least one extraction control was performed in
parallel with nuclease free water. Extracted RNA was used then for the detection of SARS-CoV-2 using a specific RT-qPCR. Briefly, a 20
pL PCR reaction contained 5 pL of 4x TagMan Fast Virus Master Mix (Thermo Fisher), 8.6 pL of nuclease-free water and 0.75 pL of N1
and N2 combined primer/probe mix each (2019-nCoV CDC EUA Kit - IDT) and 5 pL of RNA. Thermal cycling was run on a Step-One
Plus RT-PCR thermal cycler (Applied Biosystems) with the following cycle parameters: 50 °C for 5 min for reverse transcription,
inactivation of reverse transcriptase at 95 °C for 20 s and then 40 cycles of 95 °C for 5 s and 60 °C for 30 s. The threshold value was set
manually at 0.03 in all assays to determine the threshold cycle (Ct). The Ct value is defined as the number of PCR cycles required to
cross a given threshold to detect, in this case, viral nucleic acid. Thus, Ct values are inversely proportional to the amount of target viral
genome. Ct values < 40 were considered positive for SARS-CoV-2 [24]. For every qPCR run, a positive control (Plasmid DNA), a
non-template control (nuclease-free water) and extraction controls were included. All RT-qPCRs were performed in triplicate. Each
sample was considered positive for SARS-CoV-2 when at least two of the three technical replicates showed a Ct value < 40.

2.4. Construction of RNA for quantification standards and analytical sensitivity of the RT-PCR assay

A fragment of 968 bp containing the N1 and N2 targets from SARS-CoV-2, were cloned into pCR™2.1- TOPO® using the TOPO® TA
Cloning® Kit (Invitrogen) following manufacturer’s instructions and transformed in NEB® 5-alpha Competent E. coli (High Efficiency)

Table 1
Surface samples collection.
Gamma introduction Hospital Hospital area Number of swab samples
Before A Nursery area 26
A Patient’s rooms 114
After A Patient’s rooms 82
B Patient’s room 101

Total 323
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by the heat shock method (42 °C, 30 s). Plasmids were isolated using PureLink Quick Plasmid Miniprep Kit (Invitrogen) and quantified
by spectrophotometric analysis (Bio-photometer, Eppendorf). Then, 1 pg of each plasmid was linearized with Spel and in vitro
transcribed with T7 RNA Polymerase (Thermo Fisher) following the manufacturer’s instructions. In vitro transcribed RNA was treated
with DNase and purified with TURBO DNA-free™ Kit (Thermo Fisher). RNA purified was checked for size and integrity by gel elec-
trophoresis and quantified by fluorometric analysis (Qubit 2.0, Thermo). The number of copies/pL was calculated as: (NA x C)/MW,
where NA is the Avogadro constant expressed in mol~%, C is the concentration expressed in g/pL, and MW is the molecular weight
expressed in g/mol.

A stock containing 3 x 10*! copies/pL of in vitro transcribed RNA was used for standard curve and sensitivity determination of the
RT-qPCR assays. The calibration curve and analytical sensitivity were determined by 10-fold serial dilutions of RNA in vitro tran-
scribed. Then, 5 pL of the corresponding RNA 10-fold dilution was added to the mix and tested in triplicate. Calibration curves were
represented as Ct vs log copy number/reaction. The linear regression curve (y) was determined as y = — 3.28x + 34.19 and the co-
efficient of determination (R%) was 0.9919.

2.5. SARS-CoV-2 genome sequencing and phylogenetic analysis

Sequencing was performed according to the PrimalSeq approach (Grubaugh et al., 2019) on the MinION sequencing platform
(Oxford Nanopore Technologies, United Kingdom). Sequencing libraries were prepared based on the PCR-tiling protocol for SARS-
CoV-2 (ARTIC Network) using the Ligation Sequencing Kit (SQK-LSK109) and Native Barcoding Expansion (EXP-NBD114) (Oxford
Nanopore Technologies, United Kingdom), with minor modifications. Briefly, RNA was reverse transcribed using Superscript II reverse
transcriptase (Invitrogen Life Technologies, Carlsbad, CA, USA) and random hexamer primers following the manufacturer’s in-
structions. Viral genomes were amplified using ARTIC nCoV-2019 V3 primer pools (IDT) and Q5® Hot Start High-Fidelity 2X Master
Mix (NEB). Amplified sequences were cleaned up using AMPure XP beads (Beckman Coulter) and repaired using NEBNext Ultra II End
repair/dA-tailing Module (NEB). NEBNext Ultra II Ligation Module (NEB) was used for unique barcode ligation. To detect possible
barcode cross-contamination between samples, the RT negative control was carried through the barcoding step and a previously
sequenced SARS-CoV-2 sample was included as a positive control. Finally, sequencing adapters were ligated using NEBNext Quick
Ligation Module (NEB) and a total of ~20 fmol of pooled samples was loaded into a FLO-FLG0O01 flow cell and sequenced for 24 h.
Subsequently, high accuracy basecalling and demultiplexing was performed using Guppy software v3.6.0. Consensus genomes were
generated and variants were called using a modified version of Nextflow [25], a pipeline developed by the COVID-19 Genomics UK
consortium [26] which is based on the ARTIC Network bioinformatic protocol (https://artic.network/ncov-2019/ncov2019-
bioinformaticssop.html). Minor modifications were made to fit local infrastructure (https://github.com/iferres/ncov2019-artic-nf).
Amplicons that were not sequenced or whose depth was less than 20x were not included in the consensus sequences and these positions
were represented by “N” stretches. Curation of sequences was performed manually in positions with at least 10x sequencing depth in
each position. PANGO lineages were determined using Pangolin v3.1.5 [https://github.com/cov-lineages/pangolin, https://doi.org/
10.1038/541564-020-0770-5] and Nextstrain clade assignment was performed using Nextclade CLI v1.10.3 [https://github.com/
nextstrain/nextclade, https://doi.org/10.1093/bioinformatics/bty407]. Time-scaled phylogeny. A maximum likelihood (ML) phy-
logeny was generated using the consensus sequences from the present study and 804 available SARS-CoV-2 genomes from Uruguay in
EpicCoV/GISAID database [(www.gisaid.org, last accessed 2022-06-30] obtained from March 2020 to June 2021 (EPLS-
ET_221121nk). Sequences were first aligned using Nextalign CLI v1.4.5 with the WIV04 (EPI_ISL_402124) sequence as reference. The
ML tree was inferred with IQ-TREE v2.1.4 using the GTR nucleotide substitution model. A time tree was estimated using TreeTime
joint-maximum likelihood approach with the oldest reroot option. Time tree visualizations were generated with the ggtree package.

2.6. Statistical analysis

Statistical analyses were performed with SPSS software, version 23 (IBM Corporation). ANOVA was used to compare means. Fisher
exact test was used to compare positivity rates (SARS-CoV-2 positive places over all places interrogated). Linear regressions were
performed with R Studio. Differences were considered statistically significant when p-value <0.05.

3. Results
3.1. There was no correlation between the amount of organic material dirtiness and SARS-CoV-2 RNA detected on surfaces

Adenosine triphosphate (ATP) bioluminescence assays are used to measure organic material as a proxy for cleanliness in hospitals
worldwide [21]. This method does not specifically detect viruses but indicates different forms of biomass, like epithelium from the
upper respiratory tract, saliva, and biological material from coughs and sneezes [27]. However, whether the ATP measurements have
or not a relationship with the viral RNA concentration on surface contamination remains scarce [22]. To address this, we analyzed
organic material contamination using ATP bioluminescence and the presence of SARS-CoV-2 genomes using RT-qPCR. In the case of
the analysis of swabs from areas with non-COVID-19 patients, we found that 15.38% (4,/26) of the surface swabs displayed RLU/cm?
values above the threshold of ATP whereas the number of surface swabs with Ct < 40 was 7.69% (2/26). However, no swab sample
from hospital areas with non-COVID-19 samples tested positive for both ATP and RNA. Regarding the analysis of swabs sampled from
patient rooms, we found that 96.5% of the surface swabs (110/114) displayed RLU/cm? values above the threshold of ATP mea-
surement to consider a surface contaminated with organic material. In contrast, we found that only 43.9% of the surface swabs
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(50/114) detected SARS-CoV-2 RNA (Ct < 40).

Then, we studied if the positive swabs for both organic material and SARS-RNA contamination were correlated (n = 49). Our study
indicates no significant correlation between ATP measurements expressed as RLU/cm? and the Ct values of SARS-CoV-2 found in ICU
rooms (Spearman, r = —0.16, p = 0.27) (Fig. 1).

3.2. SARS-CoV-2 high transmissible Gamma variant introduction significantly increased surface contamination

We evaluated SARS-CoV-2 RNA environmental contamination by swabbing seven different places in ICU patients’ rooms from
COVID-19 reference hospital A. Sampling was done before (n = 114) and after (n = 82) Gamma variant introduction. Environmental
surface contamination was slightly lower in intensive care rooms (Ct mean = 35.45 + 0.16) than those observed in intermediate care
rooms (Ct mean = 36.28 + 0.26) (nested ANOVA, p = 0.006). SARS-CoV-2 Gamma variant introduction produced an increase in
surfaces contamination displayed by a decrease of roughly four Ct units on average, from Ct mean = 37.89 + 0.19 to Ct mean = 33.84
+ 0.22 (p < 0.001) (Fig. 2A). In addition, no significant differences in Ct mean values were observed between sampling sites (p =
0.061), indicating that surface contamination was homogeneous at the different sampling locations.

The SARS-CoV-2 Gamma variant is highly transmissible due, at least in part, to higher viral loads than previous variants [6].
Therefore, we hypothesized that the Gamma variant introduction would produce an increase in positive tests on surfaces of hospital
settings. Overall, our results showed that the SARS-CoV-2 positive sites over all sites tested, defined as the positivity rate, increased
from 44.55% (50/114) to 96.88% (78/82). This represented a 2.17-fold increase in the positivity rate after Gamma introduction
(Fisher exact test, p < 0.001) (Fig. 2B).

3.3. The hospital with negative pressure systems was associated with lower levels of SARS-CoV-2 RNA surface contamination

To evaluate the effect of negative pressure on SARS-CoV-2 RNA contamination on surfaces, we compared SARS-CoV-2 RNA
detection in samples obtained from hospital A and hospital B after the Gamma variant introduction into the country. Hospital A lacks a
negative pressure system whereas Hospital B has rooms submitted to negative pressure. We found that Ct values obtained from surfaces
at Hospital A (Ct mean = 33.92 + 0.24) were lower than those obtained from Hospital B (Ct mean = 35.985 + 0.175) (nested ANOVA,
p < 0.001), showing a higher viral RNA contamination in the hospital without negative pressure systems. Contrary to that observed in
Hospital A; in Hospital B, we found significant differences in Ct mean values from different sampling sites (p < 0.001) indicating that Ct
values were heterogeneous at different sampling locations (Fig. 3A). A Tukey’s post hoc test showed that the means of the Ct values
obtained from the bed table, ventilator, foot bed, 1 m beside the bed, 1 m in the front bed, and the door, form a single homogeneous
subgroup (p = 0.149), which differs from those obtained from swabs samples of the medical monitor.

In light of these data, we hypothesized that negative pressure could affect the positivity rate for each sampling site should be higher
in Hospital A (rooms without negative pressure) compared to Hospital B (rooms under negative pressure). Overall, our findings showed
that the positivity rate in Hospital A (96.88%; 78/82) was significantly higher than the observed at Hospital B (75.31%; 76/101)
(Fisher exact test, p < 0.001) (Fig. 3B).

Finally, we evaluated the correlation between Ct values obtained from surfaces and the distance to the patient (Table 2). We found
that Ct values decrease with the patient proximity in Hospital A, showing a significant positive correlation (Spearman, r = 0.33, p =
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Fig. 1. Correlation between ATP relative light units (RLU/cm?) and Ct values obtained from surfaces in hospital settings. The scatter plot includes
positive swabs for both organic material (ATP >3000) and SARS-CoV-2 RNA (Ct < 40) (n = 49). The chart shows no linear correlation between Ct
values and ATP (Spearman’s rank correlation coefficient p = —0.16; p-value = 0.27). The y axis is represented in LOG10 scale.
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Fig. 2. Surface contamination with SARS-CoV-2 RNA observed during one-year follow up study of SARS-CoV-2 RNA contamination in hospital A. Ct
values (A) and positivity rates (B) observed before (orange violins) and after (green violins) the circulation of VOC Gamma in Hospital A. Positive
and negative PCR outcomes were represented in red and green, respectively. Surfaces sampled are in decreasing order relative to the patient’s bed
distance. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

0.002). In contrast, no correlation was found at Hospital B (Spearman, r = —0.02, p = 0. 871).

3.4. SARS-CoV-2 genomes recovered from surfaces were fully sequenced

Recovering complete SARS-CoV-2 genome sequences directly from environmental surface swabs is a difficult task considering their
low RNA amount inferred by their showed Ct values. However, we recovered two near-complete genome sequences belonging to two
patient rooms (named HosA-008 and HosB-004). The first sequence was recovered from the floor, 1 m beside the bed, before the
Gamma variant introduction, with a mean Ct value of 21.82 + 0.23 and a genome coverage of 407.98X (Accession number EPI -
ISL._11782100). The second sequence was recovered after Gamma variant introduction from a room bed table and showed a mean Ct
value of 21.10 + 0.06 and a genome coverage of 69.07X (Accession number EPI ISL_11783770).

We conducted a phylogenetic analysis using NextStrain (Hadfield et al., 2018) to compare the obtained genomes with others (from
Uruguay) available in the database. Sequences recovered from HosA-008A were placed in the “Non-VOC” clade and sequence from
HosB-004 was placed in the VOC clade (Gamma) (Fig. 4). These findings are in agreement with the results obtained from national real
time genomic surveillance (more detailed phylogenetic tree in Supplementary Fig. S2). We showed previously that strains circulating
in the “Non-VOC” clade were dominant in Uruguay until Gamma variant was introduced [7].
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Fig. 3. Comparison of surface contamination with SARS-CoV-2 RNA among hospital settings. Ct values (A) and positivity rates (B) observed in
Hospital A (green violins) and Hospital B (yellow violins) during the circulation of VOC Gamma in Uruguay. Positive and negative PCR outcomes
were represented in red and green, respectively. Surfaces sampled are in decreasing order relative to the patient’s bed distance. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.5. Most surface swab samples positive for SARS-CoV-2 detection by RT-qPCR are predicted to yield non-infectious virus

Viral RNA detection by RT-qPCR on surfaces does not necessarily indicate virus viability and/or infectivity [28] and indeed we
inactivated the infectious agents immediately after swab collection in DNA/RNA Shield solution. Previously it has been shown that it is
possible to predict the infectivity of swabs samples in cell culture. Berg and colleagues (2021) found that cytopathic effect (CPE) was
observed in Vero cells when samples had a minimum of 4.2 1og10 viral genomes copies/mL [29]. On the other hand, another work
showed that infectious virus was isolated from samples with at least 3.1 log10 copies/uL [30]. We used a standard curve to infer the
viral infectivity based on the Ct values experimentally obtained and the linear regression curve to determine the number of genome
copies/unit of volume. Taking this into account, we inferred that in our PCR assay settings, the Ct values corresponding to these copy
numbers were between Ct = 27 and Ct = 24, respectively. Since swab samples showed a Ct mean value of 34.03 + 0.18, we can
conclude that most of the swab samples analyzed in this work would not be infectious. There were just two samples, which represent
the 0.07% (2/323) of the N used, with Ct values lower than 24 that could be potentially infectious (21.82 + 0.23 and 21.10 £ 0.06). In
addition, these samples corresponded to the two SARS-CoV-2 genomes recovered from surfaces that we were able to fully sequenced.

4. Discussion

Prevention of disease in healthcare workers and successful public health measures for COVID-19 require management based on the
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Table 2
Summary of the surface swabs accessed after Gamma variant introduction.
Hospital ~ Sampling Number of Number of Rate of Mean Ct Distance Distance Spearman p-
sites positive total samples positivity (%) + SEM (m) (ranking) coefficient (p) value
samples’
A Medical 12 13 92.3 31.79 £ 1.00 1
monitor 0.65
Bed table 11 12 91.7 33.08 = 1.12 2
0.51
Ventilator 13 13 100.0 31.65 + 1.12 2
0.57
1 m beside 13 13 100.0 33.33 + 1.80 4 0.33 0.002
bed 0.65
Foot bed 12 12 100.0 33.59 + 2.00 5
0.59
1 m in front 11 12 91.7 34.25 + 3.00 6
bed 0.43
Door 6 7 85.7 32.84 + 5.00 7
0.85
Total 78 82 95.1 3291 + - -
0.24
B Medical 9 15 60.0 34.47 + 1.00 1
monitor 0.57
Bed table 13 15 86.7 34.21 + 1.12 2
1.12
Ventilator 14 15 93.3 33.27 £ 1.12 2
0.58
1 m beside 8 15 53.3 35.45 + 1.80 4 — 0.02 0.871
bed 0.20
Foot bed 12 15 80.0 34.76 + 2.00 5
0.55
1 m in front 11 15 73.3 34.54 + 3.00 6
bed 0.51
Door 8 11 72.7 34.22 + 5.00 7
0.38
Total 75 101 74.3 34.34 £ - -
0.26

Rate of positivity of the sampling sites assayed by RT-qPCR after Gamma introduction and spread in the country.

Distance between patient and sampling sites is expressed as the Euclidean distance (in meters) and as ranking.

Spearman’s rank correlation (p) between cycle threshold (Ct) of positive samples and the distance to the patient, per hospital.
1 Gt value < 40 in at least two of the three RT-qPCR technical replicates.

understanding of viral spread and modes of transmission. Despite the main mechanism of transmission of SARS-CoV-2 is droplet
transmission by close contact between persons [1], there is also evidence that viral transmission is also achieved by aerosols [3-5].
SARS-CoV-2 RNA has been detected in several studies in hospital settings (systematically reviewed in Ref. [31]) suggesting the po-
tential of virus transmission by contact with contaminated surfaces. Importantly, the risk of infections by contact with contaminated
surfaces is considered low and difficult to decouple from other transmission mechanisms [32].

Here, we implemented a one-year longitudinal study taking into account factors that have not been fully addressed to assess their
impact on SARS-CoV-2 surface contamination in hospitals. These factors were: (i) organic material, which is used as a surrogate for
cleanliness; (ii) the introduction of highly transmissible viral variants, and (iii) the presence or absence of negative pressure systems in
the patient’s room.

We first tested the feasibility of implementing the organic material measure as a proxy for detecting SARS-CoV-2 RNA contami-
nation in hospitals. Measuring organic material by ATP bioluminescence assays is widely used as a marker for cleanliness in hospitals
[21,33]. If there were any correlation, ATP measurement could be used to infer the presence of viral RNA on surfaces during epidemics.
At the time of writing this manuscript, one study tried to attempt this goal in hospital settings. However, the authors failed to detect
SARS-CoV-2 RNA in any surface sampled [22]. Our results are in agreement with a previous work focused on RNA from bacteriophages
[34]. In that study, the ATP measurement was not related to the viral nucleic acid contamination.

We then studied the impact of more transmissible variants on surface contamination in hospital A settings. We analyzed this issue
before and after the SARS-CoV-2 Gamma variant was introduced and became prevalent in Uruguay [7]. This Variant of Concern (VOC)
displayed a significant increase in transmission capacity [6,8]. Before Gamma variant introduction, the positivity rate determined for
Hospital A showed high concordance with results obtained from ICUs in Wuhan, China, in early 2020 (Guo et al., 2020; Wu et al.,
2020). Interestingly, after the Gamma variant introduction, we found a significant increase in viral contamination in ICU rooms, both
in terms of positivity rate and cycle threshold (Ct) values obtained. Specifically, we observed a 2.17-fold increase in the positivity rate,
whereas the Ct decreased on average by 4 units. Importantly, according to the linear regression of our standard curve, this decrease in
Ct values indicates a 15-fold increase in the amount of viral RNA detected on surfaces during the circulation of the VOC Gamma. These
results are consistent with those obtained from clinical samples in Brazil where Ct values from patients infected with VOC Gamma were
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Fig. 4. Time-scaled phylogeny from publicly available Uruguayan sequences from March 2020 to June 2021. Consensus sequences, obtained from
surface samples at hospitals A and B (denoted with a black dot), were clustered as non-VOC (HosA-008) and Gamma VOC (HosB-004), respectively.
Blue diamond shape represents a collapsed node containing 400 non-VOC sequences from P.6 (n = 315), P.7 (n = 34) and P.2 (n = 51) PANGO
lineages. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

around 3 units lower than those observed from patients infected with previous no-VOC variants. This means that the viral load of
patients infected with VOC Gamma was ~10-fold higher than in clinical samples from non-VOC patients [8].

Subsequently, we compared the surfaces contamination results from two hospitals, one of them with negatively pressurized
isolation rooms. This was done to test whether we could identify differences of SARS-CoV-2 RNA contamination during the wave of
cases produced by VOC Gamma. Isolation rooms are important to prevent the spread of respiratory pathogens to other areas
contaminating other patients or healthcare workers [17]. Our results indicate that the amount of viral RNA of contaminated surfaces in
hospital A was approximately 4-fold higher than those found in Hospital B. This lower contamination, in terms of amount of viral RNA
detected by RT-qPCR in Hospital B, was associated with a 1.3-fold decrease in the positivity rate compared to Hospital A. We have also
found a moderate positive correlation between the Ct value from surface samples and patient distance in Hospital A whereas this
correlation was lost in Hospital B. Altogether, these results indicate that the hospital with negative pressure systems was associated
with lower levels of SARS-CoV-2 RNA surface contamination which is consistent with previous work [35].

We could obtain two full SARS-COV-2 genome sequences from surface samples. The sequences matched with the circulating
variants at that time [7].

Finally, our study presents the following limitations. First, as it is an experiment carried out in hospital settings there are different
factors with a high degree of heterogeneity. For example, we cannot ignore clinical differences in the patients admitted in both
hospitals, (age, seriousness of infection, comorbidities, symptoms and length of time since diagnosis). Secondly, the Gamma variant
wave of infections triggers an increase in daily cases and hospitalizations. This fact directly impacted on hospital bed occupancy. It is
also important to note that viral RNA detection by RT-qPCR on surfaces does not indicate virus viability and/or infectivity [28]. This
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particular issue represented a weakness of our work. This issue could be addressed by testing virus viability or infectivity in tissue
culture. In addition, we do not have access to a biosafety level 3 facility (BSL3) to experimentally determine this. However, taking into
account previous analyses about viral infectivity, we estimated the number of genome copies/mL. Our analysis suggests that 99.93%
(321/323) of the samples collected from contaminated surfaces were likely non-infectious. This result is in agreement with previous
work [29,30], indicating that despite SARS-CoV-2 fomites transmission is possible, it is significantly low.

Our results highlight the importance of tracking the spatial viral contamination at surfaces may be useful as a surrogate of viral
dissemination in medical setting with implications in patient and healthcare worker management.

5. Conclusions

This study provides data gathered for one year about the surface contamination with SARS-CoV-2 RNA in hospital settings. First,
despite ATP bioluminescence assays are widely used as marker for cleanliness in hospitals, our results showed that ATP measures are
not suitable for evaluate SARS-CoV-2 RNA contamination. Second, our results indicated that SARS-CoV-2 RNA contamination
increased after the introduction of more transmissible (Gamma) variants. Third, we provided evidence of lower surface SARS-CoV-2
RNA contamination in a hospital with a negative pressure system. Therefore, this work has valuable implications for hospital man-
agement and public health policies. Mainly in low and middle income-countries’ hospitals, where negative pressure systems are not
widely distributed. Other approaches are needed to distinguish effects from confounder factors in our measurements.
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