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ARTICLE INFO ABSTRACT

Keywords: Scientific background: Environmental sampling of SARS-CoV-2 is a fundamental tool for evaluating the effec-
Hospital contamination tiveness of non-specific prophylaxis measures in counteracting virus spread. The purpose of our work was to
SARS-CoV-2

evaluate the effectiveness of the different sampling methods in the hospital setting to assess their correlation with
the structural, functional, and operational situation of the monitored departments and to define the dynamics of
the spread of the virus in indoor environments.

Methods: The monitoring (air bubbling sampling, surface wipe test) was carried out at the San Martino Polyclinic
Hospital (Genoa, Italy) in the period since April 2020 to June 2021. The presence of viral RNA in the collected
samples was evaluated by qPCR. The infection capacity of the samples collected was also evaluated by an in vitro
challenge test on cells sensitive to SARS-CoV-2 infection.

Results: The percentage of positivity with respect to the number of tests performed (sensitivity) were air bubbler
50%, wipe test 17%, and challenge test 11%. Only 20% of the samples tested positive in the wipe test and 43% of
the samples tested positive in the bubbler sampling were also positive in the challenge test. All the positivity
obtained was detected at a distance of less than 2 m and height of less than 1.5 from COVID-19 patients.
Conclusions: Environmental contamination from SARS-CoV-2 detected at the San Martino Polyclinic Hospital is
found lower than similar assessments performed in other hospitals both in Italy and abroad. Our study predicted
that environmental monitoring of SARS-CoV-2 must be carried out in an integrated way by not using a single
sampling method, as each individual test has a different biological significance and performance. However, the
virus detected by wipe test only is often a degraded viral fragment and not an intact infecting virion.

Environmental monitoring
Challenge test
Viral RNA

1. Introduction 2020). Furthermore, there is a risk for aerosol transmission when the
virus is exposed to high concentrations of aerosol for a long time in a

SARS-CoV-2 is mainly transmitted through infected respiratory relatively closed environment. SARS-CoV-2 virus is highly contagious,
droplets and close contact with the infected person (Riou and Althaus, and people are severely susceptible to it. Many healthcare workers have
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been infected during patient care during this pandemic (Wang et al.,
2020). Environmental sampling of SARS-CoV-2 is a fundamental tool for
the prevention of the COVID-19 infection. For this reason, the envi-
ronmnetal sampling, that allows to define the spreading characteristics
of the virus, guides the measures of non-specific environmental pro-
phylaxis. In addition, environmental sampling makes it possible to
identify the effectiveness of the prophylaxis and disinfection measures
implemented to hold SARS-CoV-2 contagion in confined environments
(van Doremalen et al., 2020). WHO defines droplets and droplet nuclei
of more than 5 pm in diameter as respiratory aerosols and the residue of
up to 5 pm in diameter as dried respiratory aerosols, produced by the
evaporation of droplets coughed or sneezed into the atmosphere or
aerosolized infective material, respectively (WHO, 2014). Liu et al. re-
ported that the peak concentration of SARS-CoV-2 aerosols appears in
two distinct size ranges: at the submicron scale with dominant aero-
dynamic diameter between 0.25 and 1.0 pm; and at the supermicron
scale with diameter greater than 2.5 pm (Liu Y, 2020). The main sources
of SARS-CoV-2 aerosols are coughs and sneezes by infected people. The
capacity for droplets to travel long distances in airflow is determined
largely by their size. (Kampf et al., 2020).

The environmental sampling can be carried out in the following
ways: (a) wipe test; (b) sampling of the airborne viral suspension (Becker
et al., 2019). The wipe test allows a cumulative assessment of the viral
load that is deposited over time with reference especially to that carried
by the large aerosol (droplet); it is not quantitative sampling. The
sampling of the air diffuse suspension allows the quantitative evaluation
of the viral load per cubic meter of sampled air; reflects the viral load
also present in the small aerosol which by its nature tends to settle much
more slowly over time than in the large aerosol. For this reason, the
small aerosol spreads at a much greater distance than the large aerosol
with respect to the source of entry (patient or infected person) (Ong
et al., 2020). Sampling of the airborne viral suspension is carried out
using air-flow sampling pumps. The uptake trap can be liquid (bubbler
sampling) or solid with negative ionic charge membrane to selectively
capture the SARS-CoV-2 spike proteins characterized by a strong posi-
tive electric charge due to the presence of sulfur amino acids (membrane
sampling).To the best of our knowledge, IRCCS San Martino is the only
hospital in Italy to have carried out structured environmental moni-
toring of its hospitalization environment during the pandemic by mul-
tiple methods to assess the wellbeing and safety of operators and
patients. Virus detection on the sampled material (swab wipe test,
bubbling liquid, negatively charged membrane) is performed by qPCR.
The strong limitation of this approach is the detection of only one
component of the virus and that is its RNA. The presence of RNA does
not necessarily correspond to the presence of whole virions capable of
infecting the subjects which determines the monitored environment.
However, the RNA can represent a degradation product of the virus by
degrading through physical and chemical environmental agents.

The purpose of our work was to evaluate the effectiveness of envi-
ronmental sampling for SARS-CoV-2 in the hospital setting to compare
and integrate the information provided by different sampling methods.
The results obtained were used to evaluate the correlation between
environmental sampling and the structural, functional, and operational
situation of the monitored departments.

The specific aim of our work was to develop a complementary
environmental sampling method for SARS-CoV-2 aimed at demon-
strating the presence of whole virions and evaluating their ability to
infect sensitive cells. The information on the real biological activity of
the virus does not necessarily correspond to the presence of RNA alone.
Our work compared the results obtained by the evaluation of RNA and
the infecting capacity of the virions detected in the monitored envi-
ronment. It was thus possible to carry out accurate assessment on the
environmental risk of contagion from SARS-CoV-2 in the monitored
environment.
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2. Materials and methods
2.1. Environmental sampling

Environmental sampling was performed at the IRCCS San Martino
Polyclinic Hospital. This facility is the regional referral hub for the
treatment of COVID-19 patients. It is therefore suitable for assuring the
definite presence of high environmental viral load of SARS-CoV-2. This
sampling was performed at the facilities, (a) Emergency Department for
COVID-19 patients, third floor laboratory building; (b) Emergency and
Acceptance Department (DEA) in the First Aid building on the first floor;
(c) Clinic for Infectious Diseases Complex Pathologies building.

Sampling at the Emergency Department was performed in April 2020
by wipe test on the following 12 environmental surfaces: (1) computer
keyboard; (2) telephone keypad; (3) patient storage trolley; (4) patient
bed rails; (5) patient bed pillow; (6) respiratory gas detector monitors;
(7) vertical wall edges; (8) horizontal wall edges; (9) heart rate monitor;
(10) drug cart; (11) floor plinths; (12) internal CPAP.

The sampling at the DEA was performed in January, March, April,
and May 2021 both by wipe test and bubbling sampling. The wipe test
was performed in close proximity to the patients (bedside table, dining
table). Bubbling sampling was performed near (distance <2 m), far
distance> 3 m) from the patients and at different heights (low 1.5 m,
high> 2.5 m). In addition, the bubbling sampling was carried out near
the intake openings of the ventilation systems to evaluate the possibility
of spreading the virus through them. However, it should be emphasized
that this risk can be neutralized, by avoiding the mixing of extracted and
injected air. Sampling at the Infectious Diseases Clinic was performed in
2 different rooms in June 2021. Both wipe testing and bubbling sam-
pling were performed in these rooms.

2.2. Wipe test

The sampling kit of the company Biocomma (Hong Kong, China) was
used, validated by preliminary analysis carried out in collaboration with
Department of Life Sciences (DISTAV), University of Genoa. A stan-
dardized surface area of 20 cm? was wiped using a stick embedded with
porous fibers at the terminal end. The stick was immersed into the buffer
solution and mixed for 30 s.

A total of 29 wipe tests have been performed, 21 in DEA and 8 in
Clinic for Infectious Diseases.

2.3. Bubbler sampling

The Air Cube Com 2-TH sampler provided out of courtesy by the
Gadomed company (Genoa, Italy), was used. The instrument was
equipped with a peristaltic pump collecting air at the standardized flux
of 20 m® per hour. The air was bubbled onto a buffer contained into a
glass ampoule. Air collection was performed for 1 h.

A total of 14 bubbler sampling tests have been performed, 12 in DEA
and 2 in Clinic for Infectious Diseases.

2.4. Membrane sampling

The MD8 Airport sampler (Sartorius, Rome, Italy) equipped with
gelatin filters made available by the Liguria Region, was used. The
sampling was performed with an air flow of 20 1/min for 50 min, each
using membrane adsorption as an analyte capturing tool (SARS-CoV-2).
This membrane (gelatin filter) at the end of the process was removed
from the instrument using sterile disposable tweezers and solubilized in
a tube containing 2 ml of DMEM enriched in penicillin/streptomycin/
ciproxin. (Fig. 1).

A total of 4 membrane sampling tests have been performed, all of
them in Clinic for Infectious Diseases.
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MEMBRANE SAMPLING

BUBBLING AIR SAMPLER

Fig. 1. Environmental sampling methods: wipe test, membrane sampling and bubbling air sampler.

2.5. Evaluation of the infectious capacity of SARS-CoV-2 by challenge
test

The Vero cell challenge test was used. These cells express the ACE2
receptor which represents the binding site of the SARS-CoV-2 spike
protein to infect target cells. The environmental sample as such
(bubbling liquid) or resuspended (wipe test buffer, thawed membrane)
was incubated with Vero cells for 12 h. The resuspension liquid con-
sisted of DMEM along with Hepes and fetal calf serum. At the end of the
incubation, the virus was inactivated by heating at 56 °C for 30 min. This
heating also involved the loss of adhesion of the cells which entered the
suspension and collected and washed by centrifugation. The cell pellet
was then collected and subjected to PCR to evaluate the presence of the
virus inside the cells.

All procedures were performed at the Biosafety Level 3 (BSL3) lab-
oratory of the IRCCS San Martino Hospital for research on SARS-CoV-2
operating at Pad 90.

2.6. Evaluation of the presence of viral RNA by qPCR

The presence of viral RNA within Vero cells was evaluated by qPCR
using the SARS-CoV-2 RT-qPCR Reagent Kit (PerkinElmer, Wathman,
MA, USA). The samples were prepared for RNA extraction in an auto-
mated robotic station (Janus G3, PerkinElmer, Wathman, MA, USA).
The samples, composed of Vero cells resuspended in physiological so-
lution (300 pl) were mixed with a solution containing poly (A) RNA
buffer and proteinase K (14 pl). The RNA extraction was carried out
using the Chemagic automated station and the related magnetic ball
extraction kit (PerkinElmer, Wathman, MA, USA). For each assay, 3
Tagman qPCR probes were used for (a) house-keeping gene (Ribonu-
clease P/MRP Subunit P30 [RPP30] used as internal control; (b) SARS-
CoV-2 Orflab viral gene (Vic labeled); and (c) SARS-CoV-2 N viral gene
(FAM labeled). The purified RNA was subjected to PCR amplification
cycles according to the following parameters: 50 °C x 15 min, 95 °C x 2
min, 45 cycles at 95 °C x 3 s, and 60 °C. x 30 s. The PCR reaction was
performed in a final volume of 20 pl using the Light Cycler 4801I (Roche)
automated robotic device.

2.7. Positive reference samples

Two types of positive reference samples were used: (a) pool of
anonymous pharyngeal tampons collected from patients with molecular
qPCR diagnosis of the presence of SARS-CoV-2 virus with cycle posi-
tivity <25; (b) generation of environmental aerosols starting from the
sample just described. The Pro Pharma RF7 device was used to generate
the aerosol. 5 ml of sample was used to generate nebulized aerosol for 1
h. The generated aerosol was conveyed through flexible plastic tubes to
the bubbler sampler. The system was set up under a biosecurity hood in
closed mode to avoid accidental spreading of the virus into the
environment.

2.8. Statistical analysis

Descriptive statistics was used to present data as numbers and per-
centages. The differences in the positive rates between the sampling
methods were compared by Fisher exact tests. The numbers of sample
locations were calculated based on the area of each room in accordance
with the ISO 14644-1. Statistical analysis was performed with SPSS
Statistics version 25 (IBM, SPSS Inc., Chicago, IL, USA).

3. Results

A total 29 swab samples were collected within the twelve sampling
sites at the Emergency Department, and their environmental monitoring
data by wipe test is shown in Table 1. PCR results of environmental
monitoring of SARS-CoV-2 in the DEA Department by PCR were nega-
tive (Table 2). The positivity rate was higher in contaminated air sam-
pling site close (<1 m) to the patients. Positivity PCR cycle rate of 39.2
was observed as a result of bubbler sampling (Table 3). The positive
rates of swab samples from environmental surfaces of specific sites
regardless of area at the Emergency Department are detailed in Table 4.
Challenge test was positive with 35.1 rate at close air (50 cm) to the
patients. 7 positive patients were present in the room where the samples
were taken, and the mechanical ventilation was missing (Table 4). Re-
sults of environmental monitoring of SARS-CoV-2 in the DEA Depart-
ment by bubbler were positive for PCR test to 37.5 in Air near (50 cm) to
the patients at bed of 80 cm height. (Table 5). Results of environmental
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Table 1
Results of the environmental monitoring of SARS-CoV-2 in the Emergency
Department April 2020.
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Table 4
Results of environmental monitoring of SARS-CoV-2 in the DEA Department in
April 2021.

Sampling site Sampling PCR PCR PCR
method positivity challenge
cycle test

computer keyboard Wipe negative >40 NT

telephone keypad Wipe negative ~ >40 NT

patient storage Wipe negative >40 NT
trolley

patient bed rails Wipe negative ~ >40 NT

patient bed pillow Wipe negative  >40 NT

respiratory gas Wipe negative >40 NT
detector monitors

horizontal wall Wipe negative ~ >40 NT
edges

heart rate monitor Wipe negative >40 NT

medication cart Wipe negative >40 NT

floor plinths Wipe negative  >40 NT

internal CPAP Wipe positive 21 NT

NT, not tested.

Table 2
Results of environmental monitoring of SARS-CoV-2 in the DEA Department in
January 2021.

Sampling site Sampling PCR PCR PCR
method positivity challenge
cycle test
patient bedside table Wipe negative >40 negative
patients dining table Wipe negative ~ >40 negative
Close air (<2 m) at bubbler negative >40 negative
patients at 1.5 m of sampling
height
Far air (>3 m) at bubbler negative  >40 negative
patients at 1.5 m of sampling
height
Air at a heightof 25m  bubbler negative ~ >40 negative
near the aeraulic sampling

system intake vent

NT, not tested.

Table 3
Results of environmental monitoring of SARS-CoV-2 in the DEA Department in
March 2021.

Sampling site Sampling PCR PCR PCR
method positivity challenge
cycle test

Close air (<1 m) at bubbler positive 39.2 negative
patients at 1.5 m of sampling
height for 1 h

Close air (<1 m) at bubbler negative  >40 negative
patients at 1.5 m of sampling
height for 3 h

Far air (>3 m) at bubbler negative  >40 negative
patients at 1.5 m of sampling
height for 1 h

Far air (>3 m) at bubbler negative  >40 negative
patients at 1.5 m of sampling

height for 3 h

NT, not tested.

Notes: Boundary conditions on the day of sampling 25-03-2021.

- Positive patients present in the ward: 29.

- Positive patients present in the open space where the sampling took place: 7.
- Volume of the open space: 180 m®

- Air volume per patient: 25.7 m>

- Indoor thermohygrometric conditions: T 22.9 °C - R.H. 40.9%.

- Air flow extracted from the vent installed in the open space: 2465 m>/h.

- Hourly extraction volumes: 13.65.

Sampling site Sampling PCR PCR PCR
method positivity challenge
cycle test
Patients bed side table Wipe positive 26.4 positive
(37.3)
patients dining table Wipe positive 37.6 negative
patients service table Wipe positive 38.2 negative
table away from Wipe negative  >40 negative
patients
Close air (<50 cm) at bubbler positive 25.2 positive
patients at 1.5 m of sampling (35.1)
height
Far air (>2 m) at bubbler positive 36.6 negative
patients at 1.5 m of sampling
height
Distant air (>2 m) at a bubbler negative >40 negative
height of 2.5 m near sampling

the air intake vent

NT, not tested.

Notes: Boundary conditions on the day of sampling 21-04-2021.

- Positive patients present in the ward: 13.

- Positive patients present in the room where the samples were taken: 7.
- Volume of the room: 165 m®

- Air volume per patient: 24 m*

- Indoor thermohygrometric conditions: T 22.8 °C - R.H. 49.8%.

- No mechanical ventilation.

- Natural ventilation estimated at 0.5 vol/h.

Table 5
Results of the environmental monitoring of SARS-CoV-2 in the DEA Department
in patient service table.

Sampling site Sampling PCR PCR PCR
method positivity challenge
cycle test
patient bedside table Wipe negative  >40 negative
(>40)
patients dining table Wipe negative  >40 negative
(>40)
patient service table Wipe negative ~ >40 negative
(>40)
armrest chair located Wipe negative ~ >40 negative

near the patient (>40)

Air close (50 cm) to bubbler positive 36.5 positive
patients at 80 cm sampling (37.5)
high Bed

Air close (50 cm) to bubbler NT NT NT
patients at 80 cm sampling

high Bed

NT, not tested.

monitoring in Infectious Diseases Department are reported in Tables 6
and 7. The positive rate was 20% with wipe test, and 43% with bubbler
sampling. The higher positivity rate was measured by challenge test,
near (<1 m) from patients at 0.6 m height as compared to the bubbler
sampling.

The wipe test showed a sensitivity of 17%, and 83% negatives for
viral RNA (Table 8). The advantage of wipe test was to evaluate the
accumulation of the viral load over time on a solid surface. Number of
positive samples with confirmed positivity through challenge test, was
reported in Table 9. Overall performance of each SARS-CoV-2 environ-
mental sampling method was reported in Table 8. The positivity rate
observed by wipe test was 17% for <1 m from patient, and was 50% by
< 2 m height and by < 1 m from patient, detected by bubbler sampling,
the positivity rate was 11% measured by challenge test <1 m and height
80 cm and 0.6 m from patient (Table 8).

The challenge test was the only one used to directly assess the ability
of the virus to penetrate sensitive cells. However, 20% of the samples
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Table 6
Results of environmental monitoring of SARS-CoV-2 in Infectious Diseases
Department on June 4, 2021.

Sampling site Sampling PCR PCR PCR
method positivity challenge
cycle test
Room 1
patient bedside table Wipe positive 28.7 Negative
(>40)
patients dining table Wipe negative ~ >40 Negative
(>40)
Near air (<1 m) from bubbler positive 36.8 Positive
patients at 0.6 m sampling (37.4)
height
Room 2
patient bedside table Wipe negative  >40 Negative
(>40)
patients dining table Wipe negative ~ >40 Negative
(>40)
Near air (<2 m) from  bubbler positive 32.4 Negative
patients at 1.5 m sampling (>40)

height

NT, not tested.
Negative = positivity cycle PCR >40.

Table 7
Results of the environmental monitoring of SARS-CoV-2 in the Infectious Dis-
eases Department on June 23, 2021.

Sampling site Sampling PCR PCR challenge
method test

Room 1

patient bedside table Wipe negative  negative

Patient dining table Wipe negative  negative

Near air (<1 m) from patientsat ~ Membrane negative  negative
0.6 m height sampling

Far air (>3 m) at patients at 1.5  Membrane negative  negative
m of height sampling

Room 2

patient bedside table Wipe negative  negative

dining table Wipe negative  negative

Near air (<2 m) from patientsat ~ Membrane negative  negative
1.5 m height sampling

Far air (>3 m) at patients at 1.5  Membrane negative  negative
m of height sampling

NT, not tested.
Negative = positivity cycle PCR >40.

tested positive in the wipe test were also positive in the challenge test.
Schematic diagram showing environmental sampling sites in the inpa-
tient area of the hospital is reported in Fig. 2.

4. Discussion

Multiple strategies to mitigate the risks of transmission have been
adopted globally, but there is still a paucity of evidence addressing key
questions, such as airborne transmissibility, that may be a consequence
of the difficulty in analyzing a virus that is very sensitive to small
environmental changes (Morawska and Cao, 2020). The obtained results
demonstrate that, environmental monitoring of SARS-CoV-2 should be
carried out in an integrated manner and not using a single sampling
method. Indeed, every single test (wipe, bubbler, membrane, challenge)
has different performance and meaning. At this regard, further to those
used in the herein presented study, also quantitative test could be pro-
posed exactly quantifying the number of viral genomic copies per cubic
meter of sampled air (Robotto et al., 2021).

Our results indicate that the most sensitive test (number of positives
compared to the number of tests carried out) is bubbler sampling
(sensitivity 50%). This test, together with membrane sampling, allows a
quantitative evaluation of the airborne viral load per cubic meter of air.

Environmental Research 209 (2022) 112790

Table 8
Overall performance of each SARS-CoV-2 environmental sampling method.
Number of Negatives Positives Notes
samples (%) (%)
performed
Wipe test 29 24 (83%) 5 (17%) 1°43°041°°°
Bubbler 14 7 (50%) 7 (50%) 1% 4 2%x ] 4
sampling 1
Membrane 4 4 (100%) 0 (0%)
sampling
Challenge 35 31 (89%) 4 (11%) 26 + 1§§+1566
test
Total 82 66 (80%) 16 (20%)
Notes.

° CPAP Rep Emergency.

°° DEA Distance <1 m from patient.

°°° M Inf Distance <1 m from patient.

* DEA Distance <1 m from patient.

** DEA Distance <2 m height 1.5 m (negative at height 2.5 m).
*** DEA Distance <1 m from patient, height 80 cm.

*#% DEA <1 m from patient, height 80 cm.

*=*%*M Inf <1 m from patients at 0.6 m height; <2 m in patients at 1.5 m of
height.

§ Distance <1 m from patient.

8¢ <1 m from patient, height 80 cm.

888 <1 m from patients at 0.6 m in height.

Table 9
Number of positive samples whose positivity is also confirmed by the challenge
test.

Number of positive Number of positive findings in the

detections challenge test
Wipe test 5 1 (20%)
Bubbler 7 3 (43%)
sampling
Total 12 4 (33%)

The sample flow is adjustable and well measured. It is therefore possible
to indicate the concentration of viruses in the air of the sampled envi-
ronment. The wipe test showed a sensitivity of 17%. The advantage of
this test is to evaluate the accumulation of viral load over time on a solid
surface. However, this test has little value in view of unlike conta-
giousness as compared to the bubbling sampling in which airborne viral
load is evaluated. Furthermore, the virus deposited on environmental
surfaces exposed to environmental noxae rapidly degrades (light, tem-
perature, low humidity, presence of oxygen) (Biryukov J et al., 2020).
SARS-CoV-2, like all viruses, is an intracellular parasite that outside the
host enjoys a very short autonomous life, especially if not integrated into
coarse biological matrices. The challenge test is the only one among
those used to directly evaluate the ability of the virus to penetrate the
sensitive cells, thus determining the presence in the analyzed matrix of
intact infecting virions. (Binder R.A. et al., 2020). Contrarily, all other
tests evaluate merely the presence of viral RNA fragments which, as
such, can derive from degraded and fragmented virions, which are no
longer able to cause infection. The membrane sampling showed low
sensitivity, as it did not detect positive results. This was due to the
following factors:

(a) brevity of sampling. The interest of membrane sampling derives
from its ability to carry out long-term sampling even longer than
3 h. This possibility does not exist for the bubbling sampler
which, due to the progressive evaporation of the bubbling liquid,
cannot carry out sampling lasting more than 1 h (as performed in
the study presented here). However, in our study the version of
membrane sampler available had a battery with a maximum
autonomy of 1 h, so it was not possible to extend the sampling for
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Fig. 2. Schematic diagram showing environmental sampling sites in the inpatient area of the hospital. The presence of the virus is indicated in red and the absence in
green. Contaminated areas are those close air (<1 m) at patients at 1.5 m of height for 1 h. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

longer times. In addition, the membrane sampler is much louder
than the bubbler sampling. This element is of particular impor-
tance in the choice of the sampling method in the wards where it
is necessary to cause the least possible disturbance to patients and
healthcare workers.

(b) low number of samplings performed: 4 compared to 14 of the
bubbler sampling;

(c) sampling period: membrane sampling was performed only at the
end of June. In this period, the pandemic curve showed a sig-
nificant decline. Therefore, the number of COVID-19 patients in
the wards examined was significantly lower than in the previous
months. Furthermore, the airborne viral load emitted by the pa-
tients was significantly lower in June than the previous months,
as detected by PCR analysis of throat swab. This data was directly
available only for the samplings performed at the Infectious
Diseases Department where the mean PCR positive cycle of the
patients present at the time of sampling was 35.1 + 3.6 (mean +
standard deviation of 10 analyses). For comparison, in the period
January-April of the same year, the average value obtained in the
satellite laboratory for the diagnosis of COVID-19 located in our
department was around 28.

Only 20% samples tested positive in the wipe test were also positive
in the challenge test. This result demonstrates how wipe test signifi-
cantly overestimates the presence of infecting SARS-CoV-2. In fact, only
in a modest percentage of cases the virus detected by wipe tests is not a
degraded viral fragment but an intact infecting virion. This situation is
different when comparing the challenge test with the bubbler sampling.
In this case the percentage of samples collected with a bubbler which are
positive at the challenge test also, rises to 43%. This result is justified by
the fact that the bubbler sampling collects the airborne viral load
emitted by the patient before its deposit on the surface and therefore less
subjected to the noxae of environmental degradation of the virus than
what happens for the wipe test. It is of particular interest that all the
positivity obtained was detected only at distance less than 2 m from the
patient and at heights of less than 1.5 m. In only one case a positivity was
detected at a distance greater than 1 m and at height greater than 80 cm
from the floor. This result indicates that the environmental diffusion
capacity of SARS-CoV-2, considering whole infecting virion rather than

its degraded fragments, is not particularly strong. Infectious SARS-CoV-
2 therefore spreads mainly with the large droplets that fall in the vicinity
of the patient and not with the smaller aerosol components of the
emitted Flugge by the patient. This situation is consistent with the
environmental change of the virus, which is more preserved as whole
infecting virion, especially in the presence of coarse biological matrices
(large droplets) capable of preserving it from environmental noxae
(Otter J.A. et al., 2016). Also, infecting virions have not been detected
above 1.5 m in height and specifically in the vicinity of the air intake
vents of the aeraulic systems. It therefore appears extremely unlikely
that SARS-CoV-2 will spread through such implants unless the suction
port is located less than 1.5 m high and less than 2 m from the patient.
Therefore, it does not seem appropriate to carry out excessive sanitiza-
tion procedures of these plants and their closure, which would decrease
the air circulation thus decreasing the per capita air cube and increasing
the environmental viral load. Furthermore, the decrease in ventilation
and air cooling, with the consequent loss of optimization of the indoor
environmental temperature, could have negative influences on mortal-
ity especially during the summer and increasingly frequent heat wave
months (Zhao et al., 2021). Available data indicates that SARS-CoV-2
spreads more rapidly than Severe acute respiratory syndrome (SARS)
and Middle East respiratory syndrome (MERS) coronaviruses and it
largely transmits through respiratory droplets during the close contact
with infected individuals (Chang et al., 2020). Infection also occurs
when people contact with contaminated surfaces (Chan et al., 2020;
WHO, 2020; Kim et al., 2016). However, many patients hospitalized
with COVID-19 have been placed in airborne infectious isolation rooms
with frequent air changes and routine hygiene processes. Recently, two
studies reported the surveillance of environmental contamination dur-
ing the hospitalization of SARS-CoV-2-infected patients, and suggested
that surface contamination may be the main virus transmission route in
hospitals (Ong et al., 2020; Cheng et al., 2020). Indeed, in hospitals
CPAP equipments (when used) shield airborne viral diffusion, as
demonstrated by our findings that CPAP was the only site where
SARS-CoV-2 was detected by wipe test in the Emergency Department.
The positive results obtained with respect to the number of sam-
plings carried out, which indicate the presence of SARS-CoV-2 in the
environments examined, are in line with the findings of other studies in
other hospitals both in Italy and abroad. A recent study monitored the
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presence of environmental SARS-CoV-2 in the San Paolo e Carlo hospital
in Milan (Italy) (Razzini et al., 2020). In this study, 42 environmental
samples were examined using PCR alone. The percentage of samples
positive to the wipe test was found to be 35% in the areas with high
contamination and 50% with intermediate contamination. These values
are higher than 17% obtained at the San Martino Polyclinic in highly
contaminated areas (DEA, Infectious Diseases Department). Further-
more, all (100%) evaluations of airborne viral load in areas of high
contamination, carried out with a membrane sampler similar to the one
we used, gave positive results. For comparison, the frequency of positive
samples at the San Martino Polyclinic, detected by bubbler sampling,
was equal to 50%. A multicenter study carried out in South Korea
evaluated environmental contamination from SARS-Cov-2 using a
membrane sampler, similar to the one we used, on 52 samples and by
wipe test on 320 samples (Kim et al., 2020). All the samples collected by
membrane sampler were negative, like what we found at the San Mar-
tino Polyclinic using the same sampler. 27% of the wipe tests were
positive, a value higher than the 17% we observed at the San Martino
Polyclinic where only wards with a high risk of contamination were
examined. It is interesting to note that this study also identifies the
distance from patients as a factor strongly influencing the positivity of
the samples. In fact, the possibility of transmission at distances greater
than 2 m is defined as remote, similarly to what we have observed.

Another study investigated the environmental presence of SARS-
CoV-2 in 45 environmental samples using wipe tests in the University
Hospital of Zhejiang (China) during the pandemic peak that occurred in
2019 (Wang et al., 2020). PCR positivity was observed only in black
water samples. This positivity was not confirmed by the challenge test.
This result confirms that the presence of PCR positive environmental
samples does not correspond to the presence of whole infecting virions.

The presence of SARS-CoV-2 in the environment was investigated in
the hospital of the National Center for Infectious Diseases in Singapore
(China) (Chia et al., 2020). The presence of the virus as an air-diffused
feed was evaluated with an aerosol sampler by collecting the particu-
late matter of dimensions between 1 and 4 pm. The sampling of the
surfaces was carried out by wipe test. Sampling of the airborne viral load
gave positive results in 2 of the 3 samples analyzed (67%), compared to
the 50% observed by us at the high intensity wards of the San Martino
Polyclinic in Genoa. It is interesting to note that the positivity observed
in this study was all related to the larger particle sizes while the virus
was not detectable in the particle sizes with dimensions less than 1 pm
and the viral load was proportional to the size of the particle size. This
result confirms that SARS-CoV-2 spreads in confined environments
especially with the large droplet. As regards the sampling on surfaces
carried out by analyzing 245 samples, the most frequent positivity was
observed on the floor (65), on the armrest of the bed (59%) and on the
bedside table (47%). These last two sites are characterized by a mini-
mum distance from the patient, thus confirming the limited environ-
mental diffusion capacity of the virus. All these values are greater than
the positive frequencies observed in the wipe test at the San Martino
Polyclinic (17%). Therefore, the environment examined at the San
Martino Polyclinic Hospital (Genoa, Italy) appears to be in line with
international standards regarding the risk of hospital transmission of
SARS-CoV-2. Indeed, the IRCCS San Martino Polyclinic Hospital today
represents one of the few principals in Italy that, in collaboration with
the Liguria region, has an autonomous environmental monitoring pro-
gram of SARS-CoV-2. As per our insight and based on the scientific
literature analyzed, this Polyclinic is the only health facility that has
used an integrated environmental monitoring plan through multiple
tests (wipe, bubbler, membrane, challenge) with long-term monitoring
of the duration of 2 years (from April 2020 to June 2021). Thus, results
obtained from our study indicate that SARS-CoV-2 is strongly affected by
environmental noxae which are easily able to neutralize it within 2 m
distance from the patient. It is therefore of great interest to evaluate the
possibility of further decrease in the airborne viral load in confined
spaces using air sanitization devices, in future studies.
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5. Conclusion

The study carried out made it possible to develop an innovative and
original integrated program for the environmental monitoring of SARS-
CoV-2. The most important and original aspect of the results obtained is
an integrated monitoring method which is capable of evaluating not
only the presence of degraded fragments of the virus but the infecting
virions also. The availability of this information appears to be crucial to
concretely define the risk of contagion in the confined environment.
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