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Abstract: The indoor air quality of healthcare and care facilities is poorly studied. The aim of this
study was to qualitatively and quantitatively describe the chemical pollution and the microbiological
contaminations of the indoor environment of these facilities. Methods: A wide range of chemical
compounds (39 volatile and 13 semi-volatile organic compounds, carbon dioxide, fine particulate
matter) and microorganisms (fungi and bacteria) were studied. Sampling campaigns were conducted
in two French cities in summer 2018 and winter 2019 in six private healthcare facilities (general
practitioner’s offices, dental offices, pharmacies) and four care facilities (nursing homes). Results:
The highest median concentrations of chemical compounds (1g/m?) were measured for alcohols
(ethanol: 378.9 and isopropanol: 23.6), ketones (acetone: 18.8), aldehydes (formaldehyde: 11.4 and
acetaldehyde: 6.5) and terpenes (limonene: 4.3). The median concentration of PM, 5 was 9.0 pug/ m3.
The main bacteria of these indoor environments were Staphylococcus, Micrococcus and Bacillus genera,
with median bacterial concentrations in the indoor air of 14 cfu/m3. The two major fungal genera
were Cladosporium and Penicillium, with median fungal concentrations of 7 cfu/m?. Conclusions:
Indoor air in healthcare and care facilities contains a complex mixture of many pollutants found in
higher concentrations compared to the indoor air in French hospitals in a previous study.

Keywords: indoor air quality; organic compounds; particulate matter; environmental microbiology;
environmental pollutants; health facility environment; exposome

1. Introduction

The indoor air quality of care facilities (nursing homes, elderly care centers, etc.)
and private healthcare facilities (general practitioner’s offices, dental offices, pharmacies,
etc.) is poorly studied. The most studied indoor environments are schools, housing
buildings such as homes and hotels, and offices; only a few studies have been carried out in
healthcare facilities such as hospitals, elderly care facilities and dental clinics [1]. Regarding
dental clinics, studies investigating chemical pollutants have mainly been carried out in
teaching hospitals [2—4]. These hospital dental clinics receive a large number of patients
in large dental treatment rooms often fitted with mechanical ventilation systems, and, for
these reasons, they are not comparable with private dental offices. Concerning elderly
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care facilities, a few studies have measured ambient parameters (temperature, relative
humidity, carbon dioxide (CO,)), particulate matter (PM), and sometimes the total volatile
organic compounds (TVOCs) with the formaldehyde concentration [5-7]. These studies
did not provide a quantification of a large range of chemical pollutants and microbiological
contamination. To the best of authors” knowledge, only one indoor air quality study has
been performed in pharmacies [8], and none in general practitioner’s offices.

Knowledge of indoor air quality in establishments for both public and worker uses
is important, especially where the public is potentially vulnerable. This is the case for
healthcare institutions. The patients arriving for consultation are often ill and potentially
immunocompromised, and elderly people are generally in poorer health. Moreover, senior
citizens spent more than 80% of their time indoors at home [9]. The workers are also widely
exposed to indoor air in work environments because they spend more than 30% of their
time working indoors [10]. The quantification of chemical pollutants in the indoor air of
these facilities provides the data necessary to conduct—as a second step—a quantitative
health risk assessment of the chronic inhalation of the identified chemical compounds.

Indoor air contains a mixture of chemical and microbial compounds that can affect the
health of exposed people [11,12]. Individuals are exposed to volatile organic compounds
(VOCs) and semi-volatile organic compounds (SVOCs) through inhalation, skin contact and
ingestion depending on their gaseous or particulate form [13]. It is now well established that
organic compounds may lead to various health troubles [14,15]. The chemical pollutants
may come from various products such as cleaning solutions, detergents and disinfectants,
which are largely used in healthcare facilities to reduce the risk of infection [16]. They may
also be emitted from building materials and the outdoor environment [17,18]. The level of
PM in the air can be affected by humans walking indoors [19] as well as by outdoor air [18].
PM, including fine particles less than 2.5 um in diameter (PMj 5), is a risk factor for mortality
and morbidity [20]. Exposure to bacteria and fungi is mainly via the inhalation, digestive or
skin routes. It can contribute to a wide variety of health problems such as infection, allergy
or intoxication. Among them, vulnerable patients are particularly at risk of fungal infection
or allergy that still represent a high disease burden [21]. Due to the nature of their activities,
healthcare facilities are at higher risk of microbiological contamination, in line with the
infectious nature of the patients and interventions [22]. Medical environments receiving ill
patients can be contaminated by skin contact, the liberation of skin scale [23] or bioaerosols
generated by patients (talking, breathing, sneezing or coughing), which contaminate the
indoor air and the surfaces by sedimentation [22]. Consequently, healthcare workers and
patients are exposed to numerous infectious agents from these medical environments
and are potentially multidrug-resistant [24]. This may promote the cross-transmission of
microorganisms or even infections through healthcare and care facilities, and eventually,
propagation to the community.

In a previous study [25], we described the chemical pollutants and microbiological
contaminants in the indoor air of two French hospitals. The indoor air pollution of the
French hospitals was low, probably due to the central air conditioning systems. These
systems remove aerosol pollutants and decrease indoor aerosols with a high air-exchange
rate. With a similar approach, the aims of this study were to qualitatively and quantita-
tively describe and to analyze the seasonal variations in the chemical pollution and the
microbiological contamination of the indoor environment of healthcare and care facilities
during summer and winter in two French urban areas.

2. Materials and Methods
2.1. Study Sites and Sampling Period

The study was carried out in two French urban areas (Nancy and Rennes) in June 2018
for the summer campaign and February 2019 for the winter campaign. In each urban area,
the investigation was conducted in five facilities: three private healthcare facilities (general
practitioner’s office, dental office and pharmacy) and two care facilities (nursing homes).
For each facility, samples were collected during a typical week of activity. These sampling
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locations were selected based on the diversity of their care activities, the nature of chemical
compounds used and their representativeness. Participation was voluntary and without
any compensation.

2.2. Building Characteristics

All healthcare and care facilities were in urban and suburban areas. Most buildings
were not recent constructions (built before the year 2000) (90%), except one nursing home,
which dated back to 2014. The mean volumes of sampled rooms in general practitioner’s
offices, dental offices and pharmacies were 45 = 20, 37 4- 12 and 320 =+ 137 m?, respectively.
In nursing homes, the mean volumes of bedrooms and common rooms were 60 £ 7 and
510 4+ 199 m3, respectively. All nursing homes had mechanical ventilation (4/4), and 50%
of dental offices (1/2) were fitted. General practitioner’s offices and pharmacies used only
window openings. Most sampled rooms had exterior walls with windows (90%, 9/10)
and air conditioners (60%, 6/10). Characteristics of the buildings and sampled rooms are
described in Table S1.

2.3. Sampling Strategies

In each facility, air samples were collected from two rooms—bedroom and common
room (refectory or lounge) in nursing homes, consulting room and waiting room in general
practitioner’s offices, treatment room and waiting room or sterilization room in dental
offices, and storage room and commercial space in pharmacies—in order to estimate spatial
variability in chemical pollution and microbiological contamination in indoor air.

Sampling campaigns were conducted twice over a period of four and a half consecutive
days (Monday morning to Friday midday) in order to include every single activity and
to estimate temporal variability. Four rooms (two facilities) were sampled per week, and
the campaign (for each urban area and each season) was conducted for three consecutive
weeks.

The sampling location in each room was chosen to be the most representative of
average pollution, when possible, in the center of the room, and at least one meter away
from any obstacles (such as furniture or medical devices). Areas directly exposed to
ventilation, near to doors and windows or in the immediate vicinity of furniture and walls
were avoided. The location was also chosen in order to avoid sampling and measurement
equipment exposure to direct sunlight. The equipment was set on a tripod at the height
of respiratory tracts, approximately 150 cm above ground level, according to NF EN ISO
16000-1.

2.4. Ambient Parameters and PM Measurement

Ambient parameters were measured continuously during both sampling campaigns in
all facilities. Temperature, relative humidity, atmospheric pressure and CO, were measured
with Class’ Air® PYRESCOM, Canohes, France) in each room at intervals of 10 min during
four and a half days by the campaign. Based on the CO, measurements, an indoor air
stuffiness index ranging from 0 to 5—called ICONE—was calculated with Microsoft®Excel
(Microsoft Corporation, Redmond, WA, USA) according to Equation (1) [26].

ICONE =83 log (1 + f; + 3f,) 1)

where f; is the proportion of CO; concentration values between 1000 and 1700 ppm, and f;
is the proportion of CO, concentration values > 1700 ppm.

Equation (1): ICONE stuffiness index [26].

The flow rates of mechanical ventilation were measured once by the campaign with
Q-Trak®7565 (TSI Inc., Shoreview, MN, USA).

The number of fine particles (PM; 5) was measured in each room at intervals of 1 min
over two-and-a-quarter days (allowing measurements in two rooms per campaign) using
an optic particles count: pDR1500®(Thermo Fisher Scientific Inc., Waltham, MA, USA)
(Table 1).
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Table 1. Sampling and analysis methods and design.
Compounds Sampling Sam;;lll:“g, ;r{lant? and Analysis Methods
. Passive Non-dispersive infrared
Carbon dioxide (CO,) Class’Air® 45 days technology: Class’ Air®
. Active . Optic particles count:
Particles (PM; 5) pDRI500® 2.25 days 1.5 L/min pDRI500®
Passive
Aldehydes 2,4-DNPH cartridge Radielo™ 4.5 days HPLC/DAD
Active . Thermal desorption and
Other VOCs Carbopack™ /Carboxen®tube 3h 50 mL/min GC/MS
Active . Pressurized liquid extraction
SVOCs Polyurethane foam and quartz filter 45 days 2 L/min and GC/MS/MS
. Active . Chemical desorption
Hydrogen peroxide Closed-face cartridge 6-8h1L/min and photometer
Microbiological Coriolis®air sampler 10 min-100 L/min Cultures
(bacteria and fungi) Swabs for surfaces Spot sample (100 cm?) MALDI-TOF MS or API test

Notes: HPLC/DAD, high-performance liquid chromatography with diode array detection; GC/MS, gas chromatography/mass spectrome-
try; GC/MS/MS, gas chromatography/tandem mass spectrometry.

2.5. VOCs and SVOCs Sampling and Analyses

During both campaigns, 39 VOCs and 13 SVOCs were sampled (Table 2). Due to
similarity with healthcare and care facilities, the same organic compounds were selected
from previous studies in hospitals [16,25]. Hydrogen peroxide analysis was added in this
study because of its use as a disinfectant in healthcare and care facilities.

Table 2. List of organic compounds sampled.

Family of Compounds (Number) Organic Compound

Aromatic hydrocarbons (9)

Volatile organic compounds (VOCs) (39)
benzene, ethylbenzene, styrene, toluene, o-xylene, mp-xylenes,
1,2 4-trimethylbenzene, naphthalene, phenol

Aliphatic hydrocarbons (3) n-decane, n-undecane, n-heptane
1,1,1-trichloroethane, 1,4-dichlorobenzene, trichloroethylene, tetrachloroethylene,
Halogenated hydrocarbons (8) bromodichloromethane, dibromochloromethane, tribromomethane,
trichloromethane

Alcohols (5)
Ketones (2)
Terpenes (1)
Ethers (3)
Peroxides (1)

Aldehydes (7)

Phthalates (6)

Musk (2)
Pyrethroids (5)

2-ethyl-1-hexanol, phenoxyethanol, ethanol, isopropanol, n-propanol
acetone, 2-butanone
limonene
ether, 2-ethoxyethanol, 2-butoxyethanol
hydrogen peroxide
formaldehyde, acetaldehyde, propionaldehyde, butyraldheyde,
isovaleraldehyde, valeraldehyde, hexaldehyde
Semi-volatile organic compounds (SVOCs) (13)
di(2-ethylhexyl)phthalate (DEHP), diethylphthalate (DEP), dibutylphthalate
(DBP), diisobutyltphthalate (DiBP), benzylbutylphthalate (BBP),
diisononylphthalate (DiNP)
tonalide, galaxolide
cyfluthrine, cypermethrine, deltamethrine, permethrine, tetramethrine

Passive sampling was used to collect the 7 aldehydes using 2,4-DNPH cartridges
(Radiello™) (SUPELCO®Dby Sigma-Aldrich, St. Louis, MO, USA). Active sampling was
used to collect the 31 other VOCs using Carbopack™ /Carboxen®tube (SUPELCO®by
Sigma-Aldrich, St. Louis, MO, USA), the 13 SVOCs using polyurethane foam (PUF) and
quartz filter (University Research Glassware, Chapel Hill, NC, USA), and the hydrogen
peroxide using a closed-face cartridge. Aldehydes, other VOCs and SVOCs were simul-
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taneously analyzed in air samples by chemical desorption and high-performance liquid
chromatography with diode array detection (HPLC/DAD), thermal desorption (TD) and
gas chromatography/mass spectrometry (GC/MS), and pressurized liquid extraction (PLE)
and gas chromatography/tandem mass spectrometry (GC/MS/MS), respectively. Hy-
drogen peroxide was analyzed in air samples by chemical desorption and a photometer
(Table 1). Details of the chemical analysis, including quality assurance and quality control,
were presented in our previous work [25]. Concerning these methods, the laboratory was
accredited by Cofrac in accordance with the recognized international standard ISO/IEC
17025:2005.

2.6. Microbiological Sampling and Analyses

During both campaigns, air samples of 1 m> each were collected twice per room
by a cyclonic liquid air sampler: Coriolis®yu filled with specific collection liquid (Bertin
Technologies, Montigny-le-Bretonneux, France) (Table 1). Two flat surfaces were sampled
per room using swabs and sampled templates of 100 cm?.

Bacteria and fungi were enumerated by classical techniques of cultures and identifica-
tion with plate count agar (PCA) and Sabouraud chloramphenicol agar (SAB), respectively.
Two milliliters of air sampler liquid were directly seeded (200 pL per plate on five plates of
culture medium for bacteria and fungi). Colony growing was checked daily, and enumera-
tion was performed after 1 and 5 days of incubation at 30 = 2 °C for bacteria and after 3, 5
and 7 days at 25 + 2 °C for fungi.

Bacteria were isolated using tryptic soy agar (TSA). Then, identification was per-
formed using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS): MALDI Biotyper®(Bruker, Billerica, MA, USA) and the Bruker Biotyper
3.0 database for samples of one urban area. They were identified using Gram straining
and biochemical analytical profile index (API) test (bioMérieux, Marcy-1'Etoile, France) for
samples of the other urban area. Antibiograms were performed in accordance with the
guidelines of the European Society of Clinical Microbiology and Infectious Diseases to test
the antibiotic susceptibility of bacterial pathogens.

Fungi were identified by mycologists according to their macroscopic and microscopic
morphology colored with lactophenol and, for samples of one urban area, using MALDI-
TOF MS.

2.7. Duplicates and Field Blanks

In order to assess whether the samples may have been contaminated during the
sampling and analyze steps, field blank samples were collected for the chemical compounds
(aldehydes (n = 1), hydrogen peroxide (n = 1), other VOCs (n = 1) and SVOCs (n = 1))
and for the microbiological parameters (liquid air sampler (n = 1) and swabbing liquid
(n = 1) during both campaigns in each urban area. The field blank samples were treated
identically to the samples (except that no air was drawn through the sampler) and were
analyzed in the same manner as the samples. No chemical compound was detected above
limit of quantification (LoQ) in the field blank samples. Few bacteria and fungi species
were detected in the field blank samples of one urban area. These species were excluded
from the samples performed on the same day in the same room.

Duplicate samples were also collected during both campaigns in each urban area for
chemical compounds (aldehydes (1 = 1), hydrogen peroxide (n = 1), other VOCs (n = 1)
and SVOCs (n = 1)). The difference between concentrations of the same substance in the
two duplicates never exceeded 88% for aldehydes (hexaldehyde), 67% for other VOCs
(ethanol) and 14% for SVOCs (tonalide). The concentrations for the chemical compounds
were validated and reported without correction because the mean differences of duplicates
were very slight: 1 + 1 pg/m3 (range: 0-71) for VOCs and 9 =+ 3 ng/m? (range: 0~100)
for SVOCs.
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2.8. Statistical Analysis

Data were described as numbers and percentages for categorical variables and as
means =+ standard errors (SE) or median associated with range (minimum-maximum) for
continuous variables. The results were statistically processed with Mann-Whitney U tests
or Student’s t-tests according to non-normal or normal distributions of variables (analyzed
by Shapiro-Wilk test) using RStudio®(RStudio Inc., Boston, MA, USA) version 1.1.456.
The statistical significance was set at p < 0.05. Regarding each organic compound, tests
were performed only for most quantified compounds (50% > LoQ). To perform the tests,
the maximal value hLoQ (high limit of quantification) replaced a concentration >hLoQ;
the minimal value LoQ/2 replaced a concentration <LoQ), i.e., when the compound was
detected but not quantified.

3. Results
3.1. Ambient Parameters

For all facilities, the median temperature/relative humidity were 24.7 °C/48.0% (range:
20.6-28.9 °C/32.0-74.2%) during the summer and 20.9 °C/36.0% (range: 13.3-26.6 °C/
22.0-59.0%) during the winter. The median CO; concentrations were 517 ppm (range:
332-2455) during the summer and 600 ppm (range: 356-3633) during the winter. These
three ambient parameters varied significantly according to the season (p < 0.0001). The air
change rates of mechanical ventilation ranged from 0.3 to 0.8 Vol/h (Table S1).

According to the ICONE index score based on CO, concentrations, the mean indoor
air stuffiness in healthcare and care facilities did not exceed 2, the medium air stuffiness
level (Table 3). The CO; concentration and the indoor air stuffiness ICONE) were higher
during main occupational hours (p < 0.0001), i.e., during the day in healthcare facilities
and in the common rooms of nursing homes, and during the night in the bedrooms of
nursing homes.

Table 3. Mean indoor air stuffiness according to the ICONE index score.

D igh
Facilities Rooms ay (8 am to 8 pm) Night (8 pm to 8 am)
Summer Winter Summer Winter

General practitioner’s Waiting rooms 0 1 0 0

offices (n = 2) Consulting rooms 2 2 1 1

Waiting room 0 0 0 0

Dental offices (n = 2) Sterilization room 2 2 1 0

Consulting rooms 2 2 1 1

. B Commercial spaces 0 0 0 0

Pharmacies (1 =2) Storage rooms 1 0 0 0

. _ Common rooms 0 0 0 0

Nursing homes (1 = 4) Bedrooms 0 0 1 0

Notes: ICONE index score ranges from 0 to 5 (0 = no air stuffiness; 1 = low air stuffiness; 2 = medium air stuffiness; 3 = high air stuffiness;
4 = very high air stuffiness; 5 = extreme air stuffiness).

3.2. Particulate Matter

The median PM; 5 concentration across all measures (n = 100 585) was 9.0 ug/ m’
(range: 0.4-668.5). The median PM; 5 concentration varied significantly according to the
season: 10.7 pug/ m3 (range: 0.4-430.0) during summer and 7.1 pg/ m3 (range: 0.6-668.5)
during winter (p < 0.0001). The details for each type of room according to the season are
presented in Figure 1.
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Figure 1. Fine particulate matter (PM; 5) concentrations (ug/ m?) in each sampled room of healthcare
and care facilities during summer (red) and winter (blue).

3.3. Organic Compounds: VOCs and SVOCs

Regarding VOCs, only 53.8% (20/39) of the target compounds were quantified
(concentration > LoQ) in more than 50% of the sampled rooms during both seasons
(>20/40 samples). Four aldehydes (formaldehyde, acetaldehyde, butyraldehyde and hex-
aldehyde) were quantified in all sampled rooms. Ethanol, propionaldehyde, toluene
and limonene were quantified in >90% of the sampled rooms. The most-quantified
VOCs with the highest median concentration were for alcohols (ethanol: 378.9 ug/ m3
(range: <5.4-1085.0; several samples exceeded hLoQ) and isopropanol: 23.6 j1g/m3 (range:
<1.3-81.7; several samples exceeded hLoQ)), ketones (acetone: 18.8 pg/m3 (range: <0.8-118.4;
several samples exceeded hLoQ)), aldehydes (formaldehyde: 11.4 ng/ m3 (range: 3.4-52.9)
and acetaldehyde: 6.5 ug/m? (range: 2.1-24.0)), peroxides (hydrogen peroxide: 8.5 jg/m?3
(range: <1.4-24.9)) and terpenes (limonene: 4.3 ug/ m3 (range: <0.2-66.7; several samples
exceeded hLoQ))). The highest concentrations were measured during the winter for ethanol,
acetone, toluene, m-p-xylene, phenol and n-decane (p < 0.05) and during the summer
for formaldehyde and butyraldehyde (p < 0.04) (Figure 2). Ethanol, isopropanol and ace-
tone were quantified in the highest concentrations in dental facilities, and toluene and
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hexaldehyde in the highest concentrations in pharmacies (Figure 3). The details of VOC
concentrations for each type of room according to the season are presented in Table S2.

Regarding SVOCs, only 46.2% (6/13) of the target compounds were quantified
(concentration > LoQ) in more than 50% of the sampled rooms during both campaigns
(>20/40 samples). Five SVOCs were ubiquitous and had the highest median concentra-
tions: three phthalates (diisobutylphtalate: 270 ng/m?> (range: 95-1200), diethylphtalate:
240 ng/m? (range: 51-3800) and dibutylphtalate: 77 ng/m3 (range: 25-660)) and two
musks (galaxolide: 130 ng/m? (range: 25-1000) and tonalide: 24 ng/m3 (range: 6-430)).
The only significant variation according to the season was the highest concentrations for
diisobutylphtalate during the summer (p < 0.05). Diisobutylphtalate and galaxolide were
measured in the highest concentrations in dental and general practitioner’s offices, respec-
tively (Figure 3). The details of SVOCs concentrations for each type of room according to
the season are presented in Table S3.

BTEX
Other aromatic hydrocarbons Musks
2
2 0.2
Aliphatic hydrocarbons Phthalates
2 0.2
Halogenated hydrocarEnns 5 Other aldehydes
600 20
Ethanol Acetaldehyde
T0 20
Isopropanal Formaldehyde
TO 20
Acetone Limonene l:l Summer

Winter

Figure 2. Median semi-volatile and volatile organic compound (SVOC and VOC) concentrations
(ug/m3) for all measurements according to sampling seasons. Notes: BTEX, benzene, toluene,
ethylbenzene and xylene; other aromatic hydrocarbons include styrene, 1,2,4-trimethylbenzene,
naphthalene and phenol; other aldehydes include propionaldehyde, butyraldehyde, isovaleralde-
hyde, valeraldehyde, hexaldehyde.
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BTEX

Other aromatic hydrocarbons Musks

Aliphatic lydrocarbons Phihalates
2 02
Halogenated hyarocargons ~ 3 Other aldehydes
-7
GO0 20
Ethanol Acetaldetyde
6 0
Isopropancl Formaldaltyde
60 20
General practitioner’s offices
Acetans Lirnoenes -
- Dental offices
. Pharmacies

Nursing homes

Figure 3. Median semi-volatile and volatile organic compound (SVOC and VOC) concentrations
(1ug/m?3) for all measurements according to sampling facilities. Notes: BTEX, benzene, toluene,
ethylbenzene and xylene; other aromatic hydrocarbons include styrene, 1,2,4-trimethylbenzene,
naphthalene and phenol; other aldehydes include propionaldehyde, butyraldehyde, isovaleralde-
hyde, valeraldehyde, hexaldehyde.

3.4. Microorganisms: Bacteria and Fungi

Bacterial and fungal cultures from 40 cyclonic air samples revealed median concentra-
tions of 14 CFU/m3 (range: 0-1150) and 7 CFU/ m?3 (range: 0-240), respectively (Figure 4).
Bacterial and fungal cultures from 80 surface swab samples showed a median concentration
of 243 CFU /100 cm?2 (range: 0-8007; several samples exceeded hLoQ) and 4 CFU /100 cm?
(range: 0-6000; several samples exceeded hLoQ), respectively (Figure 5). Only fungal
concentration varied significantly in both air and surfaces according to the season, with the
highest quantity of fungi during summer (p < 0.002).
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Bacterial contamination (in CFU/m?)

Fungal contamination (in CFU/m?)

0
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50
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offices
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General practitioner’s ~ Dental offices Pharmacies Nursing homes
offices

Figure 4. Bacterial and fungal contamination in indoor air (CFU/ m?) in healthcare and care facilities during summer (red)
and winter (blue). Notes: air samples were collected twice per season in each waiting room of general practitioner’s offices,
waiting or sterilization room of dental offices, the commercial space of pharmacies and common room of nursing homes.

Some 70 bacterial species from some 40 genera (Table S4) and nearly 30 filamentous
and yeast fungal species from some 20 genera were identified (Table S5). The three main
bacterial genera were: Staphylococcus spp. (32.1% of identified bacteria) including S. hominis,
S. epidermidis, S. saprophyticus and S. chromogenes, Micrococcus spp. (19.3% of identified
bacteria) and Bacillus spp. (10.5% of identified bacteria), including B. cereus and B. licheni-
formis, mainly followed by Erwinia spp., Pseudomonas spp., Kocuria spp., Pantoea spp. and
Stenotrophomonas maltophilia (5.5%, 4.7%, 4.7%, 4.6% and 2.9% of identified bacteria, respec-
tively). The two main fungal genera were: Cladosporium spp. (41.1% of identified fungi)
and Penicillium spp. (20.0% of identified fungi), mainly followed by Rhodoturola, Aspergillus
spp., Basidiomycota, yeast, Alternaria spp. and Eurotium spp. (10.7%, 9.6%, 6.7%, 2.8%, 2.7%
and 2.3% of identified fungi, respectively). Unfortunately, 9.7% of bacteria genera and 3.3%
of fungal genera were not identified. General practitioner’s offices.
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Figure 5. Bacterial and fungal contaminations on surfaces (CFU /100 cm?) in each sampled room of healthcare and care
facilities during summer (red) and winter (blue).

Concerning antibiotic resistance, the bacterial pathogens which were tested mainly
included several strains of Staphylococcus (S. xylosus, S. sciuri, S. aureus), S. maltophilia,
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Acinetobacter ursingii, Escherichia vulneris and Citrobacter freundii. S. aureus species resis-
tant to penicillin, erythromycin, norfloxacin and fusidic acid were found on a surface
in the common room of a nursing home. Multidrug-resistant S. aureus species (resistant
to penicillin, erythromycin, rifampicin, gentamicin, norfloxacin and fusidic acid) were
found in the air of a common room in another nursing home. Enterobacteria (Escherichia
vulneris) producing extended-spectrum beta-lactamases (ESBL) and carbapenemases, and
S. maltophilia species resistant to trimethoprim and levofloxacin were found on surfaces
in the bedroom of a nursing home. S. maltophilia species resistant to trimethoprim were
found in several samples: in the air of a dental waiting room, on a surface of a general
practitioner’s waiting room, and twice in the air in the common room of a nursing home.
No azole-resistant Aspergillus fumigatus or Candida spp. were found.

4. Discussion

This study compiled a vast and original amount of data concerning the microbiological,
chemical and particulate contamination in healthcare and care facilities. The indoor air
quality was affected by several factors: human presence, human activities (including
specific healthcare and cleaning activities), indoor and outdoor environment, ventilating
capacities, season ... [1-3].

4.1. Ambient Parameters

CO; is emitted from people in the room, and its concentration was influenced by the
number of people presented, the volume of the room and the air exchange rate. In any
facility combined, the median CO, concentration during summer/winter (517/600 ppm)
seems slightly lower than French dwellings (620/641 ppm) [27] and higher than French
hospitals (436/530 ppm) [25]. These differences are probably due, in part, to the lower air
exchange rate in the dwellings (0.3 volumes per hour) [27] and higher rate in the hospitals
(1 to 11 volumes per hour) [25] in comparison with this study (0.3 to 0.8 volumes per
hour). Indoor air stuffiness was higher in the sterilization rooms of dental offices and
consulting rooms for both dental and general practitioner’s offices. Compared to other
rooms, these rooms are mainly ventilated by windows opening, which is not frequently
performed. Other rooms benefit from natural and mechanical ventilation, which promotes
the elimination of CO, and other pollutants.

4.2. Particulate Matter (PM; 5)

The median PM, 5 concentration (9.0 g /m?>) seems in the lower part of office buildings
(926 ug/ m?) [28,29], lower than dwellings (16 ug/ m?) [27,30] and higher than hospitals
(1.6 ug/ m3) [25]. Similarly to CO,, PM; 5 may vary in link to ventilation capacities and
human activities. PM; 5 concentrations increase, respectively, when people are present
in a room and with human activity, including the resuspension of deposited particles
due to human movements [19]. Indoor PM; 5 concentrations are also affected by the
infiltration of outdoor PM; 5 [31]; they come from outside traffic [17,18]. Many of our
facilities were in residential neighborhoods close to PM, 5 sources such as a car park or
major road. In this study, PM; 5 concentrations were higher in summer than winter. This
result is not consistent with other studies, which showed higher concentrations of PM; 5
during winter than during summer [28,30], probably due to other indoor environmental
conditions, such as building characteristics, occupant window-opening activities, indoor
source emissions and ventilation systems [18,31]. The World Health Organization (WHO)
has recently revised its air quality guidelines, with a reduction in recommended levels of
exposure to PM; 5 from 10 to 5 pug/ m3. In this study, the median PM, 5 concentration was
below the previous level of long-term exposure recommendation but higher than the new
recommended level. The median PMj; 5 concentration could be more than six times higher
for specific room such as sterilization room in dental offices during summer. The highest
values were greater than 24 h exposure recommendation from the WHO (15 pg/m?) [32].
Regarding the WHO recommendations, efforts to protect populations who work in these
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facilities are required to reduce the health risks posed by this pollution (PM, 5 increases
morbidity and mortality from cardiovascular and respiratory disease).

4.3. Volatile Organic Compounds (VOCs)

Alcohols (ethanol, isopropanol), ketones (acetone) and aldehydes were the three VOCs
with the highest concentrations in this study. In French hospitals, ethanol, isopropanol
and acetone were also the main organic compounds quantified [16]. The median con-
centrations of ethanol and isopropanol in French hospitals were similar (245.7 to 495.0
and 13.6 to 20.3 pg/m?, respectively) [16,25] in this study (378.9 and 23.6 ng/m?3, respec-
tively). Therefore, due to analytical limits, alcohols’ maximum concentrations may be
higher. Seasonal variability may be due to windows opening in summer. Healthcare and
cleaning activities are probably the main sources of these pollutants. Alcohols are included
in hydro-alcoholic solutions, and many disinfectants largely used in these healthcare and
care facilities. Limonene, which is used as a perfume in disinfectants or deodorants [17],
was quantified in almost all the rooms studied, corroborating this theory. In pharmacies,
limonene could come from perfumes sold.

The seven aldehydes searched were quantified for all rooms. Formaldehyde and
acetaldehyde presented the highest median concentrations (11.4 and 6.5 pg/m?3, respec-
tively), similar to office buildings (14.0 and 6.1 ug/ m?) [28], lower than in bedrooms of
French dwellings (17.5 to 28.6 and 11.5 to 12.6 nug/m?) [27,30], but higher than in hospi-
tals (3.2 to 5.1 and 3.6 to 4.1 ug/ m?3) [16,25]. A European study carried out in nursing
homes had measured the concentration of formaldehyde (mean: 7.2 j1g/m?) to be similar
to that of this study [7]. The highest values were found in private healthcare facilities
(dental and general practitioner’s offices and pharmacies). Aldehydes take their origin
in decorating and building materials such as particle boards, vinyl floors and solvent-
based paints [17]. Building materials and decorations generate long-term emissions of
formaldehyde; their emission rates decrease each year [33], but may remain high for up
to 13 years [34]. These materials may not have been the main source of aldehydes in
this study because almost all the facilities were built over 20 years ago. Other sources of
aldehydes are photocopiers [35] and cleaning products [36], which are frequently used in
healthcare facilities to print prescriptions and to clean the surfaces, respectively. Aldehyde
concentrations were higher in summer than in winter (p < 0.04), in relation to the increase
in the temperature and the relative humidity during summer [33,37], despite the higher
ventilation by windows opening.

Other aromatic hydrocarbons (such as benzene, toluene, ethylbenzene, p-xylene, m-
xylene, o-xylene, 1,2 4trimethylbenzene, styrene)—quantified in low concentrations in our
samples—may come from outside traffic and petroleum-based indoor coatings [17]. Phenol
was quantified in the highest concentration in consulting and sterilization rooms of dental
offices, and this pollutant may be used as a disinfectant for dental suction units.

Regarding the halogenated hydrocarbons, trichloromethane was quantified in the
rooms of the dental offices, and tetrachloroethylene was quantified in the sterilization and
consulting rooms of a dental office and in rooms of a pharmacy. A dry cleaner is installed
near the positive pharmacy, which could explain the presence of these pollutants. In the
dental offices, trichloromethane and tetrachloroethylene may be used as solvents for dental
root canal sealers. The concentrations were lower than in French dwellings [30] and similar
to office buildings [28].

In comparison with other French indoor environments, the air pollution of private
healthcare and care facilities quantified in this study seems similar to office buildings,
lower than in dwellings [27,30] but higher than in hospitals [16,25]. For most VOCs, the
concentrations were higher in winter compared with the summer, probably due to lower
ventilation, in accordance with the literature [1].

All the VOC concentrations were lower than accepted toxicological reference values
(TRVs) of acetone (TRV of ATSDR: 30 pg/m?3) during winter in dental offices, in the



Atmosphere 2021, 12, 1337

14 0f 18

consulting rooms of general practitioner’s offices, in commercial spaces of pharmacies and
in the bedrooms of nursing homes.

4.4. Semi-Volatile Organic Compounds (SVOCs)

Diisobutylphtalate, diethylphtalate and dibutylphtalate were the three most quantified
phthalates in this study, with median concentrations of 270, 240 and 77 ng/m?, respectively.
Similar concentrations were found in the living rooms of French dwellings, concerning
phthalates with median concentrations of 354, 182 and 86 ng/m?® regarding these three
pollutants, respectively [27]. However, lower concentrations of phthalates were found in
French hospitals [25]. Phthalates originate from PVC flooring, vinyl materials on walls and
other building materials [38]; they are released in indoor air under the influence of such
factors as temperature [39]. This is in line with the highest concentrations found during
summer in comparison to winter in this study, even though only a significant difference
was found for diisobutylphtalate (p < 0.05).

Concerning musk, galaxolide and tonalide, they were present in lower median con-
centrations in French hospitals (50 and 10 ng/m?, respectively) [25] and living rooms of
French dwellings (94 and 15 ng/m?3, respectively) [27] in comparison to this study (130 and
24 ng/m?3, respectively). No significant seasonal variation was highlighted, in accordance
with Baures et al. in hospitals [25].

The five pyrethroid compounds were never quantified during this study. This is in
accordance with their absence in a medical environment such as hospitals [25] because
pyrethroids are insecticides that are not regularly used in healthcare and care facilities.

4.5. Microorganisms: Bacteria and Fungi

Very few studies have quantified microorganisms in the indoor air of healthcare and
care facilities. In this study, very low median concentrations of bacteria and fungi in
indoor air were found (14 and 7 CFU/m3, respectively). Other studies had found higher
mean concentrations of bacteria in indoor air in dental offices (>100 CFU/m?3) [40,41],
elderly care centers (>300 CFU/m?) [42], office buildings (>650 CFU/m?) [43] and schools
(391 CFU/m? in high schools to 2205 CFU/m? in primary schools) [44]. This difference
could be explained by the fact that more people are present in schools and office buildings
compared to private healthcare facilities. It is well known that the number of people
and their activities strongly influence the bacterial concentration in the indoor air [44,45].
Moreover, previous studies in dental offices sampled only the air of the consulting rooms
which are largely contaminated by bioaerosols due to the widespread use of high-speed
dental turbines, hand pieces, and mechanical scalers [41]; however, this study sampled
the air in waiting and sterilization rooms. Finally, the use of a cyclonic liquid air sampler
(Coriolis®y) in this study could also partly explain this difference; other studies have used
impactors to sample the air [46,47].

The diversity of bacterial and fungal species identified in this study is in line with
microorganisms identified in hospitals and other healthcare facilities such as dental of-
fices [22]. Outdoor air is the main source of microorganisms—before the human skin—in
the indoor environment [48]. Indoor fungal communities are largely driven by outdoor
air [49]. In this study, Cladosporium spp. and Penicillium spp. were the main identified fungi.
They were the most frequently identified fungal genera in indoor and outdoor air [50],
especially in dwellings [27], hospitals [25], office buildings [51], elderly care centers [42]
and dental offices [41]. Moreover, a relationship exists between humans and bacterial
communities in the built environment [52]. Humans, from their skin, their clothing and
their respiratory systems, are a major source of bacteria [49], and the skin is a key identified
source of bacteria in the indoor environment [48]. In this study, we identified many human
commensal bacteria of the skin, such as S. hominis, S. epidermidis and Micrococcus spp., in the
air and on the surfaces. Staphylococcus spp. and Micrococcus spp. are also among the main
bacteria genera quantified in hospitals [25], dental offices [41,53], office buildings [43,51]
and schools [44]. Bacterial contamination is also influenced by healthcare activity; for
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example, in the consulting rooms of dental offices, oral bacteria were identified such as
Actinomyces oris, which is one of the predominant microorganisms colonizing the oral cavity
and plays a role in dental plaque formation.

A few antibiotic-resistant bacteria were detected: mainly in the rooms of nursing
homes, but also in the air of a dental waiting room and on a surface of a general practi-
tioner’s waiting room. Therefore, antibiotic-resistant bacteria spread not only in hospitals,
but also in healthcare and care facilities. Antibiotic resistance is a growing concern, and
contamination of antibiotic-resistant bacteria on surfaces of healthcare facilities may cause
healthcare-associated infections [24]. Therefore, knowledge and compliance with recom-
mended infection-prevention procedures, including suitable cleaning measures of surfaces
and reusable medical equipment, reduce the prevalence of antibiotic-resistant bacteria.
Cleaning is a crucial issue that requires attention, and prevents the spread of antibiotic-
resistant bacteria in healthcare facilities [54].

4.6. Strengths and Limitations of the Study

This study was the first to investigate indoor air quality in healthcare and care facilities
with a wide range of organic compounds (39 VOCs and 13 SVOCs) and fine particulate
matter measures associated with quantitative and qualitative analyses of bacteria and
fungi during both summer and winter seasons. In addition, measures were performed
during several days of typical weeks of activity to consider the diversity of activities in the
healthcare and care facilities.

This study presented some limitations. Regarding organic compounds analyses, sev-
eral VOCs (mainly ethanol and isopropanol, but also n-propanol, acetone and limonene)
presented concentrations exceeding the hLoQ of the GC/MS analyses. Therefore, the maxi-
mal exposure to these pollutants could not be precisely evaluated in all facilities. Regarding
microbiological identification, comparability of results in the two urban areas studied
could be criticized because microorganisms were identified with two different techniques
(MALDI-TOF MS in one urban area and API test in the other); however, these two tech-
niques may provide similar results for a wide quantity of microorganisms [55]. Moreover,
9.7% of bacteria genera and 3.3% of fungal genera were not identified due to the limits of
identification methods. Thus, the microbiological diversity of healthcare and care facilities
was not totally explored, especially since the culture-based method used was limited to the
research of culturable microorganisms [48]. During this study, culture-independent PCR
molecular methods were performed for analyzing the microbial communities present in
environmental samples more precisely. Unfortunately, no microorganism (bacteria, fungi
and virus) was detected by this molecular technique due to analytical problems with the
limits of detection of genome units (GU) being too high (220,000 UG/100 cm? for surface
samples and 3300 UG/m? for air samples). Therefore, the methods and results of microbial
PCR analyses were not presented in this article. New approaches using next-generation
sequencing will probably help in the future to characterize the microbial exposome more
precisely [56].

Finally, this study investigated a limited number of buildings. Future investigations
are required to confirm the results and characterize indoor air pollution and contamination
of private healthcare facilities and nursing homes more precisely.

5. Conclusions

Indoor air in private healthcare and care facilities contains a complex mixture of
chemical, particulate and microbiological compounds. The most frequently quantified
compounds were alcohols (ethanol and isopropanol) originating mainly from healthcare
activities. This study showed higher pollution compared to our previous study in indoor
hospital environments.
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