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Therefore, the present study aimed to (i) investigate 
elements in household dusts extracted in simulated 
lung fluids, (ii) examine the total concentration of 
culturable bacteria and their biochemical responses 
with exposure to bio-fractions of household dusts, 
and (iii) assess their relations and risks using the 
model approaches by inhalation. Here, settled dusts 
were collected in 25 houses, and extracted in four 
simulated body fluids to determine bio-fractions of 
elements. Moreover, total count of potentially patho-
genic and heterotrophic bacteria, and four clinically 
important culturable pathogens were incubated in 
the presence of household-dusts extracted in simu-
lated body fluids. The activity, biofilm, biochemical 
and oxidative responses of pathogens were meas-
ured following household-dust exposures. Afterward, 
the relationship between elements and pathogen 
responses were evaluated, and model and derived 
approaches were used for risk assessments of ele-
ments and pathogens. The higher daily intake of ele-
ments obtained in artificial lysosomal fluid fraction of 
household dust mimicking the inflammatory condi-
tion compared to other body fluids. Moreover, bacte-
rial responses were mainly influenced from bio-frac-
tions of household dusts and their elemental contents.

Keywords  Metals · Settled indoor dust · Home · In 
vitro · Microorganism

Abstract  In the last decade, a great deal of research 
has focused on the determination of potential toxic 
elements by total concentration and identification the 
microorganisms in dust. However, determining bio-
relevant (e.g., inhalable) forms of elements instead of 
total contents in acids is necessary for human health. 
Moreover, examination of the behavior of micro-
organism under these bio-relevant conditions and 
revealing the interaction between elements and patho-
gens is vital and necessary for deeper understanding. 
However, previous studies have ignored these topics. 
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1  Introduction

There has been increasing concern on indoor air qual-
ity as people spend up to most of their time (approxi-
mately 80–90%) in indoor environments such as 
homes, schools, and offices (Kurt-Karakus, 2012; 
Tan et  al., 2016), and length of stay at their homes 
has been increased with the COVID-19 pandemic. In 
the meantime, it is known that indoor air is more con-
taminated in comparison with outdoor air (Gohain & 
Deka, 2020; Tan et al., 2016). Infiltration of outdoor 
air containing suspended particulate matter, incom-
plete and inefficient burning of solid fuels, wind-
driven or traffic-related suspension of road, soil, and 
mineral dust, sea salt and biological materials, heat-
ing, cooking are causing the settled household-dusts 
that include the organic and inorganic contaminants. 
Among varied sources of indoor air pollution, set-
tled dust in houses might be an important source of 
indoor contaminants including elements, organics 
and bio-based substances (bacteria, fungi, etc.) (Kurt-
Karakus, 2012; Tan et  al., 2016; Doyi et  al., 2020; 
Wang et al., 2020; Ruiz‑Gil et al., 2023). Accumula-
tion of a variety of settled indoor dust has vital role 
on microbial growth (Hameed et al., 2024). Based on 
previous detection studies, dominant isolated genera 
of opportunistic pathogenic bacteria in various indoor 
air and dusts were identified as Escherichia coli (E. 
coli), Staphylococcus, Bacillus sp. and Pseudomonas 
sp. (Guo et al., 2020; Kumar et al., 2021; Singh et al., 
2022; Thompson et al., 2021). Occurrences of bacte-
ria influence to various factors including temperature, 
humidity, ventilation type, occupant activities, indoor 
and outdoor chemical composition and contamination 
sources (Guo et al., 2020). It is also known that occur-
rence and high levels of microorganisms in indoor air 
also causes respiratory infections, immunomodula-
tory reactions, and dermal problems (Kumar et  al., 
2021). Humans might expose to major and minor ele-
ments and pathogens via inhalation, ingestion, or der-
mal contact of indoor dust and, eventually, they enter 
the human body (Gohain & Deka, 2020; Tan et  al., 
2016; Turner, 2011). Epidemiological, animal toxi-
cological and in  vitro (simulated biological) studies 
have indicated that inhaled particles play a major role 
in human health due to their chemical composition, as 
well as the physical presence. Once they inhaled, the 
fraction of contaminants was readily released into the 
lung fluid that appeared to be accessible and toxic to 

cells (Boisa et al., 2014; Liu et al., 2019). Therefore, 
household-dust has a significant potential impact on 
the human health and indoor air quality by chemical 
and bio-based components.

Moreover, microorganisms (e.g., pathogens, aller-
gens, bio-based toxins) in indoor dust are more likely 
to introduce human lungs, triggering serious health 
conditions (Wu et  al., 2021). Characteristics and 
metabolic pathways of pathogens or microbial com-
munities in indoor dust are affected by the chemical 
composition of indoor dusts and their availability in 
the media; however, their availability and viability 
responses under realistic conditions mainly underesti-
mated in the literature, and only few studies examined 
the behavior of specific microorganisms and their 
interactions with chemical components. Furthermore, 
previous studies have indicated that the indoor dust 
exposure affects the growth, biofilm formation, oxida-
tive stress, and virulence of microorganisms (Suraju 
et  al., 2015; Bado et  al., 2017; Brągoszewska & 
Biedroń, 2018; Brągoszewska et  al., 2020; Pompilio 
& Di Bonaventura, 2020; Novak et  al., 2020; White 
et  al., 2020). Unfortunately, these studies are con-
ducted under controlled conditions, little is known 
about the behavior of microorganisms with exposure 
to real samples, specifically samples from residential 
areas, and physiological impact of dust exposure on 
microorganisms. Although intracellular microorgan-
isms are responsible for human diseases with signifi-
cant morbidity and mortality (Lagier et al., 2015).

Moreover, various studies evaluated the risk of 
major and minor elements in household-dusts using 
the model approach by the United States Environmen-
tal Protection Agency (USEPA) (Tan et  al., 2016). 
These studies have shown that elements have poten-
tial adverse effect on human health owing to their oxi-
dative characteristics. On the other hand, the impact 
of elements in indoor dusts on human health are not 
fully understood since the available studies mostly 
determined the total concentration of the tested ele-
ments in the dusts. However, humans cannot take the 
total amount of elements owing to their partly solubil-
ity in biological fluids, and the total element content 
might not be a reliable parameter for assessing the 
exposure risks of elements in air or dust (Hu et  al., 
2018; Zheng et al., 2020; Dias da Silva et al., 2015; 
Gao et al., 2018; Huang et al., 2018). Therefore, risk 
assessment based on total concentrations of elements 
cannot reflect the potential health risks of elements 
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in household-dust on human, and assessing the bio-
relevant concentration of elements, instead of their 
total concentration, can be more realistic approach to 
find their potential risks, and needs extra attention in 
indoor settled dust under realistic conditions and the 
associated health risk assessment (Gohain & Deka, 
2020).

To understand the bio-fractions of substances, 
various approaches (e.g., in vivo and in vitro) can be 
applied since in vivo experiments is complex, expen-
sive, time-consuming, and great variability on inter- 
and intra-species of experimental animals. In  vitro 
(simulated biological) approaches are an alternative 
way to measure the bio-relevant forms of substances 
due to being the simple, rapid, reproducible, and eco-
nomic (Hu et  al., 2018; Kastury et  al., 2017, 2018). 
Moreover, various biological conditions have been 
applied to understand the immunologic response of 
organic, inorganic and biological substances. Despite 
a growing interest over the last decades, there has 
lack of available information in the field of assess-
ing the fraction of substances, e. g., elements, that are 
released from dust after meeting biological fluids and 
their comparison using various in vitro solution (Kas-
tury et al., 2017; Ren et al., 2020). Various extraction 
techniques have been used to assess the bio-relevant 
forms of components during inhalation, ingestion, 
or dermal contact (Kastury et  al., 2018; Mukhtar & 
Limbeck, 2013). For instance, water has traditionally 
been applied to reflect the fluid lining the human res-
piratory system during inhalation tests mainly due to 
its neutral pH and lack of interference during element 
analysis. Moreover, water-soluble forms of elements 
often show the greatest cellular uptake and toxicity 
for all exposure ways (Kastury et al., 2017). Specifi-
cally in inhalation, other extraction environments can 
be used for the element solubility that simulated flu-
ids lining the lung epithelium. For instance; (i) Gam-
ble’s solution is neutral lung fluids to simulate the 
extracellular fluid composition in the skeletal muscle 
and simulated the interstitial fluid deep within the 
lung at normal health condition, (ii) Alveolar mac-
rophage fluid called artificial lysosomal fluid (ALF) 
is simulated inside the lysosome of macrophages 
(phagolysosomes) and mimic to inflammatory con-
ditions, (iii) Phagolysosomal fluid (PSF) is used to 
formulate the alveolar macrophage fluid that includes 
fewer organic components, and similar ionic concen-
tration compared to other simulants of lysosome of 

macrophages (Kastury et  al., 2017; Stefaniak et  al., 
2010; Stefaniak, 2005). Moreover, phagolysosomal 
conditions are important since macrophages generate 
oxidative species, which contribute to microbial inhi-
bition in the phagolysosome (Liu et al., 2010).

Therefore, the present study was designed to see 
the levels of elements in household dusts using vari-
ous simulated physiological extraction approaches, 
and to examine the activity, biofilm formation and 
biochemistry of pathogens associated household 
dusts extracted in simulated bio-relevant conditions 
to understand the metabolic activities of pathogens. 
Moreover, the relationship between elements and 
pathogen responses were examined, and risk assess-
ment model approaches were applied and proposed 
for elements and pathogens. The results of this 
study can supply a more accurate assessment of the 
impact of elements on bacterial behavior under real-
istic approaches, as well as environmental quality in 
household dusts under various health conditions on 
children and adults.

2 � Materials and methods

2.1 � Sampling

A total of 25 household dust samples were collected 
in four urban districts in Istanbul-Turkey from Feb-
ruary 2020 to March 2020 (Supplementary Fig.  1). 
Istanbul is a megacity with 13–17 million inhabitants 
and responsible for 40% of Turkey’s industrial activi-
ties (Ozbek & Baysal, 2016; Saygin et  al., 2023a). 
There are no social-economic differences between 
sampling areas, and these areas are both highly popu-
lated residential areas and have high industrial organi-
zations. Dust samples were obtained from vacuum 
cleaner bags in regular use of participating volunteers 
for the purpose of cleaning homes, and details were 
presented our previous study (Saygin et  al., 2023b). 
The information about the houses (e.g., floor, m2, age 
of building) was recorded. The dust samples were air-
dried (minimum 24 h), followed by manual removal 
of large particles, and then sieved to < 100 μm, stored 
in freezer for further analysis (Kurt-Karakus, 2012).
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2.2 � Simulated bio‑fluids and analytical methods for 
extractions

The sieved and homogenized dust samples were 
divided into equal portions for the extraction with 
bio-relevant solutions (water, ALF, PSF, and Gam-
ble’s solution). The chemical compositions of the 
extraction solutions were shown in Supplementary 
Table  1. A 0.5  g portion in each dust samples were 
extracted in 50 mL (solid-to-liquid ratio was 1:100) in 
each simulated biological solution (water, ALF, PSF 
and Gamble’s solution). Then the samples agitated 
during 24  h under 37  °C, centrifuged and filtrated 
with a 0.45  μm syringe filter successively (Kastury 
et  al., 2017). Before filtration, a volume of extracts 
were removed and used for total bacteria count.

2.3 � Determination of bio‑fractions of elements

All the extracting solutions were stored at 4 °C before 
instrumental analysis with Inductively Coupled 
Plasma Optical Emission Spectrometer (ICP-OES, 
Spectro Blue- Spectro, Kleve-Germany). For ensur-
ing the quality and accuracy in the sample prepara-
tion and measurements, blank measurements and 
triplicate measurements were taken. A external cali-
bration was performed for each element prior to the 

analysis of samples, and the calibration curves with 
R2 > 0.9994 were accepted for concentration calcula-
tion. Blank correction was applied before the calcula-
tion, and standard deviation reference material (SRM 
2783) analysis was used and > 95% recoveries were 
obtained (Baysal et al., 2017). In any cases, we also 
determined the total concentrations of the elements 
in all household dust samples using acid digestion 
method.

2.4 � Total bacteria in bio‑fractions of 
household‑dusts

After extraction in different simulated bio-fluids, 
household extracts were streaked onto plates, and 
the potentially pathogenic and heterotrophic bacteria 
were cultivated in Tryptone Soy Broth (TSB, Merck, 
Germany) containing 1.5% (w/v) agar at 37  °C for 
24–48  h (Bouillard et  al., 2005; Raisi et  al., 2013). 
Total bacterial were counted as colony forming units 
per gram of dust (CFU/g).

2.5 � Activity, biofilm formation, main biochemical 
and oxidative stress responses of pathogens

Escherichia coli (E. coli) (ATCC 35218), Staph-
ylococcus aureus (S. aureus) (ATCC 25923), 

Fig. 1   Total bacteria count 
(CFU/g) in household-dusts 
extracted in simulated lung 
fluids
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Pseudomonas aeruginosa (P. aeruginosa) and 
Staphylococcus epidermidis (S. epidermidis) (ATCC 
35984) were selected as a model pathogen approach 
and used during the experiments. The bacteria were 
cultivated and incubated at 37  °C for 24  h. Tryptic 
Soy Broth (TSB) medium was prepared and auto-
claved at 121 °C for 15 min. Simulated bio-relevant-
suspended household-dusts were diluted into TSB 
medium. Saturated cultures of E. coli, S. aureus, P. 
aeruginosa, S. epidermidis grown in TSB medium 
including simulated bio-relevant-suspended house-
hold-dusts at 37 °C for 24 h. For controls, only TSB 
and cultures in TSB medium was applied (Suraju 
et  al., 2015). The optical density (OD) of the sam-
ples were measured at 600 nm 96 well plates for the 
pathogen activity. The biochemical pathways of the 
activity were examined through protein, carbohy-
drate, oxidative responses (antioxidant content and 
lipid peroxidation) according to our previous stud-
ies (Saygin & Baysal, 2022). Protein, carbohydrate, 
total antioxidant and lipid peroxidation contents of 

cells were determined by Bradford, the phenol sulfu-
ric acid, CUPRAC and thiobarbituric acid methods, 
respectively (Saygin & Baysal, 2022; Saygin et  al., 
2023).

For the biofilm formation, the crystal violet (CV) 
method was applied using microplate (O’Toole, 
2011; Suraju et al., 2015). After 24 h of incubation of 
saturated cultures of E. coli, S. aureus, P. aeruginosa, 
and S. epidermidis grown in TSB including simulated 
bio-relevant-suspended household-dusts at 37  °C for 
24 h, the growth culture medium was collected, and 
a volume of each culture media (200 μL) were trans-
ferred to 96-well plates (Saygin et  al., 2024). After 
incubation, the supernatant was removed from the 
plates, and plates were washed three times using nor-
mal saline. Then, 100 μL of 0.01% CV solution was 
added to wells and dried for 15  min. At the end of 
the period, excess CV was removed by washing with 
sterile water (Xu et al., 2016). Finally, the fixed CV 
was mixed with 95% ethanol, and mixture absorbance 
measured at 595 nm. Controls were similarly applied.

Table 1   Classification for elements and pathogens

Risk characterization Class

For elements Geoaccumulation ındex Igeo Igeo ≤ 0 Practically uncontaminated
0 ≤ Igeo ≤ 1 Uncontaminated to moderately con-

taminated
1 ≤ Igeo ≤ 2 Moderately contaminated
2 ≤ Igeo ≤ 3 Moderately to heavily contaminated
3 ≤ Igeo ≤ 4 Heavily contaminated
4 ≤ Igeo ≤ 5 Heavily to extremely contaminated
5 < Igeo Extremely contaminated

Hazard quotients HQ HQ ≤ 1 Unlikely the adverse health effect
HQ > 1 Potential non-carcinogenic health effect

Hazard ındex HI HI ≤ 1 Unlikely the adverse health effect
HI > 1 Potential non-carcinogenic health effect

Cancer risk CR CR < 1 <  × 10–6 No significant health effect
1 × 10–6 < CR < 1 × 10–4 Acceptable or tolerable cancer risks
CR > 1 × 10–4 Carcinogenic risks

For pathogens Pathogen risk PR OD ≤ ODc No risk
ODc < OD ≤ 2 × ODc Weak risk
2 × ODc < OD ≤ 4 × ODc Moderate risk
4 × ODc < OD Strong risk

Contamination degree of pathogen CDpathogen CDpathogen < 1 Low contamination
1 ≤ CDpathogen < 3 Moderate contamination
3 ≤ CDpathogen < 6 Considerable contamination
CDpathogen ≥ 6 Very high contamination
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2.6 � Model approaches for risk assessments

To evaluate the risks of the elements extracted in 
simulated bio-fluids, pollution indices and health 
assessments were applied. For the realistic approach, 
we used concentrations of bio-fractions of the deter-
mined elements for the calculation of pollution indi-
ces and health assessments.

To assess the anthropogenic impact of the bio-
fractions of the elements, we used modified form of 
the geo-accumulation index (Igeo) (Baysal & Akman, 
2018; Baysal & Saygin, 2022; Jayarathne et al., 2018; 
Li et  al., 2019; Liu et  al., 2019). Igeo evaluates the 
pollution level of elements in household-dust by com-
paring the present concentration with pre-industrial 
levels (Baysal & Akman, 2018; Baysal & Saygin, 
2022; Jayarathne et  al., 2018; Li et  al., 2019; Liu 
et  al., 2019). The Igeo was calculated using Eq.  (1) 
and was classified according to Table 1:

where Csample and Cbackground are the bio-relevant con-
centrations of the elements in household-dust sample 
and background, respectively. Factor 1.5 was applied 
as the background matrix correction value.

Human exposure risk to household-dust contami-
nants is often estimated by comparing respiratory 
intake or inhalable dose with an acceptable dose (Liu 
et  al., 2016, 2019). In this study, the daily exposure 
of elements (daily intake (DI)) for inhalation path-
way was estimated using a modified version and 

(1)Igeo = log2
(

Csample∕1.5 × Cbackground

)

bio-fraction concentration of elements in Eq.  2 (Liu 
et al., 2016).

DI (mg/kg.day): dose contacted (daily intake) 
through inhalation (DIinh). C (mg/kg) is the content 
of the elements in each bio-fluids. Input assumptions 
indicated in Supplementary Table 2.

According to USEPA’s guideline on human 
health risk assessment of elements (USEPA, 1989; 
USEPA  2009), carcinogenic and non-carcinogenic 
risks of dusts were assessed using separate models. 
For estimating non-carcinogenic effects, USEPA has 
established reference dose (RfD) as indicated in Sup-
plementary Table  2, an estimate of daily exposure 
of human population to contaminants that would 
unlikely cause adverse effects (USEPA, 2009). The 
non-carcinogenic risk of inhalation of dusts was 
assessed based on the Hazard Quotient (HQ) (Onat 
et al., 2020).

The cancer risk (CR) is applied to estimate that an 
individual exposure to carcinogenic hazards during a 
lifetime.

where DI is inhalation (DIinh), and SF cancer slope 
factor for each element extracted in bio-relevant 

(2)DIinh = C ×
InhR × EF × ED

PEF × BW × AT

(3)HQinh =
DIinh

RfDIinh

(4)CR = DI × SF

Table 2   Concentration 
of elements in household 
dust with the extraction of 
various simulated bio-
relevant fluids

Elements Simulated bio-relevant fluids

Water ALF PSF Gamble’s solution

Al, µg/g 108.38 ± 74.46 316.36 ± 284.37 85.00 ± 37.63 40.40 ± 47.93
Cr, µg/g 3.71 ± 2.51 6.21 ± 7.57 5.06 ± 4.86 4.21 ± 3.81
Cu, µg/g 11.41 ± 8.40 28.75 ± 23.60 17.61 ± 15.28 13.12 ± 12.25
Mn, µg/g 6.90 ± 3.99 45.39 ± 24.35 31.91 ± 12.92 8.14 ± 4.31
Ni, µg/g 4.68 ± 4.08 8.62 ± 5.82 8.32 ± 10.37 3.82 ± 3.03
Zn, µg/g 45.61 ± 30.04 374.01 ± 231.31 243.66 ± 118.93 34.61 ± 17.07
Ca, mg/g 1.77 ± 1.20 22.81 ± 11.38 9.43 ± 3.54 2.05 ± 2.71
K, mg/g 2.89 ± 1.07 10.18 ± 16.41 1.75 ± 3.21 1.93 ± 2.18
Mg, mg/g 1.23 ± 0.89 1.35 ± 1.20 1.17 ± 0.87 1.36 ± 1.23
Na, mg/g 4.27 ± 2.26 3.15 ± 5.31 2.37 ± 4.96 0.23 ± 0.94
P, mg/g 0.11 ± 0.10 0.50 ± 0.27 0.13 ± 0.17 0.02 ± 0.06
Fe, % 6.10 ± 4.47 62.43 ± 91.50 8.28 ± 7.45 3.46 ± 3.27



Aerobiologia	

Vol.: (0123456789)

solution indicated in Supplementary Table 2. HQ and 
CR classifications are given in Table 1.

To assess the pathogen risk respecting the simu-
lated bio-relevant conditions, two models were 
derived and proposed. The first risk model approach 
was derived from biofilm formation classification 
by Christensen et al. (1985) classification and called 
Risk of Pathogen (PR). The risk assessment is based 
on the relationship between the OD response of the 
strain in the relevant simulated biological condition 
including household dust sample and the OD of their 
control medium (no household dust, ODc).

The second model approach was derived from 
Contamination Factor of elements (CF). In the 
pathogen related approach, contamination factor of 
pathogen which identified Contamination Degree of 
Pathogen (CDpathogen) is the ratio between the OD of 
household-dust sample in each bio-relevant medium 
included strain to the control values in strain as 
explained in Eq. (5):

For this purpose, ODcontrol includes strain culti-
vated in each bio-relevant medium with no house-
hold-dust sample and ODsample is contained strain cul-
tivated in bio-relevant medium with household-dust 
sample.

2.7 � Statistical analysis

The correlation coefficient (r) and the correlation sig-
nificant t-test were determined. Pearson correlations, 
Student’s t-test was used to estimate the significant 
difference between the mean concentrations of ele-
ment, pathogen, and biochemical parameters.

3 � Results and discussion

3.1 � Characterizing inhalable bio‑fractions of 
elements in household dusts

As indicated in Table 2, Al, Cr, Cu, Mn, Ni and Zn 
were determined in bio-fractions of household-
dusts. The average bio-relevant concentrations of 
Al, Cr, Cu, Mn, Ni and Zn decreased according to 
the following sequence: ALF > water > PSF > Gam-
ble’s solution, ALF > water > Gamble’s 

(5)CDpathogen = ODsample∕ODcontrol

solution > PSF, ALF > water > PSF > Gamble’s 
solution, ALF > water > Gamble’s solution > PSF, 
ALF > water > Gamble’s solution > PSF, and 
ALF > PSF > Gamble’s solution > water, respectively. 
These results showed that the solubility of these ele-
ments was greater in the ALF conditions, which mim-
ics inflammatory conditions, compared to other simu-
lated bio-fractions of household-dusts. This can be 
explained that ALF is reflected inside the lysosome 
of macrophages (phagolysosomes) having a more 
acidic condition; thus, dissolution of element is gen-
erally higher in this condition compared to the neu-
tral lung fluid (Kastury et  al., 2018). Although PSF 
has same pH with ALF, which is 4.5 reflecting the 
alveolar macrophage and phagolysosomal fluid, the 
dissolution of the elements was not higher in PSF 
compared to ALF. This result can be explained by 
simpler composition of the PSF limiting the dissolu-
tion compared to ALF (Innes et al., 2021; Ren et al., 
2020). Moreover, the solubility in ALF also depends 
on the chemical state of the element. For example, 
element oxides, carbonates, chlorides are known to 
be easily soluble in this media. This result suggested 
the elements in household-dust can be in the form of 
oxides, carbonates, and chlorides rather than sulfite, 
phosphate, and silico (Innes et  al., 2021). However, 
there have been limited study to compare the findings 
since previous studies mostly conducted to find total 
amount of elements using different strong acid diges-
tion, not to determine bio-accessible forms, and the 
studies mainly applied in outdoor and soil samples 
(Pelfrêne et  al., 2017; Ren et  al., 2020; Innes et  al., 
2021). Moreover, metals and their levels in household 
dusts vary due to various factors including climate, 
deposition, social habits, region, air pollution, com-
position, content, and digestion conditions; however, 
bio-accessible fraction of heavy metals in household 
dust mainly underestimated (Wu et al., 2024).

The results are assessed using major and 
trace elements. The results indicated that 
the average trace element concentrations of 
water and ALF fractions of household-dust 
are the order of Al > Zn > Mn > Cu > Cr > Ni 
whereas it was Zn > Al > Mn > Cu > Ni > Cr and 
Al > Zn > Mn > Cu > Ni > Cr for PSF and Gamble’s 
fractions, respectively. The order showed that crus-
tal element (e. g., Al) was the predominant element 
found in all bio-fractions of household-dusts; while, 
toxic elements such as Cu, Cr, and Ni were at lower 
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levels. Furthermore, Al and Mn oxides/hydroxides 
in soils are typically nanosized, possess large surface 
areas and internal porosities. These properties are 
the keys to the adsorption and transport of ions such 
as toxic elements, nutrients, etc. (Barron & Torrent, 
2013; Liu et  al., 2016). Moreover, the higher con-
tents of Zn and Mn can be originated by the road and 
windblown dust, biomass burning and traffic activi-
ties (Eneji et al., 2015; Ogundele et al., 2018). These 
results correlated the study of Hu et al. (2018), who 
reported the in  vitro inhalation/ingestion solubility 
of the airborne particle-bound elements in room air 
conditioners filters. In the study of Wu et al. (2024), 
trace elements in house-dusts were determined using 
simulated gastric and intestinal fluids. Similar with 
our study, higher concentrations of Zn, Cu, Mn, and 
Ni were determined in simulated gastrointestinal 
fluids at lower pH. The levels were also compared 
using soil reference values which is the standard of 
Chinese National Soil Quality Standards-National 
Environmental Protection Agency 1995 are employed 
to assess level of elements in dusts (Duzgoren-Aydin 
et  al., 2006; Zhang et  al., 2018). Because available 
international standards regarding indoor air have limit 
values for carbon dioxide, formaldehyde, particulate 
matter, nitrogen dioxide, carbon monoxide, and radon 
(Settimo et al., 2020; Paleologos et al., 2021; Moraw-
ska & Huang, 2022; Dimitroulopoulou et al., 2023). 
In addition, Türkiye has not any national standards 
related to indoor air. The concentration of Cu, Ni and 
Zn in the household dusts in various bio-fractions 
were considerably higher than those of Grade I soils, 
which highlights the impact of anthropogenic con-
tribution. Moreover, Cr concentration were changed 
between 6.21 ± 7.57  µg/g and 3.71 ± 2.51  µg/g for 
the tested simulated bio-fluids (Table  2). These lev-
els were also compared with World Health Organi-
zation permissible limit of Cr and it is 1.3  mg/kg 
for plants (World Health Organization, Permissible 
limits of heavy elements in soil and plants. Geneva, 
Switzerland, 1996). Cr concentration in all simulated 
bio-fractions was greater than this permissible limit. 
Thus, the potential human health effect from deter-
mined elements in bio-fractions cannot be ignored in 
the household-dust samples.

To understand source of trace elements, thee cor-
relations were analyzed (Supplementary Table  3). 
The correlation analysis showed that there had strong 
correlation between Cu and Cr in ALF and Gamble’s 

solution, and moderate correlation obtained between 
these elements in PSF representing the vehicular traf-
fic-related emissions and paints in these conditions 
(Jadoon et  al., 2021). These results showed that the 
occurrence of these potentially toxic elements had 
no strong relationship with adsorption and transport-
ing the toxic elements with soil Al and Mn content. 
The weak positive correlation was found between Cr 
and Al and Mn in water, Cr and Mn in ALF, Cu and 
Ni with Al and Mn in PSF, and Cu and Zn and Al 
in Gamble’s solution. The moderate positive relation-
ship indicated between Cu and Mn in water, Cr and 
Ni and Al in Gamble’s solution.

Moreover, to characterize the major element com-
ponents related the biochemical reactions, Ca, Mg, 
Na, K, Fe and P were evaluated in these bio-frac-
tions of household-dusts (Table  2). Similar with the 
potentially toxic elements, the levels of the major 
element components were greater in the ALF due to 
the acidic and complex environment of the solution 
compared to other tested bio-fractions (e.g., water, 
PSF, and Gamble’s solution) (Innes et al., 2021). The 
order of the major elements in water, ALF, PSF and 
Gamble’s solution were Fe > Na > K > Ca > Mg > P, 
F e   >   C a   >   K   >   N a   >   M g   >   P , 
Ca > Fe > Na > K > Mg > K and 
Fe > Ca > K > Mg > Na > P, respectively. The high-
est concentration of Fe compared to other major ele-
ments can be explained that Fe is an abundant ele-
ment in the earth crust and has been transported via 
wind. It can be also associated with soil or street dust, 
and originated by coal burnt in outdoor environment 
(Eneji et  al., 2015). The higher contents of Ca, Na, 
Mg, and K clearly showed the impact of soils, paints, 
and cements on household-dusts and their bio-frac-
tions. Moreover, use of insecticides and chemicals for 
the general cleaning of the house might contribute to 
K levels (Christensen et al., 1985).

3.2 � Total bacteria counts in bio‑fractions of 
household‑dusts

The mean count of bacteria in bio-fractions of house-
hold-dusts were 2981 ± 767, 43 ± 17, 375 ± 89, and 
3438 ± 1109  CFU/g in water, ALF, PSF and Gam-
ble’s solution, respectively (Fig. 1). The higher con-
tent of bacteria in water and Gamble’s solution can be 
explained by pH and chemical content of Gamble’s 
solution. In addition, the lower levels of bacteria in 
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ALF and PSF can be originated by the acidic con-
dition of these medium. The published studies indi-
cated that the survival of the bacteria can be related 
to various factors including temperature, pH, chemi-
cal composition of the environment (Singh et  al., 
2022). Previous studies also showed that pathogenic 
bacteria concentration were declined when cultur-
ing at pH 6 compared to pH 7 and 8 (Chan et  al., 
2019). Various studies have been globally conducted 
to assess microbial content in indoors including 
hospitals, schools, offices, industrial areas; how-
ever, these studies have limited in residential areas 
compared to other indoor areas and outdoors (Guo 
et al., 2020; Kumar et al., 2021). For instance, Sidra 
et  al. (2015) observed the bacteria concentration 
at 275–14,469  CFU/m3 in living rooms of Lahore, 
Pakistan; Kumar et al. (2021) were counted bacteria 
level at 738 ± 443.59–1654 ± 876.87 CFU/m3 residen-
tial houses in Delhi.  Hameed et  al. (2024) was also 
studied microorganisms and ionic composition in the 
settled dusts collected from museum with a similar 
experimental manner, and they found that bacteria 
2.7 × 104–8.02 × 106  CFU/g in restoration lab, hunt-
ing hall, Thorne, residence, reception hall, and out-
door areas of the museum. Higher bacteria counts 
and ionic compound levels were detected in indoor 
areas compared to outdoors, and they indicated that 
microbial concentrations changed by ion nature and 
its concentration.

3.3 � Impact of the inhalable bio‑fractions of 
household‑dusts on pathogen behaviors

The bacterial activity results showed that bio-frac-
tions of household-dusts have a significant role 
on the activity of gram-negative E. coli and P. aer-
uginosa, and gram-positive S. aureus and S. epider-
midis (Fig. 2). The activity of E. coli and P. aerugi-
nosa with the impact of household-dusts declined 
according to the following sequence: PSF > Gam-
ble’s solution > water > ALF, and the activity order 
of S. aureus and S. epidermidis is Gamble’s solu-
tion > PSF > water > ALF. Different responses in 
simulated bio-fluids referred to importance of physi-
ological conditions on the microorganisms. For 
example, the activity of gram-negative E. coli and 
P. aeruginosa was higher in PSF compared to other 
bio-fractions (e.g., water, ALF, and Gambles’ solu-
tion). The higher activities in the PSF and Gamble’s Ta
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solution indicated that the tested pathogens can be 
easily activated under these lung conditions (PSF 
and Gamble’s solution). These lung conditions are 
important for the cell responses since PSF reflects 
the intraphagolysosomal dissolution at acidic pH 
and it is believed to be a necessary step in the cel-
lular immune response, and Gamble’s solution used 
to simulate the neutral pH extracellular environment 
of the lung (Innes et al., 2021; Stefaniak et al., 2005; 
Zupančič et al., 2021). These higher bacterial activi-
ties are also critical role on human health and indoor 
air quality since the tested bacteria strains were deter-
mined in many indoor and outdoor air/dust sam-
ples. However, bacterial responses due to exposure 
to air-related samples (particulate matter and dusts) 
have been limitedly examined in the literature. Some 
studies in this field examined the bacterial responses 
through standard reference materials. For instance, 
Stapleton et  al. (2020) examined the mechanisms of 
respiratory infections through bacterial growth and 
biofilm formation S. aureus and P. aeruginosa with 
the exposure of standard reference material (NIST 
Standard Reference Material 2584 IAP) and indoor 

air particulate matter from USA houses. The results 
indicated that both air particles enhanced bacterial 
growth and biofilm formation. In another study, the 
impact of indoor SRM 2585- and outdoor BCR 723-
dust standard reference materials exposure on the 
bacteria (E. coli, Enterococcus faecalis, and P. aer-
uginosa) was assessed using bacterial growth, oxida-
tive stress resistance, and biofilm production under 
nutrient-poor and nutrient-rich conditions (Suraju 
et  al., 2015). The results showed that growth of all 
three bacterial increased in nutrient-poor conditions, 
but slowed in nutrient-rich conditions. Similarly, 
Bado et  al. (2017) investigated the effect of house 
dust (SRM 2585) and road dust (BCR 723) standard 
reference material exposure on the growth, protein, 
oxidative and biofilm formation of K. pneumoniae, 
E. coli, and P. aeruginosa. The results indicated that 
house and road dust exposure had influenced the bac-
terial growth, enhanced oxidative stress resistance, 
and biofilm formation owing to chemical composi-
tion. Deng et  al. (2018) examined the growth of S. 
epidermidis and E. coli with exposure to natural dust 
samples from indoor and outdoor living area, traffic 

Fig. 2   Box and whisker chart view of the pathogen cultiva-
tion in house dust collected in Istanbul-Turkey using different 
simulated bio-relevant fluids. a E. coli, b P. aeruginosa, c S. 
aureus, d S. epidermidis. (W: water, ALF: artificial lysosomal 

fluid, PSF: phagolysosome simulant fluid, GS: Gamble’s solu-
tion, N/No meaning N: culture with household dust extracted 
in bio-relevant fluids, No: culture under controlled condition-
no household dust and bio-relevant condition)
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section, industrial factory, and mine. The findings 
showed that bacterial growth was promoted by dust 
types with a rising in the concentration of Fe, Ca, Ni, 
Si, and Al in the culture. Unfortunately, the available 
studies mostly conducted under controlled condi-
tions, without impact of physiological conditions or 
real samples. In our previous study, we investigated 
S. aureus and E. coli responses including viability, 
oxidative stress, biofilm formation with the impact of 
physiological conditions of indoor PM2.5 collected 
from university laboratory air (Saygin et  al., 2023). 
The bacteria were affected by indoor PM2.5 and 
physiological conditions due to different in pHs.

Furthermore, the activity levels of pathogens were 
varied in the presence of bio-fractions of house-
hold-dusts and the sequence of the activities was S. 
aureus > S. epidermidis > P. aeruginosa > E. coli, E. 
coli > S. epidermidis > S. aureus > P. aeruginosa, P. 
aeruginosa > S. aureus > E. coli > S. epidermidis and 
S. aureus > P. aeruginosa > S. epidermidis > E. coli in 
water, ALF, PSF, and Gamble’s solution fractions of 
household-dusts, respectively. The difference between 
the bacteria levels to the anthropogenic contaminants 
can be commonly explained by the bacterial cell-wall 
properties and the dissolution level of substances with 
the bio-fluids.

To understand the background on the activity 
responses, the main biochemical (e.g., protein and 
carbohydrate) and oxidative (antioxidant and LPO) 
indicators were examined (Fig. 3 and 4). The results 
showed that protein, carbohydrate, antioxidant and 
LPO activities declined with the presence of bio-
fractions of household-dusts compared to the con-
trols, except carbohydrate levels of gram-negative P. 
aeruginosa and E. coli. For gram-negative bacterium, 
protein, carbohydrate, and antioxidant levels had sim-
ilar trend with the bio-fractions of household-dusts. 
The protein, carbohydrate, and antioxidant responses 
declined following order: PSF > Gamble’s solu-
tion > water > ALF, ALF > PSF > water > Gamble’s 
solution and Gambles’ solution > PSF > water > ALF 
for, respectively. The response of the LPO activity 
decreased the following order for E. coli and P. aer-
uginosa: water > Gamble’s solution > PSF > ALF and 
PSF > Gamble’s solution > water > ALF, respectively. 
The Pearson correlation analysis also indicated that 
the activity of E. coli with the fractions in water, 
PSF and Gamble’s solution were positively corre-
lated with protein and antioxidant, whereas it was 

positively correlated with protein, antioxidant and 
LPO in ALF fraction of household-dusts (Supple-
mentary Table 4). The activity of P. aeruginosa had 
positive correlation with protein and antioxidant in 
water and PSF fraction of household-dusts; however, 
the activity of P. aeruginosa had positive linked with 
antioxidant in ALF fraction, and protein in Gamble’s 
solution fraction (Supplementary Table  4). The bio-
chemical responses of the gram-positive S. aureus 
and S. epidermidis were similar in protein, carbohy-
drate and antioxidant levels and the protein, carbohy-
drate, and antioxidant responses in bio-fractions of 
household-dusts were decreased following sequences: 
Gambles’ solution > PSF > water > ALF, ALF > Gam-
ble’s solution > PSF > water, and Gamble’s solu-
tion > PSF > water > ALF, respectively. However, the 
LPO activity of S. aureus and S. epidermidis was 
changed as Gamble’s solution > PSF > water > ALF 
and PSF > water > Gamble’s solution > ALF, respec-
tively. The Pearson correlation results also indicated 
that S. aureus activity had significant positive and 
negative correlations with protein and carbohydrate 
in water fractions, whereas it has positive correla-
tions between protein and antioxidant in ALF frac-
tion, protein, antioxidant and LPO in PSF fractions, 
and protein and antioxidant in Gamble’s fraction 
(Supplementary Table  4). The activity of S. epider-
midis was significantly changed with the impact of its 
protein and antioxidant activities in water and ALF 
fractions of household-dusts, whereas, the activity 
showed significant positive dependence to the pro-
tein, antioxidant and LPO activity in PSF fraction. In 
addition to positive correlation to the protein, antioxi-
dant and LPO activity, the activity of S. epidermidis 
had significant negative correlation to the carbohy-
drate response. These results indicated the various 
bio-relevant conditions influenced the main metabo-
lism pathways and oxidative indicators of the tested 
pathogens with different ways. The higher protein and 
carbohydrate levels indicated the promotion of bacte-
rial growth since they are related to main biochemical 
metabolism (Saygin et  al., 2023). The reduced anti-
oxidant can be originated the oxidative species (de 
Paula Ribeiro et  al. 2020). LPO has been used as a 
useful parameter of bacterial metabolism, and higher 
levels indicate the presence of anthropogenic contam-
inants (Hassanshahian et al., 2010).

Another important pathogen activity is biofilm 
production. The analysis showed that the exposure to 
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Fig. 3   Box and whisker chart view of the metabolism indica-
tors of pathogens in house dust collected in Istanbul-Turkey 
using different simulated bio-relevant fluids: protein activity of 
a E. coli, b P. aeruginosa, c S. aureus, d S. epidermidis and 
carbohydrate activity of e E. coli, f P. aeruginosa, g S. aureus, 

h S. epidermidis (W: water, ALF: artificial lysosomal fluid, 
PSF: phagolysosome simulant fluid, GS: Gamble’s solution, N/
No meaning N: culture with household dust extracted in bio-
relevant condition, No: culture under controlled condition-no 
household dust and bio-relevant condition)
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bio-fractions of household-dust influenced the bio-
film formation of tested pathogens compared to con-
trolled conditions (Fig.  5). The biofilms formation 

promoted with gram-negative P. aeruginosa and E. 
coli compared to gram-positive S. aureus and S. epi-
dermidis. For gram-negative P. aeruginosa and E. 

Fig. 4   Box and whisker chart view of the oxidative indicators 
of pathogens in house dust collected in Istanbul-Turkey using 
different simulated bio-relevant fluids: antioxidant activity of a 
E. coli, b P. aeruginosa, c S. aureus, d S. epidermidis and LPO 
activity of e E. coli, f P. aeruginosa, g S. aureus, h S. epider-

midis (W: water, ALF: artificial lysosomal fluid, PSF: phago-
lysosome simulant fluid, GS: Gamble’s solution, N/No mean-
ing N: culture with household dust extracted in bio-relevant 
condition, No: culture under controlled condition-no household 
dust and bio-relevant condition)
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Table 4   Proposed possible risk assessments of household 
dusts by pathogens (PR: pathogen risk, CD: Contamination 
degree of pathogen, colours in PR; green: no risk, yellow: 
weak risk, orange: moderate risk, and red: strong risk, colours 

in CD; green: low contamination degree, purple: moderate 
contamination risk, orange: considerable contamination risk, 
red: very high contamination risk)

Activity Biofilm

Simulated bio-relevant fluids fluids Simulated bio-relevant fluids
Pathog

en

Risk 

assess

ment

Water ALF PSF
Gamble’

s
Water ALF PSF

Gamble’

s

PR no risk
weak 

risk

weak 

risk
no risk

moderat

e risk

moderat

e risk

moderat

e risk

moderat

e risk

E. coli

CD

low 

contami

nation 

degree

moderat

e 

contami

nation 

degree

moderat

e 

contami

nation 

degree

low 

contami

nation 

degree

moderat

e 

contami

nation 

degree

moderat

e 

contami

nation 

degree

moderat

e 

contami

nation 

degree

moderat

e 

contami

nation 

degree

PR no risk
weak 

risk

weak 

risk
no risk

strong 

risk

moderat

e risk

strong 

risk

moderat

e risk

P. 
aerugi
nosa

CD

low 

contami
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coli, the more biofilms formed in PSF and Gamble’s 
solution fractions compared to water and ALF frac-
tions of household-dust. The formation decreased fol-
lowing order: PSF > Gamble’s solution > ALF > water 
and PSF > Gamble’s solution > water > ALF for E. 
coli and P. aeruginosa. On the other hand, the bio-
film response of S. aureus and S. epidermidis varied 
in different bio-fractions of household-dusts. The 
biofilm formation order of S. aureus and S. epider-
midis is ALF = PSF > water > Gamble’s solution and 
Gamble’s solution > PSF > ALF > water, respectively. 
These results observed that the importance of biofilm 
formation in the bio-fractions of household dusts. 
Some available studies respecting dust samples also 
showed the enhanced biofilm formation due to chemi-
cal characteristics. For instance, biofilm formation 
of K. pneumoniae, E.  coli, and P. aeruginosa was 
promoted by the exposure of dusts from standard 
reference materials due to sample ecosystem (Bado 
et  al., 2017). In addition, Suraju et  al. (2015) found 
that dust exposure increased biofilm formation of E. 
coli, Enterococcus faecalis, and P. aeruginosa owing 
to specific dust components. The available studies 

also indicated that more chemical characterization of 
dusts and various physiological conditions are need to 
examine for realistic impact of dusts on biofilm for-
mation of microorganisms.

3.4 � Model approaches for risk assessments and 
correlation analysis

To distinguish the anthropogenic inputs in simu-
lated bio-fractions of household-dust, the Igeo 
was calculated and evaluated (Supplementary 
Fig.  2). The Igeo values with bio-fractions show 
that Igeo values was found to be smaller than 
1 which indicated the classification of practi-
cally uncontaminated (Baysal & Akman, 2018; 
Baysal and Saygin,  2022). The order of the aver-
age Igeo values of the potentially toxic ele-
ments in water, ALF and PSF fractions is simi-
lar, and the order is Cu > Ni > Cr > Mn > Al > Zn, 
and in Gamble’s solution fraction is 
Cu > Cr > Ni > Mn > Al > Zn. Besides, the Igeo val-
ues of each element by dissolution media declined 
following order: ALF > water > PSF > Gamble’s 

Fig. 5   Box and whisker chart view of the biofilm formation 
of pathogen in house dust collected in Istanbul-Turkey using 
different simulated bio-relevant fluids. a E. coli, b P. aerugi-
nosa, c S. aureus, d S. epidermidis (W: water, ALF: artificial 

lysosomal fluid, PSF: phagolysosome simulant fluid, GS: 
Gamble’s solution, N/No meaning N: culture with household 
dust extracted in bio-relevant condition, No: culture under con-
trolled condition-no household dust and bio-relevant condition)
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solution, ALF > PSF > Gamble’s solu-
tion > water, ALF > PSF > Gamble’s solu-
tion > water, PSF > ALF > water > Gamble’s solu-
tion, PSF > Gamble’s solution > water > ALF, 
ALF > PSF > water > Gamble’s solution for Al, Cr, 
Cu, Ni, Zn, and Mn, respectively. These results 
showed that risks of the potentially toxic elements 
are greater in bio-relevant fluids having acidic con-
ditions (ALF and PSF) compared to other tested 
bio-fractions. Although scarcely study examined the 
different in vitro conditions, recent studies indicated 
the ALF solubility of Zn, Cr, Cu, Ni had higher 
than Gamble’s solution (Hu et  al., 2018; Ogundele 
et al., 2018). Moreover, higher concentration of ele-
ments in lung fluids may also prove the importance 
of these elements on humans.

Daily intake (DI) of the potentially toxic ele-
ments through inhalation on exposure to household-
dust was assessed and evaluated the potential human 
health risks (Table  3). DIs of children were higher 
than adults for inhalation exposure way. These results 
were in good agreement with the previous studies 
determined using total element concentration (Baltas 
et al., 2020; Ogundele et al., 2018). Moreover, the DI 
results indicated that the higher DI values obtained in 
ALF fractions mimicking the inflammatory condition 
for all determined elements.

The non-carcinogenic risks from determined ele-
ments in the household-dusts extracted in bio-relevant 
fluids via inhalation were also calculated (Table  3). 
The HQ values for non-carcinogenic risks of adults 
were lower than children for the determined elements. 
These results were coherent with the studies of other 
research that examined the elements in various envi-
ronmental samples (Baltas et  al., 2020; Ogundele 
et al., 2018). Moreover, the HQ values for the deter-
mined elements via inhalation were all lower than 
safe level indicating the non-carcinogenic risks. Simi-
larly, with daily intake, the non-carcinogenic risks of 
household-dusts are higher in ALF fraction compared 
to other bio-fractions that show selectivity of ele-
ments under inflammatory conditions and importance 
of the conditions. This result is also linked with the 
higher content of elements in the ALF.

The inhalation carcinogenic risks (CR) were evalu-
ated through Cr and Ni. As shown in Table 3, the CR 
are greater for children than adults. Furthermore, car-
cinogenic risks were found to be greater in ALF frac-
tion of household-dusts compared to other fractions.

As shown in Table 4, the risk assessment of patho-
gens is evaluated through two derived models. These 
models (PR and CDpathogen) showed that higher risks 
by the activity were found for S. epidermidis in 
ALF and PSF fractions household-dusts compared 
to other pathogens and bio-fractions. The lower PR 
and CDpathogen was measured in the household-dusts 
extracting in water compared to ALF, PSF and Gam-
ble’s solution. Moreover, the PR of E. coli activity was 
no risk with the fraction of water and Gamble’s solu-
tion, and it was weak risk in ALF and PSF fractions. 
The PR results of P. aeruginosa were similar to the 
PR of E. coli activity. This result indicated that lower 
pH of the medium of household-dusts has potential to 
increase the PR through the activity of gram-negative 
pathogens. Furthermore, their CDpathogen was similar 
response for both gram-negatives (P. aeruginosa and 
E. coli), and they showed low contamination degree 
under water and Gamble’s solution and moderate 
contamination degree in ALF and PSF. This result 
indicated that the ALF and PSF fractions of house-
hold-dusts have potentially more risks for P. aerugi-
nosa and E. coli activity compared to fractions in 
water and Gamble’s solution. Contrarily to gram-neg-
atives, gram-positive S. aureus and S. epidermidis did 
not show similar response by their risk assessments 
upon the activity, except for the PR and CDpathogen 
of the S. aureus and S. epidermidis activity under 
Gamble’s solution. The risks evaluations indicated 
that the PR of S. aureus activity increased following 
order: water < ALF = Gamble’s solution < PSF. The 
CDpathogen of the S. aureus activity increased follow-
ing sequence: water < ALF = PSF = Gamble’s solu-
tion. Besides, the PR and CDpathogen of S. epidermidis 
activity increased following order: water = Gamble’s 
solution < ALF < PSF. This result also showed that 
pH of the environment may influence the risks evalu-
ation of these pathogens and acidic conditions have 
more risks compared to neutral conditions for the 
activity of gram-positives.

The biofilm risk assessments of the tested patho-
gens in the presence of various bio-fractions of 
household-dusts were also evaluated according to 
the derived approaches and the results is present in 
Table 4. The PR were the highest level that is strong 
risk with the extraction of household-dusts in water 
and PSF for P. aeruginosa, and in PSF for S. epi-
dermidis. The PR in the water, ALF, PSF, and Gam-
ble’s solution fractions of household-dust decreased 
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following order: P. aeruginosa > E. coli > S. epider-
midis > S. aureus, P. aeruginosa = E. coli = S. epider-
midis > S. aureus, P. aeruginosa = S. epidermidis > E. 
coli > S. aureus, and P. aeruginosa = E. coli > S. epi-
dermidis = S. aureus, respectively. This result indi-
cated that the risk of the biofilm formation is greater 
for P. aeruginosa and S. epidermidis mainly in water 
and PSF fractions of household-dusts. The PR results 
also showed that the biofilm production has greater 
risks rather than the bacterial activity when their clas-
sifications were compared for all pathogens, except 
S. aureus. The CDpathogen of E. coli was same level 
for all simulated bio-fractions and it is moderate 
contamination degree. The CDpathogen of P. aerugi-
nosa was water = PSF (considerable contamination 
degree) > ALF = Gamble’s solution (moderate con-
tamination degree). This response has adverse trend 
for S. aureus and it is water = PSF (low contamination 
degree) < ALF = Gamble’s solution (moderate con-
tamination degree). The CDpathogen of S. epidermidis 
was considerable contamination degree in ALF and 
PSF fractions, and moderate contamination degree in 
fractions of water and Gamble’s solution. The order 
of CDpathogen by pathogens is S. aureus < E. coli = S. 
epidermidis < P. aeruginosa, S. aureus = E. coli = P. 
aeruginosa < S. epidermidis, S. aureus < E. coli < P. 
aeruginosa = S. epidermidis, and S. aureus = E. 
coli = P. aeruginosa = S. epidermidis in fractions of 
water, ALF, PSF and Gamble’s solution, respectively. 
These results of CDpathogen indicated that the highest 
contamination risks originated by P. aeruginosa and 
S. epidermidis in PSF fractions of household-dust. 
This result suggested that acidic and intraphagolyso-
somal conditions may support the risk of biofilm 
formation.

The Pearson correlation analysis applied to under-
stand the interaction between elements and patho-
gens and the results presented in Supplementary 
Table  5–10. These results indicated that all tested 
biological parameters of the pathogens were corre-
lated to one or more than major and potentially toxic 
elements. For example, the activity of S. epidermidis 
in PSF fraction which obtained the highest risk was 
positively correlated with Al, Fe and Ni. The activ-
ity has also significant linking with its protein, anti-
oxidant and LPO indicators, and these responses have 
correlations with elements. The protein response in 
PSF fraction positively correlated with Al, Fe, Ni, Zn, 
and K, and negatively correlated with P, antioxidant 

and LPO indicators of S. epidermidis in PSF fraction 
had positive correlation with Al. The biofilm forma-
tion of E. coli had significant negative and positive 
correlations with Cu in water and Ca in PSF, respec-
tively. Except Fe in water and PSF, the biofilm forma-
tion of P. aeruginosa was significant negative linking 
with Cr in PSF, Ni in PSF, Ca in ALF and Gamble’s 
solution, K in Gamble’s solution, Mg in all bio-fluids, 
and Na in Gamble’s solution. The biofilm production 
of S. aureus had significant negative correlation with 
Cr and Ni in water and PSF, respectively. Moreover, a 
significant positive link was found between Zn and P 
levels in ALF and Gamble’s solution and biofilm for-
mation of S. aureus. In addition, significant negative 
correlations were found between the biofilm forma-
tion of S. epidermidis and Cr in water and PSF, Ni in 
PSF, Ca in ALF, Na in Gamble’s solution, and Mg in 
all bio-fluids.

4 � Conclusion

Taken together, these findings suggest that the bio-
fractions of household-dust have influenced the ele-
ment dissolution and culturable pathogen responses 
including activity, biofilm formation and oxidative 
stress indicators. The study also indicated that the 
concentrations of elements, the DI and HQ values in 
ALF fraction of household-dusts were higher com-
pared to other bio-fractions. It is important since 
ALF reflects the body immunological response when 
phagotosysis of inhaled dusts. On the other hand, the 
pathogen-based risk assessments (PR and CDpathogen) 
suggested that the PSF fraction of household-dusts 
had greater risk compared to other bio-fractions, as 
well as P. aeruginosa and S. epidermidis. The corre-
lation analysis also observed that pathogen responses 
were correlated with the elements. Therefore, solubil-
ity of the major elements and potentially toxic ele-
ments in different bio-fluids is important to under-
stand the impact of elements on pathogen responses 
and human health.

In conclusion, to more accurate modeling and the 
risk assessments of household dusts, both chemical 
and biological indicators can examine under bio-rel-
evant conditions.
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