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This study investigated the performance of 24 commercial disinfectants present on the market 
during last year according to the manufacturer’s instructions. Recently, national and international 
organizations of public health performed studies on disinfection products due to the increasing 
awareness of the potential and growing risks on human health, such as skin damage and reactions in 
the mucosal lining, especially for the healthcare workers in their frequent daily use. However, there 
are many limitations in the common cleaning/disinfection products on market as in the selection of 
effective disinfectants to decontaminate inanimate surfaces. We analyzed the disinfection power of 
hydrogen peroxide, quaternary ammonium compounds, alcohols, phenols and aldehydes used as 
active principles according to international guidelines. The antimicrobial properties were assessed by 
broth microdilution, and antibiofilm properties against Escherichia coli (E. coli) and Staphylococcus 
aureus (S. aureus); their virucidal efficacy was tested against Herpes simplex virus type 1 (HSV-1) 
and Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The quaternary ammonium 
compounds demonstrated better efficacy than others and in some cases ready to use products had 
also virucidal and antimicrobial activities after dilution at 0.125%. The scientific evidence indicates 
that many commercial products are used at high concentrations and high doses and this could have 
deleterious effects both on human health and the environment. A lower concentration of active 
ingredients would avoid the excessive release of chemicals into the environment and improve skin 
tolerance, ensuring the health and safety protection of workers, including the healthcare operators at 
their workplace.

In the last year, the Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) increased the use of vari-
ous disinfectants to control the spread of the virus. The World Health Organization (WHO) and Italian Health 
Institute (Istituto Superiore di Sanità) released many guidelines for disinfectant utilization against the virus, 
practical tips for cleaning private and public environments (such as schools, offices, healthcare structures, etc.) 
and protocols to avoid the spread of infection in particular environments. In order to contain the health emer-
gency, guidelines were developed according to hand hygiene, effective disinfection of surfaces and environments 
for operators, workers and the public. However in many processes additional factors are not taken into accounts 
such as the characteristics and properties of disinfectants, contact time on the surface, chemical-physical char-
acteristics of surfaces, and possible interactions with disinfectants. One of the most important disadvantages 
of using a high quantity of disinfectants is the operator sensitisation and related health problems, such as skin 
irritation and/or dermatitis1–3. Irritant contact dermatitis (ICD) is the most common form of occupational skin 
disease among hospital cleaning workers and it has been reported that mixtures made of detergents/alcohol-based 
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disinfectants cause lower skin irritations than detergent alone4; moreover combination of propanols (2-pro-
panol 45% w/w and 1-propanol 30% w/w) showed better skin compatibility compared with the hand rub itself, 
thanks to the skin hydration function of glycerin5 and this, in turn, enhances the compliance of correct hand 
disinfection in healthcare workers6. The lack of necessary training programs for the public, private and workers 
could raise adverse effects of disinfectants on human health. Homecare people or public cleaning staff, includ-
ing healthcare workers, very often underestimate their exposure or may lack knowledge regarding the potential 
harmful disinfectants active compounds, therefore national surveillance of health outcomes related to cleaning 
and disinfection products should be considered. Moreover, cleaning procedures have been recognized as an 
occupational risk factor for asthma among healthcare workers, because of their sensitizing or irritant properties, 
including quaternary ammonium compounds, ethanolamines, chlorhexidine, glutaraldehyde, phenols, peroxy 
and chloro products7–10.

For this reason, it is necessary to provide deep information on the product types available on market, their 
efficacy on potentially infected surfaces, and information on hazards, legislation and conditions for correct use.

Disinfectants, such as alcohols, aldehydes, hydrogen peroxide, phenols, and quaternary ammonium com-
pounds were recommended by authorities to be used alone or in combinations for disinfection of all surfaces 
for public health; but it is necessary to evaluate all the negative and positive aspects of specific use, possible 
production of toxic byproducts, their environmental and human health impacts11,12. During last year, detergents, 
disinfectants and antibiotics were overused for the coronavirus disease control and treatment, and their concen-
tration and dose definitely increase in environments. The ECDC (European Centre of Disease Prevention and 
Control) suggested the use of sodium hypochlorite solution 0.1% w/w on hard surfaces and always after cleaning 
with water/detergent solution, while in many cases workers and people used an higher concentration of active 
substances. The high concentration of sodium hypochlorite could increase the concentration of halogenated 
byproducts in the environment with toxic effects. Disinfectants and their by-products were frequently detected 
in surface waters, groundwaters, soils, sediments and wetlands therefore the environmental impacts become a 
worldwide concern13,14.

In a study on two coronaviruses, a comparison of different disinfectant agents showed that ethanol solution at 
70% was more effective on the two coronaviruses (mouse hepatitis virus and transmissible gastroenteritis virus) 
after one minute of contact on hard surfaces than sodium hypochlorite solution at 0.06% v/v13.

Human viruses such as SARS coronavirus were destroyed by disinfectants such as sodium hypochlorite 
solution at 0.1% or ethanol solutions at 71% or hydrogen peroxide after one minute of exposure14. However, the 
logarithmic reduction obtained with ethanol under experimental conditions is not always in line with Euro-
pean standards (EN standards), which require a logarithmic reduction > 4. Other biocides solutions, such as 
benzalkonium chloride solution between 0.05 and 0.2% or chlorhexidine digluconate solution at 0.02%, were 
less effective. In practice, label instructions are not always followed and disinfectant products are overused for 
Sars-Cov-2 virus control since the effective active substances are not yet specifically tested against this virus15–17.

The aim of this study is a brief analysis of commercial "disinfection" products, starting with the kinds of 
products available on the market, on their efficacy according to the conditions for correct use reported under 
label described and off-label condition to estimate the minimal albeit sufficient concentration to use in decon-
tamination process and avoid overuse of active substances. Disinfectants that are inappropriately used result in 
both minor and dangerous life-threatening side effects such as skin irritation and damage; they will eventually 
be emitted in environments, either directly or indirectly, and could be considered important pollutants in the 
next future.

Methods
Materials.  All formulations of disinfectants were purchased from commercial suppliers. For each disin-
fectant, the product composition and the authorised use concentration expressed as product dilution (%) and 
equivalent active ingredients (mg/L), are shown in Table 1.

Bacteria/viral strains and cell culture conditions.  The bacterial strains used to assess the antibacterial 
activity and the biofilm degradation were E. coli and S. aureus, as representative of Gram-negative and Gram-
positive, respectively. All strains were purchased from the American Type Culture Collection (ATCC) (Manas-
sas, USA).In detail, for the antibacterial assays E. coli ATCC 11229 and S. aureus ATCC 6538 were used; for the 
biofilm degradation assays E. coli ATCC 25992 and S. aureus 25923 were chosen as biofilm producers, while S. 
aureus ATCC 6538 and E. coli ATCC 11229 as non-biofilm producers. HSV-1 (strain SC16) and SARS-CoV-2 
(strain VR PV10734, kindly donated by the Lazzaro Spallanzani Hospital of Rome, Italy) were propagated on 
Vero cell line (ATCC CCL81). Eagle’s Minimum Essential Medium (EMEM) supplemented with 2 mM L-Glu-
tamine, 100 IU/mL penicillin-streptomycin solution, and 10% Fetal Bovine Serum (FBS) were used for the cell 
growth.

Determination of minimum inhibitory concentration (MIC).  The antimicrobial activity was con-
ducted following the broth microdilution method, following the guidelines of the National Committee on Clini-
cal Laboratory Standards (NCCLS). In detail, E. coli and S. aureus were plated on Brain Heart Infusion (BHI) 
agar plates (Sigma-Aldrich, Missouri, USA) and incubated at 37 °C overnight (O. N.). A fresh colony of both 
bacteria was inoculated in BHI-broth (Sigma-Aldrich, Missouri, USA) and incubated at 37 °C under vigorous 
orbital shaking (180 rpm) for 20 h. The following day, 300 µL of bacterial suspension was inoculated in fresh 
BHI-broth and incubated at 37 °C at 180 rpm until mid log-phase growth (6 × 108 colony-forming units (CFU/
mL). Three serial dilutions were performed to obtain a final bacterial concentration of 1 × 106 CFU/mL. Fifty 
microliters of bacterial inoculum were added to each well of a sterile 96-well plate. Meanwhile, the 24 com-
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pounds were subjected to serial dilutions in phosphate buffered saline 1X (PBS 1X Sigma-Aldrich, Missouri, 
USA) and 50 µL of each dilution was added to the wells. Ampicillin (10 µg/mL) and vancomycin (5 µg/mL) were 
used as positive controls for E. coli and S. aureus, respectively. The plates were incubated at 37 °C at 180 rpm for 
20 h. Bacterial growth was monitored using a TECAN microplate reader (SunriseTM, Männedorf, Switzerland), 
at an optical density (OD) of 600 nm18,19.

Biofilm degradation assay.  E. coli ATCC 25,992 and S. aureus 25,923 were grown overnight in LB broth 
supplemented with 1% glucose and incubated at 37 °C. The overnight culture of S. aureus and E. coli was diluted 
at 0,2 OD 600 nm LB supplemented with 1% of glucose. An aliquot of 100 µl of bacterial suspension was seeded 
in a 96-well plate and incubated under static conditions at 37° O/N to form the mature biofilm. To determine the 
effect of 24 compounds on mature biofilm, the non-adherent cells were removed with 2 washes of PBS 1x, and 
100 µl of each substance at different concentrations were added. The 96-well plates were incubated at 37 °C O/N 
to allow substances to act on biofilm degradation. Ampicillin and vancomycin were used as positive controls 
for E. coli and S. aureus, respectively. Biofilm degradation was evaluated by 0.1% of crystal violet staining. The 
supernatant was removed to eliminate the cells in suspension, and the wells were gently washed twice with PBS 
1x. The biomass biofilm was stained with 100 µl of crystal violet and the plate was incubated at room temperature 
(RT) for 40 min16. After incubation, the crystal violet was solubilized with 100 µl of ethanol. The plate was read 
at a wavelength of 570 nm and the percentage of biofilm degradation was calculated with the following formula.

%Biofilm degradation = 1− (OD570 of the test sample/OD570 of negative control)× 100.

Table 1.   Concentrations of active ingredients in the 24 disinfectants tested at the official use concentration.

Disinfectant Class of disinfectant Product composition for 100 g Official use concentration (%)
Active ingredients concentrations at use 
concentration (g L−1)

1 Alcohol Ethanol 70 g Ready to use 700

2 Quaternary ammonium Limonene 0,002 g
benzalkonium chloride 0,5 g Ready to use Limonene 0.02 g

benzalkonium chloride 5 g

3 Quaternary ammonium Benzalkonium chloride 1,0 g Ready to use 10,0

4 Alcohol Propan-2-olo 6 g 1% 0,6

5 Alcohol Ethanol 20 g
Propan2-olo 8 g Ready to use 200

80

6 Quaternary ammonium Didecyl-dimethyl ammonium chloride 0,125 g Ready to use 1,25

7 Phenols
Ethanol 60 g
Propan-2-olo 3 g
Biphenyl-2-olo 1 g

Ready to use
600
3
1

8 Quaternary ammonium Didecyl-dimethyl ammonium chloride 6 g, 
2-aminoethanol2 g 1% 0,6

0,2

9 Quaternary ammonium Didecyl-dimethyl ammonium chloride 0,07 g Ready to use Didecyl-dimethyl ammonium chloride 0,7

10 Quaternary ammonium
Phenols

Benzalkonium chloride 0,08 g
2-biphenylol 0,03 g Ready to use Benzalkonium chloride 0,8

2-biphenylol 0,3

11 Quaternary ammonium Didecyl-dimethyl ammonium chloride 0,05 g Ready to use Didecyl-dimethyl ammonium chloride 0,5

12 Quaternary ammonium Didecyl-dimethyl ammonium chloride 0,27 g Ready to use 2,7

13 Quaternary ammonium Didecyl-dimethyl ammonium chloride 7 g 1% 0,7

14 Alcohol
Aldehyde

2-propanol 45 g
Limonene 2 g
cinnamaldehyde 10 g

Ready to use
2-propanol 450
Limonene 20
cinnamaldehyde 100

15 Quaternary ammonium Benzalkonium chloride 1 g
Didecyl-dimethyl ammonium chloride 8 g 3% Benzalkonium chloride 0,3

Didecyl-dimethyl ammonium chloride 2,4

16 Quaternary ammonium Benzalkonium chloride 10 g 2% 2

17 Quaternary ammonium Benzalkonium chloride 0,05 g
Didecyl-dimethyl ammonium chloride 0,08 g Ready to use Benzalkonium chloride 0,5

Didecyl-dimethyl ammonium chloride 0,8

18 Quaternary ammonium Benzalkonium chloride 5 g 10% 5

19 Alcohol
Quaternary ammonium

Ethanol 9 g
Didecyl-dimethyl ammonium chloride 0,15 g Ready to use Ethanol 90

Didecyl-dimethyl ammonium chloride 1,5

20 Oxidizing agents Hydrogen peroxide 8,2 g 20% 1,64

21 Quaternary ammonium
Alcohol

Benzalkonium chloride 3 g
Propan2-olo 1 g 25% Benzalkonium chloride 7,5

Propan2-olo 2,5

22 Quaternary ammonium
Alcohol

Benzalkonium chloride 0,75 g
Propan2-olo 0,25 g Ready to use Benzalkonium chloride 7,5

Propan2-olo 2,5

23 Alcohol Ethanol 84 g Ready to use 840

24 Quaternary ammonium Benzalkonium chloride 5 g
Didecyl-dimethyl ammonium chloride 1 g Ready to use Benzalkonium chloride 50

Didecyl-dimethyl ammonium chloride 10
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Plaque assay.  The potential antiviral effect of 24 commercial disinfectants was assessed with the plaque 
assay method against HSV-1 and SARS-CoV-2. A drop (5 µL) of different concentrations of each disinfectant 
(as shown in the graph) was allowed to evaporate together with 5 µL virus (1 × 107 PFU) on a sterile plastic 
surface. After 1 hour, the evaporated mixture was collected, diluted to infect a Vero cells monolayer at 0.01 MOI/
cell and incubated for 1 h to provide the viral entry. After the adsorption time, the monolayer was washed with 
PBS 1X, overlaid with EMEM supplemented with 3% carboxymethylcellulose and incubated for 48 h at 37 °C. At 
the end, the cells were fixed with 4% formaldehyde and stained with 0.5% crystal-violet. The experiments were 
performed in triplicate. Cells infected with the untreated virus were used as a negative control. The percentage 
of viral inhibition was estimated by counting the number of plaques obtained compared to the negative control. 
The concentrations of disinfectants that inhibited the plaque formation by 90% (IC90) were determined.

Data analysis.  All the experiments were performed in independent triplicate and results were expressed as 
mean ± standard deviation. Statistical analysis was performed by using ANOVA: P-value, R-square and F value 
were calculated to determine the significance of the results. Statistical analyses were performed with GraphPad 
Prism 7.0 (GraphPad Software, Inc., San Diego, CA). The results were considered significant at P-value < 0.05 
and R-square > 0.8. The datasets used and/or analysed during the current study are available from the corre-
sponding author on reasonable request.

Results
Disinfectant antibacterial activity.  The antibacterial activity of 24 currently commercially available 
compounds was tested against E. coli and S. aureus (Table 2). A similar trend was detected for D 3–5-6–7-9–15-
16–17 with a MIC-value of 0.02, 1.25, 0.002, 20, 0.001, 0.01, 0.004, 0.002, g/L, respectively, against both bacterial 
species. For D 2–19–20 the inhibition growth up to 0.005 and 0.01 g/L was recorded, against S. aureus and E. 
coli, respectively. Versus E. coli, D 18–21–22 showed activity up to 0.03 g/L, while against S. aureus, D18 and 21 
recorded a MIC-value of 0.06 g/L and D22 inhibited up to 0.01 g/L. Greater effectiveness was verified in D 8 and 
13 towards E. coli compared to S. aureus, inhibiting the bacterial growth up to 0.01 and 0.02 g/L, respectively. 
Otherwise, D 4–10–12–14 were more effective against Gram-positive bacteria, recording a MIC-value of 0.05, 
0.002, 1 and 0.39 g/L against S. aureus in contrast to MIC-value of 0.1, 0.005, 1.25 and 0.78 g/L against E. coli. 
A similar Gram-negative inhibition was shown for D 11 and 24, with inhibition up to 0.2 g/L against E. coli, 
while 0.05 and 0.1 g/L for S. aureus. Finally, D1 and D23 represented compounds with lower antibacterial power, 
recording inhibition efficacy up to 75 and 12.5 g/L against E. coli and up to 10 and 3.12 g/L versus S. aureus. The 

Table 2.   Antibacterial activity of 24 disinfectants against E. coli ATCC 11,229 and S. aureus ATCC 6538.

Disinfectant

MIC value (g/L)

E. coli S. aureus

1 75 10

2 0.01 0.005

3 0.02 0.02

4 0.1 0.05

5 1.25 1.25

6 0.002 0.002

7 20 20

8 0.01 0.02

9 0.001 0.001

10 0.005 0.002

11 0.2 0.05

12 1.25 1

13 0.01 0.02

14 0.78 0.39

15 0.01 0.01

16 0.004 0.004

17 0.002 0.002

18 0.03 0.06

19 0.01 0.005

20 0.01 0.005

21 0.03 0.06

22 0.03 0.01

23 12.5 3.12

24 0.2 0.1
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dose–response curve associated with D1–D24 activity against E. coli and S. aureus were shown in Supplementary 
Figs. 1 and 2, respectively.

Disinfectant biofilm degradation.  The 24 disinfectants were evaluated for the ability to degrade the 
preformed biofilm of S. aureus and E. coli through the crystal violet staining. 40% of biofilm degradation was set 
as cut off, below this value the action was considered irrelevant (not detected). Particularly, for biofilm of E. coli 
only compounds D 1,2,4,11,13,14,16,18,20,21,23,24—at the minimum concentrations (g/L) reported in Table 3, 
showed 40% biofilm degradation. On the other hand, for the biofilm produced by S. aureus, disinfectants had a 
different action. In detail, only compounds D 6,8,9,12,13,14,17,18,19,20,21,23 have recorded a 40% degradation 
of the biofilm (Supplementary Materials, Fig. 3–4).

Disinfectant antiviral activity.  The antiviral activity of 24 disinfectants was explored against DNA and 
RNA enveloped viruses (HSV-1 and SARS CoV-2, respectively). We tried to mimic a real condition in which 
a surface disinfectant could be used. In detail, we tested the virucidal activity of the disinfectants on a con-
taminated surface. Then, to quantify the antiviral power of each compound avoiding its normal cytotoxicity, 
we infected a cell monolayer, as described in “Biofilm degradation assay”, as soon as the mixture of virus and 
compounds evaporated.. Basically, the virus was left to interact on a plastic surface with a single drop of each 
compound at the concentrations reported in Table 4 Then, the mixture was left to evaporate for 1 h. Subse-
quently, each mixture was diluted to infect the cell monolayer at 0.01 MOI, which was incubated for the time 
of virus adsorption (1 h for HSV-1 and 2 h for SARS-CoV-2). As shown in Supplementary Materials Fig. 5, 
the compounds, D 1–2–8–12–13–14–15–16–18–20–21–22–24 were not active against both viruses, while the 
other disinfectants showed remarkable dose-dependent inhibition of the viral replication. Data showed that 
most compounds exhibited similar inhibitory activity against HSV-1 and SARS-CoV-2 at the same concentra-
tions. In detail, setting IC90 as the treshold line, D3–5–6–9–10–11–17–19–23 exhibited inhibitory activity with 
IC90 at 0.025, 12.5, 0.078, 0.043, 0.008, 0.037, 0.008, 0.093, and 210 g/L, respectively. Only two of 24 disinfectants 
(D4 and D7) showed a different efficacy of inhibition against DNA and RNA viruses. Indeed, D4 interfered with 
HSV-1 infection with 90% inhibition at 0.075 g/L, and SARS-CoV-2 at 0.037 g/L; while D7 showed better inhibi-
tory activity against SARS-CoV-2 with IC90 at 0.375 g/L compared to HSV-1 with IC90 at 3 g/L.

Table 3.   Biofilm degradation activity of 24 disinfectants against E. coli and S. aureus.

Disinfectant

Threshold line 
(40% of biofilm 
degradation) g/L

E. coli S. aureus

1 350 ND

2 5 ND

3 ND ND

4 0.15 ND

5 ND ND

6 ND 0.62

7 ND ND

8 ND 0.15

9 ND 0.7

10 ND ND

11 0.01 ND

12 ND 0.1

13 0.7 0.006

14 28.1 28.1

15 ND ND

16 0.12 ND

17 ND 0.2

18 1.2 2.5

19 ND 22.5

20 0.4 0.2

21 0.9 7.5

22 ND ND

23 840 105

24 12.5 ND
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Discussion
Since last year, due to the pandemic of coronavirus disease, the use of disinfectants to prevent microbial infec-
tions is rapidly increasing worldwide20–26. Numerous studies analyzed the role of safe for humans chemical agents 
with high bactericidal and virucidal potential27–31. However, currently there is still very little knowledge about 
the specific disinfectant agents for this new virus with a biosafety level-3 (BSL-3). For this reason, international 
organizations recommended active agents tested against the other non potentially dangerous coronaviruses. 
However, it’s known that even viruses within the same family could respond differently to a given disinfectant 
and scientific results disagree about which disinfectants would be more efficaceous against SARS-CoV-2. In 
our study, we analysed the efficacy of some commercial products available on market to sanitize surfaces and 
to understand the real efficaceous concentration in use both for antibacterial and virucidal capacity. Quater-
nary ammonium compounds (QACs) based disinfectants play an important role in veterinary medicine and 
the control of animal diseases32–34. QACs are cationic surface active detergents widely used for the control of 
microorganisms in clinical and industrial environments. QACs are commonly used as antimicrobial pesticides, 
even if their biocidal properties were under the spotlight in recent years highlighting also the disadvantages35,36. 
The QACs disadvantages were associated with the presence of long alkyl chains that can induce fatal damage 
to a wide variety of organisms; they can bind to negatively charged lipid bilayers and lead to dissociation of the 
cell membrane components and leakage of intracellular components, resulting in cell death37,38. In particular, 
databases for Didecyl dimethyl ammonium chloride (DDAC) and alkyl (C12, C14, C16) dimethyl benzyl ammo-
nium chloride (C12–C16 ADBAC) are complete to support the registered uses of these pesticides. DDAC and 
C12–C16 ADBAC are permanently charged cationic compounds, and available studies indicate that both DDAC 
and C12–C16 ADBAC are poorly absorbed via the oral and dermal exposure routes, and are primarily eliminated 
in feces. ECHA39 and EPA40 concluded that oral and dermal absorption of DDAC and C12–C16 ADBAC does 
not exceed 10%. Low dermal and oral absorption of DDAC and C12–C16 ADBAC is consistent with the lack of 
systemic toxicity observed across available repeated doses from oral and dermal toxicology studies conducted 
with beagles, mice, and rats. Toxicological findings from acute, subchronic, and chronic oral toxicity studies are 
consistently characterized by local stomach irritation, reduced food consumption, reduced body weight, and 
reduced weight gain. Misuse of these preparations may be deleterious to human health and when these chemicals 
are released through evaporation, they will have toxic and hazardous effects on the environment41–43. The most 
common disinfectant products on the market were formulated with these compounds and the formulations that 
we have examined showed antibacterial activity against E. coli and S. aureus. Formulations indicated in Table 1 
as D6, D9, D11, D12 contain DDAC and the manufacturer reported on the label a description such as “ready to 
use product”, without preliminary dilution. However, our data demonstrated the in vitro efficacy of these agents 

Table 4.   Antiviral activity of 24 disinfectants against HSV-1 and SARS-CoV-2.

Disinfectant

IC90 (g/L)

HSV-1 SARS-CoV-2

1 / /

2 / /

3 0.025 0.025

4 0.075 0.037

5 12.5 12.5

6 0.078 0.078

7 3 0.375

8 / /

9 0.043 0.043

10 0.008 0.008

11 0.037 0.037

12 / /

13 / /

14 / /

15 / /

16 / /

17 0.008 0.008

18 / /

19 0.093 0.093

20 / /

21 / /

22 / /

23 210 210

24 / /
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at very low concentrations, against Gram-positive and Gram-negative bacteria. In detail, the efficiency range was 
0.001–0.0005 g/L against S. aureus and 0.0005 g/L against E. coli, respectively for D6 and D9. Whereas similar 
labeled products D11 and D12 exhibited a lower activity at the same concentration. The different activity was 
probably attributed to the different formulation compositions and the stability condition of disinfectant products. 
Therefore, our studies were focused on the comparison between commercial disinfectant formulations in real use. 
Regarding the results obtained through the broth microdilution method, DDAC showed a similar trend com-
pared to mixtures of benzalkonium chloride and DDAC, albeit with slightly greater efficacy. On the other hand, 
reported virucidal results showed a similar trend such as all solutions could be considered toxic against viruses 
to commercial concentration and “ready to use” solution, like D3 and D7, was very toxic against SARS-CoV-2 
also at a concentration of 0,125 %. Alcohol based formulations were considered the best solutions for the surface 
disinfection process, even if in our investigation we obtained different results. In detail, for D1 formulation, 
ethanol more than 70%, recorded a MIC value lower than QACs compounds and an inhibition growth against 
S. aureus at 5 g/L and 45 g/L against E. coli; while isopropyl alcohol (D4) showed a bacterial growth inhibition up 
to 0.05 and 0.02 mg/L for S. aureus and E. coli, respectively. For the mixture of both alcohols, a MIC value greater 
than the individual component was detected, confirming the improved antibacterial efficacy of isopropyl alcohol. 
In literature the optimum bactericidal concentration of alcohol solution reported is from 60 to 90%, although 
some studies showed that at a concentration beyond 70% the cell wall is sealed up preventing further entry of 
alcohol. For this reason, international organizations recommended formulations at 70% alcohol44,45. Many studies 
investigated the best type of alcohol and concentration for the disinfection of stethoscopes46–49. Stethoscopes are 
potential vectors for health care associated infections (HAI) and pose a potential risk in health care settings50. 
The virucidal effects of alcohol were associated with their ability to disintegrate RNA, interfering with membrane 
integrity, and denaturation of viral proteins. Alcohols are amphoteric compounds and these properties promote 
the disintegration of the tertiary structure of proteins, causing the breakdown of the intramolecular hydrogen 
bonds within the structure. Chojnacki et al. 2021 evaluated the performance of 46 commercially hand sanitizers 
available on market for antibacterial activity toward prototypical Gram-positive (Staphylococcus aureus) and 
Gram-negative (Escherichia coli) bacterial pathogens. Phenols and mixtures with alcohol disinfectants played an 
important role in hospital disinfectants thanks to their antimicrobial and virucidal efficacy51. Results confirmed 
the efficacy of phenol derivatives at a concentration of 0.5 to 5 g/L in a few minutes, as reported for HIV, through 
denaturing proteins and membrane disruption, which leads to leakage of components.

Conclusions
The experimental data highlighted the antimicrobial and virucidal activity of all commercial products evaluated 
on Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) and DNA and RNA viruses, such as HSV-1, 
and SARS-CoV-2. Additionally, our results demonstrated a better efficiency of QACs than others after dilution 
at 0,125%. The scientific evidence suggests an overuses of many commercial products inducing possible health 
effects, such as skin damage to the healthcare workers in their frequent daily use, and growing of environmental 
contamination. As noted, some disinfectant products appeared effective toward one or both organisms, whereas 
the antibacterial effects of other sanitizers seemed to wane. Further, there may be minor, yet appreciable, differ-
ences in the efficacy of QACs and alcohol-based formulations. Thus, it may be wise to implement formal require-
ments for efficacy data as a requisite for the continued production of disinfectants that have been introduced to 
the market under emergency COVID-19 authorization. Results of these studies indicate that antibacterial testing 
should probably be conducted and performed at lower concentrations to avoid excessive release of chemicals 
into the environment that can cause serious damage: e.g. modification of the environmental microbiota, poten-
tial threat to living beings and ecosystems, pollution of water and groundwater. Moreover, it will improve skin 
tolerance and consequently reduce occupational skin diseases such as irritant contact dermatitis and skin irrita-
tion processes, ensuring the health and safety protection of the operators at their workplace. These outcomes 
play a significant role in terms of user compliance with disinfection procedures, especially during the current 
COVID-19 pandemic. Similarly, it may be important to evaluate the effectiveness of sanitizers toward multiple 
strains of viruses.

Received: 15 October 2021; Accepted: 25 March 2022

References
	 1.	 Slotosch, C. M., Kampf, G. & Löffler, H. Effects of disinfectants and detergents on skin irritation. Contact Dermatitis 57, 235–241. 

https://​doi.​org/​10.​1111/j.​1600-​0536.​2007.​01200.x- (2007).
	 2.	 Tasar, R., Wiegand, C. & Elsner, P. How irritant are n-propanol and isopropanol?—A systematic review. Contact Dermatitis 84, 

1–14. https://​doi.​org/​10.​1111/​cod.​13722-​(2021) (2021).
	 3.	 Bahareh, A.-N. Frequent handwashing amidst the COVID-19 outbreak: Prevention of hand irritant contact dermatitis and other 

considerations. Health Sci. Rep. 3, 2. https://​doi.​org/​10.​1002/​hsr2.​163 (2020).
	 4.	 Pedersen, L. K., Held, E., Johansen, J. D. & Agner, T. Short-term effects of alcohol-based disinfectant and detergent on skin irrita-

tion. Contact Dermatitis 52, 82–87 (2005).
	 5.	 Donald, S. & Appa, Y. Glycerine: A natural ingredient for moisturizing skin. In Dry Skin and Moisturizers, Chemistry and Function, 

Dermatology: Clinical and Basic Sciences Series (ed. LodenM, M. H.) 213–228 (CRC Press, 2000).
	 6.	 Brunetti, L. et al. Surveillance of nosocomial infections: A preliminary study on hand hygiene compliance of healthcare workers. 

J. Prev. Med. Hyg. 47(2), 64–68 (2006).
	 7.	 Rideout, K., Teschke, K., Dimich-Ward, H. & Kennedy, S. M. Considering risks to healthcare workers from glutaraldehyde alterna-

tives in high-level disinfection. J. Hosp. Infect. 59, 4–11. https://​doi.​org/​10.​1016/j.​jhin.​2004.​07.​003 (2005).

https://doi.org/10.1111/j.1600-0536.2007.01200.x-
https://doi.org/10.1111/cod.13722-(2021)
https://doi.org/10.1002/hsr2.163
https://doi.org/10.1016/j.jhin.2004.07.003


8

Vol:.(1234567890)

Scientific Reports |         (2022) 12:5468  | https://doi.org/10.1038/s41598-022-09575-1

www.nature.com/scientificreports/

	 8.	 Nettis, E., Colanardi, M. C., Soccio, A. L., Ferrannini, A. & Tursi, A. Occupational irritant and allergic contact dermatitis among 
healthcare workers. Contact Dermatitis 46, 101–107. https://​doi.​org/​10.​1034/j.​1600-​0536.​2002.​460208.x (2002).

	 9.	 Quinn, M. M. et al. Cleaning and disinfecting environmental surfaces in health care: Toward an integrated framework for infection 
and occupational illness prevention. Am. J. Infect. Control 43(5), 424–434. https://​doi.​org/​10.​1016/j.​ajic.​2015.​01.​029 (2015).

	10.	 Schlarbaum, J. P. & Hylwa, S. A. Allergic contact dermatitis to operating room scrubs and disinfectants. Dermatitis https://​doi.​
org/​10.​1097/​DER.​00000​00000​000525 (2019).

	11.	 European Centre for Disease Prevention and Control. Interim Guidance for Environmental Cleaning in Nonhealthcare Facilities 
Exposed to SARS-CoV-2 (ECDC, 2020).

	12.	 Lai, M. Y. Y., Cheng, P. K. C. & Lim, W. W. L. Survival of severe acute respiratory syndrome coronavirus. Clin. Infect. Dis. 41(7), 
e67–e71 (2005).

	13.	 Hulkower, R. L., Casanova, L. M., Rutala, W. A., Weber, D. J. & SobseyMDl.,. Inactivation of surrogate coronaviruses on hard 
surfaces by health care germicides. Am. J. Infect. Control. 39(5), 401–407 (2011).

	14.	 Kampf, G., Todt, D., Pfaender, S. & Steinmann, E. Persistence of coronaviruses on inanimate surfaces and their inactivation with 
biocidal agents. J. Hosp. Infect. 104(3), 246–251 (2020).

	15.	 Dindarloo, K. et al. Pattern of disinfectants use and their adverse effects on the consumers after COVID-19 outbreak. J. Environ. 
Health Sci. Eng. 18, 1301–1310. https://​doi.​org/​10.​1007/​s40201-​020-​00548-y (2020).

	16.	 Chen, Z. et al. High concentration and high dose of disinfectants and antibiotics used during the COVID-19 pandemic threaten 
human health. Environ. Sci. Eur. 33, 11. https://​doi.​org/​10.​1186/​s12302-​021-​00456-4 (2021).

	17.	 Hong, Y., Teska, P. J. & Oliver, H. F. Effects of contact time and concentration on bactericidal efficacy of 3 disinfectants on hard 
nonporous surfaces. Am. J. Inf. Control 11(45), 1284–1285. https://​doi.​org/​10.​1016/j.​ajic.​2017.​04.​015 (2017).

	18.	 Morone, M. V. et al. Pulsed laser ablation of magnetic nanoparticles as a novel antibacterial strategy against gram positive bacteria. 
Appl. Surf. Sci. Adv. https://​doi.​org/​10.​1016/j.​apsadv.​2022.​100213 (2022).

	19.	 Dell’Annunziata, F. et al. Outer membrane vesicles derived from klebsiella pneumoniae are a driving force for horizontal gene 
transfer. Int. J. Mol. Sci. 22, 8732. https://​doi.​org/​10.​3390/​ijms2​21687​32 (2022).

	20.	 Alhouri, A., Salloum, A., Harfouch, R. M. & Soumya, G. Possible side effects of using detergents during the Covid19 pandemic in 
Syria. Ann. Clin. Cases. 1(4), 1023 (2020).

	21.	 Pironti, C. et al. Characterization and authentication of commercial cleaning products formulated with biobased surfactants by 
stable carbon isotope ratio. Talanta 219, 121256. https://​doi.​org/​10.​1016/j.​talan​ta.​2020.​121256 (2020).

	22.	 Pironti, C. et al. Comparative analysis of peracetic acid (PAA) and permaleic acid (PMA) in disinfection processes. Sci. Total 
Environ. 797, 149206. https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​149206 (2021).

	23.	 Ogilvie, B. H. et al. Alcohol-free hand sanitizer and other quaternary ammonium disinfectants quickly and effectively inactivate 
SARS-CoV-2. J. Hosp. Infect. 108, 142–145. https://​doi.​org/​10.​1016/j.​jhin.​2020.​11.​023 (2021).

	24.	 Moccia, G. et al. Development and improvement of an effective method for air and surfaces disinfection with Ozone gas as a 
decontaminating agent. Medicina 56, 578. https://​doi.​org/​10.​3390/​medic​ina56​110578 (2020).

	25.	 Moccia, G. et al. A multidisciplinary approach for the decontamination of hospital settings. J. Infect. Public Health 13, 2038–2044. 
https://​doi.​org/​10.​1016/j.​jiph.​2020.​09.​020 (2020).

	26.	 Pironti, C. et al. The influence of microclimate conditions on ozone disinfection efficacy in working places. Environ. Sci. Pollut. 
Res. https://​doi.​org/​10.​1007/​s11356-​021-​15457-2 (2021).

	27.	 Motta, O., Pironti, C., Moccia, G. & De Caro, F. The misperception of the use of ozone in the sanitation processes. Environ. Sci. 
Pollut. Res. 28, 19537–19538. https://​doi.​org/​10.​1007/​s11356-​021-​12994-8 (2021).

	28.	 Dhama, K. et al. The role of disinfectants and sanitizers during COVID-19 pandemic: Advantages and deleterious effects on humans 
and the environment. Environ. Sci. Pollut. Res. Int. 28(26), 34211–34228. https://​doi.​org/​10.​1007/​s11356-​021-​14429-w (2021).

	29.	 Proto, A. et al. Bactericidal and fungicidal activity in the gas phase of sodium dichloroisocyanurate (NaDCC). Curr. Microbiol. 73, 
287–291. https://​doi.​org/​10.​1007/​s00284-​016-​1040-x (2016).

	30.	 McDonnell, G. & Russell, A. D. Antiseptics and disinfectants: activity, action, and resistance. Clin. Microbiol. Rev. 12(1), 147–179. 
https://​doi.​org/​10.​1128/​CMR.​12.1.​147 (1999).

	31.	 Pironti, C., Motta, O. & Proto, A. Development of a new vapour phase methodology for textiles disinfection. Clean. Eng. Technol. 
https://​doi.​org/​10.​1016/j.​clet.​2021.​100170 (2021).

	32.	 Bjorland, J. et al. Widespread distribution of disinfectant resistance genes among Staphylococci of bovine and caprine origin in 
Norway. J. Clin. Microbiol. 43(9), 4363–4368 (2005).

	33.	 Leclercq, L., Dewilde, A., Aubry, J.-M. & Nardello-Rataj, V. Supramolecular assistance between cyclodextrins and didecyldimeth-
ylammonium chloride against enveloped viruses: Toward eco-biocidal formulations. Int. J. Pharm. 512(1), 273–281. https://​doi.​
org/​10.​1016/j.​ijpha​rm.​2016.​08.​057 (2016).

	34.	 Ioannou, C. J., Hanlon, G. W. & Denyer, S. P. Action of disinfectant quaternary ammonium compounds against Staphylococcus 
aureus. Antimicrob. Agents Chemother. 51, 296–306. https://​doi.​org/​10.​1128/​AAC.​00375-​06 (2007).

	35.	 Luz, A., DeLeo, P., Pechacek, N. & Freemantle, M. Human health hazard assessment of quaternary ammonium compounds: Didecyl 
dimethyl ammonium chloride and alkyl (C12–C16) dimethyl benzyl ammonium chloride. Regul. Toxicol. Pharmacol. 16, 104717. 
https://​doi.​org/​10.​1016/j.​yrtph.​2020.​104717 (2020).

	36.	 Park, E.-J. et al. Formation of lamellar body-like structure may be an initiator of didecyldimethylammonium chloride-induced 
toxic response. Toxicol. Appl. Pharmacol. 404, 115182. https://​doi.​org/​10.​1016/j.​taap.​2020.​115182 (2020).

	37.	 Yoshimatsu, T. & Hiyama, K. Mechanism of the action of didecydimethylammonium chloride (DDAC) against Escherichia coli 
and morphological changes of the cells. Biocontrol Sci. 12, 93–99 (2007).

	38.	 Jansen, A. C. et al. The influence of didecyldimethylammonium chloride on the morphology and elemental composition of 
Staphylococcus aureus as determined by NanoSAM. Sci. Res. Essays 8, 152–160 (2013).

	39.	 ECHA. Assessment Report—Didecyldimethylammonium Chloride Product-type 8 (Wood Preservative). European Chemicals 
Agency. June 2015. ECHA, 2015b. Assessment Report—Alkyl (C12–16) Dimethylbenzyl Ammonium Chloride Product-type 8 
Wood Preservative European Agency (2015)

	40.	 EPA, 2006a. Reregistration Eligibility Decision (RED) for Aliphatic Alkyl Quaternaries.EPA739-R-06–008. U.S. Environmental 
Protection Agency, Washington, DC. EPA, 2006b. Reregistration Eligibility Decision (RED) for Alkyl Dimethyl Benzyl Ammonium 
Chloride (ADBAC). EPA739-R-06–009. U.S. Environmental ProtectionAgency.

	41.	 Slaughter, R. J., Mason, R. W., Beasley, D. M. G., Vale, J. A. & Schep, L. J. Isopropanol poisoning. Clin. Toxicol. 52(5), 470–478. 
https://​doi.​org/​10.​3109/​15563​650.​2014.​914527 (2014).

	42.	 Ghafoor, D., Khan, Z., Khan, A., Ualiyeva, D. & Zaman, N. Excessive use of disinfectants against COVID-19 posing a potential 
threat to living beings. Curr. Res. Toxicol. 2, 159–168. https://​doi.​org/​10.​1016/j.​crtox.​2021.​02.​008 (2021).

	43.	 Pironti, C. et al. Endocrine-disrupting compounds: An overview on their occurrence in the aquatic environment and human 
exposure. Water 13, 1347. https://​doi.​org/​10.​3390/​w1310​1347 (2021).

	44.	 Centers for Disease Control and Prevention. Guideline for disinfection and sterilization in healthcare facilities, 2008.; 2019.; Price 
PB. Ethyl alcohol as a germicide. Arch Surg. 38(3):528–542. Doi: https://​doi.​org/​10.​1001/​archs​urg.​1939.​01200​09013​5010 (1939)

	45.	 Mohammad, H. A. S. Chemical disinfectants of COVID-19: An overview. J. Water Health 18(5), 843–848. https://​doi.​org/​10.​2166/​
wh.​2020.​108 (2020).

https://doi.org/10.1034/j.1600-0536.2002.460208.x
https://doi.org/10.1016/j.ajic.2015.01.029
https://doi.org/10.1097/DER.0000000000000525
https://doi.org/10.1097/DER.0000000000000525
https://doi.org/10.1007/s40201-020-00548-y
https://doi.org/10.1186/s12302-021-00456-4
https://doi.org/10.1016/j.ajic.2017.04.015
https://doi.org/10.1016/j.apsadv.2022.100213
https://doi.org/10.3390/ijms22168732
https://doi.org/10.1016/j.talanta.2020.121256
https://doi.org/10.1016/j.scitotenv.2021.149206
https://doi.org/10.1016/j.jhin.2020.11.023
https://doi.org/10.3390/medicina56110578
https://doi.org/10.1016/j.jiph.2020.09.020
https://doi.org/10.1007/s11356-021-15457-2
https://doi.org/10.1007/s11356-021-12994-8
https://doi.org/10.1007/s11356-021-14429-w
https://doi.org/10.1007/s00284-016-1040-x
https://doi.org/10.1128/CMR.12.1.147
https://doi.org/10.1016/j.clet.2021.100170
https://doi.org/10.1016/j.ijpharm.2016.08.057
https://doi.org/10.1016/j.ijpharm.2016.08.057
https://doi.org/10.1128/AAC.00375-06
https://doi.org/10.1016/j.yrtph.2020.104717
https://doi.org/10.1016/j.taap.2020.115182
https://doi.org/10.3109/15563650.2014.914527
https://doi.org/10.1016/j.crtox.2021.02.008
https://doi.org/10.3390/w13101347
https://doi.org/10.1001/archsurg.1939.01200090135010
https://doi.org/10.2166/wh.2020.108
https://doi.org/10.2166/wh.2020.108


9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:5468  | https://doi.org/10.1038/s41598-022-09575-1

www.nature.com/scientificreports/

	46.	 Lecat, P., Cropp, E., McCord, G. & Haller, N. A. Ethanol-based cleanser versus isopropyl alcohol to decontaminate stethoscopes. 
Am. J. Infect. Control. 37(3), 241–243. https://​doi.​org/​10.​1016/j.​ajic.​2008.​08.​006 (2009).

	47.	 Bernard, L. et al. Bacterial contamination of hospital physicians’ stethoscopes. Infect. Control Hosp. Epidemiol. 20(9), 626–628. 
https://​doi.​org/​10.​1086/​501686 (1999).

	48.	 Raghubanshi, B. R. et al. Use of 90% ethanol to decontaminate stethoscopes in resource limited settings. Antimicrob. Resist. Infect. 
Control. 6(1), 68. https://​doi.​org/​10.​1186/​s13756-​017-​0224-x (2017).

	49.	 Gouda, S., Mattoo, J., Kotian, S., Kukanur, F. S. & Naveen, G. Comparison of effectiveness of 70%-isopropanol, 65%-ethanol and 
1%-chlorhexidine for stethoscope decontamination. J. Pure Appl. Microbiol. 14(3), 2053–2062. https://​doi.​org/​10.​22207/​JPAM.​
14.3.​46 (2020).

	50.	 Motta, O., Zarrella, I., Cucciniello, R., Capunzo, M. & De Caro, F. A new strategy to control the proliferation of microorganisms 
in solid hospital waste and the diffusion of nosocomial infections. Le Infezioni Med. 26(3), 210–215 (2018).

	51.	 Addie, D. D. et al. Disinfectant choices in veterinary practices, shelters and households: ABCD guidelines on safe and effective 
disinfection for feline environments. J. Feline Med. Res. 17, 594–605 (2015).

Author contributions
All authors contributed equally to this work. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​09575-1.

Correspondence and requests for materials should be addressed to O.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1016/j.ajic.2008.08.006
https://doi.org/10.1086/501686
https://doi.org/10.1186/s13756-017-0224-x
https://doi.org/10.22207/JPAM.14.3.46
https://doi.org/10.22207/JPAM.14.3.46
https://doi.org/10.1038/s41598-022-09575-1
https://doi.org/10.1038/s41598-022-09575-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Investigation of biocidal efficacy of commercial disinfectants used in public, private and workplaces during the pandemic event of SARS-CoV-2
	Methods
	Materials. 
	Bacteriaviral strains and cell culture conditions. 
	Determination of minimum inhibitory concentration (MIC). 
	Biofilm degradation assay. 
	Plaque assay. 
	Data analysis. 

	Results
	Disinfectant antibacterial activity. 
	Disinfectant biofilm degradation. 
	Disinfectant antiviral activity. 

	Discussion
	Conclusions
	References


