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a b s t r a c t 

Objectives: Hospital-associated infections with vancomycin-resistant Enterococcus faecium (VREfm) have 

increased dramatically in Denmark. A cornerstone in infection control is effective cleaning and disinfec- 

tion. This study investigated the survival and resuscitation/growth of clinical isolates of E. faecium exposed 

to the chlorine-releasing disinfectant, sodium dichloroisocyanurate plus detergent (NaDCC Plus). 

Methods: To assess biocide efficacy, we modified a method developed to characterise the dose-time- 

response of bacteria to antibiotics. E. faecium isolates (n = 59) were screened in 96-well plates containing 

50–1400 ppm free available chlorine. Bacteria were exposed for 10 min, after which the biocide was 

inactivated with a neutralizer. Cells were collected by centrifugation, new broth added, and after 20–

22 h, viability was recorded as growth/no growth. For a subset of strains the impact of shorter biocide 

exposure times were examined, as was the influence of longer incubation times. 

Results: E. faecium survived exposure to relatively high concentrations of NaDCC Plus, average 415 ppm 

of free available chlorine (SD ± 78 ppm), compared to recommended in-use concentration (10 0 0 ppm). 

“Outbreak” clones did not prove more tolerant to NaDCC Plus compared to other VREfm clones, hospital- 

associated vancomycin-susceptible E. faecium (VSEfm) or community-associated VSEfm. Shorter exposure 

time and extended incubation time in broth both significantly increased the concentration needed to 

eradicate E. faecium, with some isolates surviving higher concentrations than the recommended in-use 

concentration. 

Conclusion: Our results indicate that if an exposure time of 10 min is not achieved, the efficacy of the 

disinfectant will not be sufficient. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Vancomycin-resistant Enterococci (VRE) are found as the course 

f nosocomial infections both in Denmark and globally at an in- 
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reasing prevalence [1–5] . Across Europe, infections and deaths 

ssociated with VRE have nearly doubled in the period between 

007 and 2015, and the EU/EEA population-weighted mean per- 

entage of invasive blood infections with Enterococcus faecium be- 

ng vancomycin resistant was 17.3% in 2018, and it continues to 

ncrease [ 6 , 7 ]. Enterococci are present in the environment and eas- 

ly disseminate in health care settings, presumably through con- 

aminated inanimate surfaces, equipment or hands and is infec- 

ious through the oral-faecal route [ 8 , 9 ]. In humans, VRE can over-
ty for Antimicrobial Chemotherapy. This is an open access article under the CC 
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olonise the gut, promoting risk of transmission and/or invasive 

RE infections [10] . The majority of nosocomial VREs belong to the 

pecies Enterococcus faecium , which is an opportunistic pathogen 

hat can cause bloodstream (bacteraemia or sepsis), urinary tract, 

ntra-abdominal, surgical site or wound infections. Risk factors 

hat predispose patients to hospital-acquired vancomycin resis- 

ant E. faecium (VREfm) infections are hospitalisation for extended 

ime periods; treatment with antimicrobials including vancomycin; 

ost-surgical wounds; indwelling devices and immune compro- 

ised status [11] . Enterococci are generally resistant to a num- 

er of first-line antimicrobial agents, including cephalosporin, and 

hus antimicrobial therapy can be challenging, especially for VREs 

ue to limited treatment options [12] . Despite increased aware- 

ess, Danish hospitals experience difficulties in controlling VREfm, 

nd outbreaks occur regularly [13] . In Denmark, the percentage of 

nvasive bloodstream E. faecium isolates that are vancomycin re- 

istant increased from 0.5% in 2008 to 12% in 2018 [1] , and the

umber of non-invasive VREfm clinical isolates has increased con- 

iderably as well [14] . The glycopeptide/vancomycin resistance in 

. faecium is conferred by the van operon, which encodes one of 

everal possible ligases responsible for substituting the D-alanine- 

-alanine of the cell wall with, for example, D-alanine-D-lactate, 

eading to decreased susceptibility to vancomycin [15] . In Denmark, 

he plasmid encoded vanA is dominating and confers high-level re- 

istance, but vanB encoded by the bacterial chromosome is also 

ound [ 14 , 16 ]. Until 2017, sequence typing, comprising multilocus 

equence typing (ST) and core genome MLST typing (CT), showed 

he dominating VREfm was the ST203/CT859 covering 63% of the 

solates, whereas since 2018, ST1421/CT1134 has been the most 

requently isolated type, comprising 34% of the isolates [14] . The 

T1421/CT1134 strains are so-called vancomycin variable E. faecium 

VVEfm). VVEfm strains harbour the vanA gene complex, but with 

eletions or insertions that silence expression. However, with the 

elective pressure exerted by vancomycin, expression can be re- 

tored through, for example, excision of insertion sequences or by 

ncreased copy number, reverting initially vancomycin-susceptible 

VEfm to vancomycin resistance in vitro and/or in vivo [17–20] . In 

enmark, the recommended biocide for disinfection of VRE con- 

ains chlorine-releasing compounds either in suspension or in pre- 

mpregnated wipes. Currently, the biocide sodium dichloroisocya- 

urate plus detergent (NaDCC Plus) is widely used. The disinfection 

roperties lie primarily in the release of hypochlorous acid (HOCl) 

nd, to a lesser extent, in hypochlorite (ClO 

−), which are oxidiz- 

ng agents attacking the cell wall, proteins and DNA of microbes 

 21 , 22 ]. The amount of free available chlorine (FAC) describes the 

vailability of HOCl and ClO 

− and is a measure of the bactericidal 

ctivity, but it depends on pH. Acidic to neutral pH favours HOCl, 

hich is 40–80 times as effective as ClO 

−, which is formed at al-

aline pH, and reactions with organic matter, for example, influ- 

nce the equilibrium as well [21–24] . The literature on enterococ- 

al susceptibility to chlorine relates to the use of bleach/sodium 

ypochlorite (NaOCl) and includes testing of only a few E. faecium 

trains [25–27] . Thus, there is a need for examining susceptibility 

f a broader collection of E. faecium isolates towards FAC and par- 

icularly addressing the effect of NaDCC Plus, which has properties 

hat differ from NaOCl [ 22 , 23 ]. Susceptibility to antimicrobial com- 

ounds is determined by well-adapted and standardised methods 

f minimal inhibitory concentration (MIC) and minimal bacterici- 

al concentration (MBC); however, these methods are less appli- 

able to biocides used for surface disinfection, as exposure time is 

enerally much shorter [28] . Thus, we adapted a method by com- 

ining principles from the European Standard EN 13727 “Chemical 

isinfectants and antiseptics: Quantitative suspension test for the 

valuation of bactericidal activity in the medical area” [29] with 

 previously described high-throughput method for evaluation of 

ntimicrobial tolerance in bacteria in 96-well plates [30] . The 
282 
ethod provides a screening option taking into consideration con- 

act and regrowth times and concentrations relevant for biocides 

sed for surface disinfection. It simultaneously enables investiga- 

ions of dose-time-responses, while avoiding laborious kill-curves. 

y this approach, we have characterised the effect of NaDCC Plus 

n a collection of 58 Danish E. faecium strains. Our results sug- 

est that it may be difficult to eradicate E. faecium with NaDCC 

lus. 

. Material and methods 

.1. Bacterial strain and growth conditions 

In total, 58 Danish E. faecium isolates and one E. faecium 

ype strain ATCC 19434 were included, 40 hospital-associated iso- 

ates and 18 community-associated isolates (Supplementary table 

). The hospital-associated clinical isolates and screening samples 

ere obtained from patients in Danish hospitals (2015–2019) and 

ere chosen on the basis of genetic type, year of collection and 

rigin of sample (primarily urine). Outbreak strains designated 

ased on documented occurrence in outbreaks were compared to 

ess frequently isolated strains of both VREfm and VSEfm, with 

iverse MLST (ST) and core genome MLST (CT) types, but from 

he same time period. The collection consisted of: (a) 10 VREfm 

T203/CT859 or CT1051 or CT1507 (Outbreak VRE), (b) 5 VVEfm 

T1421/CT1134 (Outbreak VVE), (c) 10 VREfm with less frequently 

solated ST/CT types that were sequenced as part of a previous 

tudy [14] , (d) 15 hospital-associated VSE isolates of various ST/CT 

ypes collected from hospitalised patients. Five were from clini- 

al samples and 10 were from rectal swabs taken as part of a 

urveillance program and isolated using a selective media contain- 

ng cefoxitin 3.5 mg/L and aztreonam 20 mg/L. The 18 community- 

ssociated isolates were chosen to represent genetic backgrounds, 

hich were not associated with clinical hospital VREfm. Animal 

solates were included as they are likely to have an accessory 

enome distinct from hospital-associated E. faecium [31] . Further- 

ore, the animal isolates would likely have had less exposure to 

hlorine-releasing agents. Thus the groups consisted of: (e) VSEfm 

solates (n = 13) obtained from 2007 to 2016 from animals, pri- 

arily dogs. Seven were clinical isolates and six were faecal sam- 

les from healthy dogs [ 32 , 33 ]. The animal isolates were from the

epartment of Veterinary and Animal Sciences at University of 

openhagen. (f) VSEfm human isolates identified in clinical sam- 

les from non-hospitalised ( ≤30 days) patients in 2013 (n = 5), sus- 

eptible to ampicillin and vancomycin with ≥50 0 0 SNPs differ- 

nces to clinical VREfm. Included in this group was E. faecium type 

train ATCC 19434. All isolates were stored in 15% glycerol at –80 °C 

nd before the screening process incubated on brain and heart in- 

usion (BHI) agar (Oxoid) including 5% calf blood at 37 °C overnight 

ON). 

.2. Biocide susceptibility testing 

.2.1. Chemicals, biocide and neutralizer 

Hard water (HW) was prepared as described previously 

29] and consisted of distilled water with final concentrations of 

.2 mM MgCl 2 (Sigma-Aldrich), 2.5 mM CaCl 2 (Merck), and 3.3 mM 

aHCO 3 (Merck) and pH adjusted to 7.0 ± 0.2. A NaDCC Plus 1.7 

 tablet (ActiChlor TM Plus, Ecolab, Denmark) containing 1 g free 

vailable chlorine (FAC) was diluted in 100 mL hard water and 

terile filtered (0.45 μm Sartorius Minisart, Fisher Scientific). The 

ctiChlor tablet is combined with adipinsyre, which ensures a pH 

ange of 5.5–6.5 at the in-use concentration (10 0 0 ppm) [ 23 , 34 ].

aDCC Plus will for the rest of the text be expressed as concentra- 

ion of free available chlorine (FAC) Plus (plus detergent) in parts 

er million (ppm). In a flat-bottomed 96-well plate (cell culture 
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late, TPP), the FAC Plus was further diluted in hard water to get 

nal concentrations from 50 ppm to 10 0 0 ppm (0.005%–0.1%) for 

he screening with 10 min exposure time and from 200 ppm to 

400 ppm for the subset of isolates tested at other exposure times, 

ith 80 μL HW including biocide/well. Neutralizer was prepared 

s described previously [ 29 , 35 ]. In brief, the neutralizer contained 

.25 M KH 2 PO 4 (Sigma-Aldrich) buffer (pH 7.2 ± 0.2) mixed with 

0 mM Na 2 S 2 O 3 (Merck), 12.5 mM soybean lecithin (Carl Roth 

mbH) and 15% Tween 80 (Sigma-Aldrich). This ‘ready-to-use neu- 

ralizer’ was sterile filtered (0.45 μm Sartorius Minisart, Fisher Sci- 

ntific) and was a 2-fold concentrate. 

.2.2. Inoculum preparation 

ON cultures were diluted with cold BHI broth to optical density 

OD600nm) 0.08. The inoculum/well was approximately 1.5 × 10 5 

1.1 – 1.9 × 10 5 ) when 20 μL bacterial suspension was added 

o 80 μL hard water including biocide. To maintain viability and 

etabolic state, the inoculum was stored on ice until the exposure 

o the biocide, as described previously [36] . 

.2.3. Susceptibility screening method and dose-time-response 

ethod 

To investigate biocide susceptibility, we developed a screen- 

ng assay by combining principles from the European Standard EN 

3727 “Chemical Disinfectants and Antiseptics: Quantitative Sus- 

ension Test for the Evaluation of Bactericidal Activity in the Medi- 

al Area” [29] with a previously described high-throughput method 

or evaluation of antimicrobial tolerance in bacteria in 96-well 

lates [30] . To each well inoculum was added one row at a time at

et time intervals. Exposure time was 10 min, 5 min or 3 min ( ± 3

). The biocide was neutralized with 100 μL "read-to-use neutral- 

zer" per well, and the plate was covered with Parafilm M (Fisher 

cientific) and spun down at 1760 g for 5 min at 22 °C. Super-

atants were removed and the bacterial pellets were resuspended 

n 200 μL phosphate-buffered saline per well. New Parafilm M was 

pplied, and centrifugation repeated. Supernatants were carefully 

emoved, and 100 μL BHI broth was added. The plates were in- 

ubated at 37 °C ON (20–22 h) and for dose-time-response once 

ore ON (46–48 h) ( Fig. 1 ). For the dose-time-response assay, 

erformed on a subset of isolates, each isolate was tested in tech- 

ical duplicates and biological triplicates. Screening of the entire 

ollection of included isolates was performed with a fixed contact 

ime of 10 min, and each isolate was tested in biological singlets 

r duplicates; for duplicates the average was calculated. All results 

ere noted for each well as growth or no growth after exposure 

o a given concentration of biocide. Growth in a well indicated 

urvival and propagation of at least one of the approximately 10 5 

. faecium and needed to be visible macroscopically and reach an 

D600 nm > 0.15 (PowerWave TM XS Microplate Reader, BioTek In- 

truments, Inc.). One strain, VRE2961, was chosen as an internal 

ontrol strain and included in all assays to assess the inter-assay 

ariation. Controls in each 96-well plate were: (a) one positive con- 

rol per strain without biocide, (b) neutralizer added to one well 

er strain containing a final concentration of 10 0 0 ppm prior to in-

culation with the bacteria, to verify the neutralizing and nontoxic 

ffect of the neutralizer, (c) negative control wells (hard water with 

HI without bacteria; BHI only; hard water only; neutralizer only). 

.3. Statistical methods 

The data were analysed using a binary logistic regression model 

ith the categorical dependent variable being growth/no-growth. 

he generalised estimation equation was implemented to adjust 

or the clustering of data in form of repeated measures on each 

train. The statistical software R and the geepack package with 
283
he geeglm function were used [ 37 , 38 ] . To compare the mean con-

entrations for the various exposure times, an ordinary one-way 

NOVA with Tukey’s multiple comparison test was performed in 

raphPad Prism 9.0. P < 0.05 was considered statistically signifi- 

ant. 

. Results 

.1. Biocide susceptibility: Screening method 

To investigate biocide susceptibility, we screened 59 E. faecium 

solates in 96-well plates. The results were recorded as a binary 

utcome of either growth or no growth for each well. Represen- 

ative results and illustration of the plate set-up can be found in 

upplementary Materials (Supplementary figure 1). To analyse the 

AC Plus susceptibility, the subinhibitory biocide bactericidal con- 

entration (sub-BBC) was read for each isolate as the highest con- 

entration resulting in survival and regrowth ( ≤5-log 10 reduction). 

he biocide bactericidal concentration (BBC) ( > 5-log 10 reduction), 

escribing the concentration of biocide resulting in elimination of 

he inoculum of 1.5 × 10 5 cfu/well, was generally 100 ppm higher 

han the sub-BBC, as our concentrations were discrete numeri- 

al with 100 ppm between concentrations in the majority of the 

oncentration range applied (Supplementary figure 1). For the 59 

solates the mean sub-BBC resulting in survival and resuscitation 

as 415 ppm (SD ± 78 ppm). We grouped the isolates accord- 

ng to origin and genetic background to analyse for possible differ- 

nces in susceptibility. The groups were: Outbreak VRE (ST 203/CT 

59 or CT1051 or CT1507); Non-outbreak VRE (all other isolates); 

utbreak VVE (ST1421/CT1134); Non-outbreak VVE (all other iso- 

ates); VRE/VVE isolates from hospitals; hospital-associated isolates 

VRE/VVE/VSE); all human isolates; community VSE isolates; an- 

mal isolates ( Fig. 2 ). The VRE with ID VRE2961 was an internal

ontrol strain included in all assays to observe the variation be- 

ween assays. For each of the groups the mean was between 320 

nd 455 ppm with lowest and highest standard deviation (SD) 69 

o 107 ppm, respectively. Outbreak VVE had the largest SD (107 

pm) compared to the other groups, as two of the isolates sur- 

ived only 250 ppm on average, resulting in a lower average of the 

VEfm group as a whole ( Fig. 2 and Supplementary table 2). There 

as no statistically significant difference in sub-BBCs when the 

roups were analysed using Tukey’s multiple comparison test (data 

ot shown). The multiple logistic regression showed the increasing 

AC Plus concentration to be a highly significant negative predictor 

f growth ( P = 3.5 × 10 −8 ), which was expected. The odds ratio for

rowth for each time the FAC Plus increased with 1 ppm was 0.98, 

hereas the odds ratio reduced to 0.15 for FAC Plus increasing with 

00 ppm; thus a 100 ppm increase in concentration decreased the 

hance of growth 6.7 times (1/0.15) ( Table 1 ). Outbreak VVE was 

he other significant negative predictor ( P = 0.03) with odds ra- 

io for growth of 0.18; thus VVEfm had a 5.6 times lower chance 

f growth compared to strains not being VVEfm, when all other 

ariables were kept constant. The other variables included in the 

nalysis did not significantly predict the chance of growth, which 

ndicates that none of these groups have an advantage in terms of 

ncreased tolerance compared to any of the other groups ( Table 1 ). 

.2. Effect of exposure and incubation time on survival 

To evaluate the effect of lower biocide exposure times on sur- 

ival, a dose-time-response assessment was performed on a sub- 

et of strains. Five outbreak isolates were included, as failure of 

he biocide to eradicate these might be part of the explanation for 

heir survival and extensive spread in the hospital environment. 

f these, three were Outbreak VREfm (ID: 1798, 2961, 3473) with 

ne demonstrating growth in the high end of the average for this 
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Fig. 1. Methodology illustration. The biocide, FAC Plus, added to the wells of a 96-well plate in a gradient of concentrations. In biocide screening assay from 50 to 10 0 0 

ppm. In dose-time-response from 200 to 1400 ppm. In dose-time-response with high inoculum from 40 0 to 80 0 0 ppm. To each well an inoculum of 10 5 E. faecium was 

added. After exposure time, 10 min for screening, and 3, 5 and 10 min for dose-time-response, neutralizer was added to quench the biocide. The bacteria were spun down, 

supernatant removed, washed and spun down, supernatant removed and fresh growth media added. Incubated for 24 h and each well read for growth/no-growth. Incubation 

repeated for the dose-time-response assays (48 h total) and wells read again. Created with BioRender.com. 

Fig. 2. Susceptibility towards FAC Plus after 10 min exposure. Mean subinhibitory biocide bactericidal concentration (sub-BBC) and 95% confidence intervals. FAC Plus 

(ppm) = conc. free available chlorine in part per million. OutbreakVRE = vancomycin resistant isolates belonging to sequence type and clonal complex ST 203/CT 

859/CT1051/CT1507; Non-outbreakVRE = all other isolates; OutbreakVVE = vancomycin variable isolates belonging to sequence type and clonal complex ST1421/CT1134; 

Non-outbreakVVE = all other isolates; VRE/VVE = vancomycin-resistant and variable isolates; VSE = vancomycin-sensitive isolates; Hospital = hospital-associated isolates 

(VRE/VVE/VSE); Community = community-associated isolates (human and animal); Human = isolates from humans; Animal = isolates from animals; Control 2961 = internal 

control strain VRE2961. 
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roup (600 ppm), one in the low end (400 ppm), and the last one 

as the internal control strain 2961 (400 ppm). The remaining 

wo outbreak strains were VVEfm (ID: 3171, 3978) that were se- 

ected based on growth curves similar to VREfm (data not shown). 

lso included was the ATCC 19434 strain as it represents a strain 

ith an older genetic background. The contact times were 3 min, 

 min and 10 min, and the final concentrations of FAC Plus ranged 

rom 200 ppm to 1400 ppm. The plates were read for growth 

r no growth after 24 h incubation and again after 48 h incuba- 

ion. Results for a representative isolate (VRE1798) are shown in 

upplementary Fig. S2. The logistic regression performed on the 

ata showed that both increasing FAC Plus concentration and in- 

reasing contact time were highly significant negative predictors 

f growth ( Table 2 ). Further, incubation for 48 h was a signifi-
284 
ant positive predictor of growth. Thus, increasing the incubation 

ime resulted in a 7.8 times higher chance of growth. Lowering 

he exposure time to 3 min and allowing 48 h incubation resulted 

n mean sub-BBC above the recommended in-use concentration of 

0 0 0 ppm FAC ( Fig. 3 a and b). The multiple comparison test per-

ormed showed significant difference between the mean sub-BBCs 

f different contact times and of one and two times overnight in- 

ubation, P values ranging from 0.4 to < 0.0 0 01 ( Table 3 ). In sum-

ary, both exposure time and time allowed for incubation af- 

er exposure significantly affected the survival and concentration 

eeded to eradicate the isolates tested, which indicates that adher- 

ng to the recommended exposure time and concentration is crit- 

cal for sufficient disinfection. Intervals between disinfections be- 

ng performed in the hospitals may be important as well, as in- 
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Table 1 

Multiple logistic regression (geeglm) coefficients on screening data; growth is the dependent variable 

Variables Estimate ( β) Std. error Odds ratio CI 95% Wald test Pr ( > |W|) Significance 

Intercept 8.64 2.15 5667 [84;382659] 16.2 6E-05 ∗∗∗

FAC (1 ppm) a -0.02 3E-03 0.98 [0,97;0,99] 30.4 4E-08 ∗∗∗

FAC (100 pm) a -1.91 3E-03 0.15 [0,15;0,15] 30.4 4E-08 ∗∗∗

Hosp. assoc. b 1.38 0.78 3.99 [0,86;18,55] 3.1 0.08 

Human c -0.80 1.08 0.45 [0,05;3,74] 0.6 0.46 

VRE/VVE d -0.57 0.46 0.57 [0,23;1,39] 1.5 0.22 

Outbreak VRE e 0.99 0.56 2.69 [0,90;7,98] 3.2 0.08 

Outbreak VVE f -1.74 0.81 0.18 [0,04;0,86] 4.6 0.03 ∗

a FAC = conc. free available chlorine in parts per million, coefficients for 1 ppm and 100 ppm change, respectively. 
b Hosp. assoc. = hospital-associated isolates VRE/VVE/VSE. 
c Human = isolates from humans. 
d VRE/VVE = vancomycin resistant or variable isolates. 
e Outbreak VRE = isolates belonging to sequence type and clonal complex ST 203/CT 859 or CT1051 or CT1507. 
f Outbreak VVE = isolates belonging to sequence type and clonal complex ST1421/CT1134. 
∗∗∗ p < 0.0 0 05 
∗∗ p < 0.005 
∗ p < 0.05 

Table 2 

Multiple logistic regression (geeglm) coefficients on data from various exposure and incubation times. 

Variables Estimate ( β) Std. error Odds ratio CI 95% Wald test Pr ( > |W|) Significance 

Intercept 8.35 1.21 4230 [391;45324] 47.7 6E-12 ∗∗∗

FAC (1 ppm) a -0.008 1.3E-03 0.99 [0,99;0,99] 45.7 1E-11 ∗∗∗

Contact time b -0.39 0.07 0.67 [0,59;0,77] 35.2 3E-09 ∗∗∗

48 h c 2.06 0.42 7.85 [ 3 , 41 ; 17 ,93] 23.6 1E-6 ∗∗∗

a FAC = conc. free available chlorine in parts per million. 
b Contact time = exposure in minutes (3, 5 or 10 min). 
c 48 h incubation. 
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icated by the regrowth from wells exposed to higher concentra- 

ions given the bacteria were allowed more time to recover and 

egrow. 
o

t

ig. 3. Multiple logistic regression curves for the survival/growth at various exposure ti

robabilities of the dependent variable, growth. FAC plus = conc. free available chlorine 

in). Grey shading around curves = 95% confidence intervals. The y-axis depicts growth

esults after 24 h incubation. (b) Shows the results after 48 h incubation. Grey vertical lin

trains in technical duplicates and biological triplicates. 

285 
.3. Effect of inoculum size 

To evaluate the impact of high inoculum size on the efficacy 

f FAC Plus, a dose-time-response study was performed similar 

o that shown in Fig. 1 and Supplementary figure 2, but with 
mes as a function of FAC Plus concentrations. The regression predicts/models the 

in parts per million (x-axis). Each curve represents an exposure time (10, 5 and 3 

, 0 is no growth and 1 is growth. Black dots represent data points. (a) Shows the 

e = recommended in-use concentration, 10 0 0 ppm. Experiment performed on six 
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Fig. 3. Continued 

Table 3 

Multiple comparison test on mean sub-BBC from various exposure and incubation times 

Exposure time (incubation time) Mean sub-BBC a Exposure time (incubation time) Mean sub-BBC a p b Significance b 

10 min (24 h) 437 3 min (24 h) 739 < 1E-04 ∗∗∗

10 min (48 h) 617 3 min (48 h) 1058 < 1E-04 ∗∗∗

5 min (48 h) 805 3 min (48 h) 1058 < 1E-04 ∗∗∗

3 min (24 h) 739 3 min (48 h) 1058 < 1E-04 ∗∗∗

5 min (24 h) 575 5 min (48 h) 805 3E-04 ∗∗∗

10 min (48 h) 617 5 min (48 h) 805 2E-03 ∗∗

10 min (24 h) 437 10 min (48 h) 617 2E-03 ∗∗

10 min (24 h) 437 5 min (24 h) 575 0.04 ∗

5 min (24 h) 575 3 min (24 h) 739 0.01 ∗

NOTE: Minutes = exposure to FAC plus in minutes (3, 5 or 10 min). 
a Mean sub-BBC = highest mean concentration resulting in survival and regrowth for each respective contact time after 24 h incubation 

or 48 h incubation expressed in conc. free available chlorine in parts per million. 
b P < 0.05 considered statistically significant. 
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AC plus concentrations ranging from 400 to 80 0 0 ppm. The in- 

ernal control strain, VRE2961, was selected for the experiment, 

hich was performed in biological triplicates at an inoculum size 

f ∼10 7 CFU/well (corresponding to 10 8 CFU/mL biocide). The re- 

ults showed survival and regrowth at 80 0 0 ppm FAC Plus for 

ll three contact times (3, 5, 10 min) after exposure, neutraliza- 

ion and incubation, indicating compromised disinfection efficacy 

t these inoculum sizes, which were 100-fold larger compared to 

he other experiments in this study ( sections 3.1 and 3.2 ). How- 

ver, bacteria could not be recovered by directly plating onto BHI 

gar plates after exposure and neutralization from the 10 0 0 ppm 

the in-use concentration) at any contact time, likely due to the 

umber of surviving cells being below the detection limit for plat- 

ng. When directly plating from wells exposed to 500 ppm, the 

og 10 reductions were 4.0–4.3 for the 5 min contact time and 

nly 2.5–2.6 log 10 reduction for the 3 min contact time (data not 

hown). A bacterial 5-log 10 reduction is required for a biocide to 

ass the European Standard EN 13727 when labelled for surface 

isinfection [29] . The experiment showed that the in-use concen- 

ration achieved this reduction when enumerations on plates were 

sed, but the growth after incubation at 80 0 0 ppm indicated sur- 

ival/regrowth of a smaller population. The exposure to 500 ppm 

or 5 min did not reduce the bacterial inoculum ( ∼10 7 CFU/well) 
p  

286 
5-log 10 , and 5 min exposure was thus inadequate for this load of 

acteria, again confirming the need for adherence to recommenda- 

ions regarding concentration and contact time. 

. Discussion 

Our screening of a collection of 59 E. faecium isolates for their 

usceptibility towards free available chlorine released from NaDCC 

lus detergent showed that at least 1 of 10 5 E. faecium survived on 

verage 415 ppm after 10 min exposure and subsequent neutral- 

zation of the biocide. The concentration required to eradicate the 

noculum increased significantly with lowered exposure time and 

xtended time allowed for regrowth, resulting in survival above 

he in-use biocide concentration. A study by El-Azizi et al. (2016) 

ound a clinical, hospital-associated E. faecium isolate was eradi- 

ated by a mean around 500 ppm of sodium hypochlorite (NaOCl) 

fter 10 min of exposure [26] . This is similar to what we found

n our study, as the mean biocide bactericidal concentration (BBC) 

s 100 ppm higher than the sub-BBC; thus we had a mean BBC 

f approximately 515 ppm. When comparing different Enterococ- 

us species, a recent study by Suchomel et al. (2019) found lit- 

le reduction (1.2–1.25 log 10 reduction) for E. faecium when ex- 

osed 1 min, 5 min and 15 min to 3% of the NaOCl stock so-
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ution (6%–14 % active chlorine). This corresponds to 180 0–420 0 

pm of active chlorine, which the authors found concerning [25] . 

o investigate whether the low efficacy shown by Suchomel et al. 

ould be due to the higher inoculum (1.5–5.0 × 10 8 CFU/mL of 

iocide) used in the modified method of the European Standard 

N 13272 applied by these authors, we examined an inoculum of 

 × 10 8 CFU/mL biocide for the internal control strain VRE2961 

 section 3.3 ). We found survival and regrowth at 80 0 0 ppm FAC

lus for all three exposure times (3, 5, 10 min), indicating compro- 

ised disinfection efficacy at high burdens of E. faecium . However, 

y direct plating, no bacteria were recovered, suggesting a survival 

elow the detection limit of plating. We could thus not confirm 

he limited log 10 reduction demonstrated previously by Suchomel 

t al. Our FAC concentrations are difficult to compare to their active 

hlorine concentration with respect to the ratio of the more bac- 

ericidal HOCl, particularly in the absence of information on pH, 

hich affects this equilibrium. The active chlorine could be less 

actericidal compared to the FAC Plus suspension presented here. 

owever, the results show that inoculum size matters when eval- 

ating biocide efficacy, as has been pointed out earlier [39] . We 

ere especially interested in investigating if the clones most of- 

en isolated in connection to VREfm outbreaks and/or the VREfm 

n general were more tolerant to biocides compared to VSEfm. We 

ypothesised that the high plasticity of E. faecium genomes, with 

cquisition of mobile genetic elements conferring vancomycin re- 

istance, could be associated with acquisition of other genes in- 

reasing tolerance to biocides or vice versa [ 12 , 40 ]. Examples of

uch correlations is seen for qac genes [ 41 , 42 ] and the 2CS-CHX 

T 

peron towards chlorhexidine [43] . Our results did not reveal sta- 

istically significant differences in survival and resuscitation be- 

ween VREfm and VSEfm or between hospital-associated E. fae- 

ium compared to community-associated E. faecium, when applying 

he described method at concentrations relevant for surface disin- 

ection. The outbreak VVEs were actually affecting the chances of 

rowth negatively compared to the other E. faecium strains, but the 

ample size of VVEfm was small (n = 5), and thus a study includ-

ng more VVEfm isolates will be required to support the current 

ndings. Overall, our results indicate that the success of outbreak 

lones of VREfm and VVEfm are not due to increased tolerance 

owards FAC Plus compared to VSEfm and community-associated 

SEfm; thus there does not seem to be a correlation between van- 

omycin resistance and FAC tolerance. The success is more likely 

ue to selective pressure when vancomycin is used to treat infec- 

ions, which does not provide answers to why some VREfm clones 

re more successful in the hospital environment than other VREfm 

lones. A study of Staphylococcus aureus confirms the lack of sig- 

ificant difference in tolerance between methicillin-resistant S. au- 

eus compared to methicillin-sensitive S. aureus when exposed to 

aDCC [44] . When comparing to older studies of Enterococuccus 

xposed to NaOCl, our study could indicate that susceptibility of 

. faecium to FAC has decreased over the last decades [ 25 , 27 ], but

urther examinations conducted under standardised conditions are 

eeded to clarify this issue—for example, by screening older E. fae- 

ium strains in the assay developed here. The results obtained in 

his study highlight the importance of careful adherence to the rec- 

mmended guidelines of use concerning concentration and contact 

ime. At Danish hospitals the disinfection with FAC in suspension 

as largely been exchanged for pre-impregnated wipes containing 

10 0 0 ppm FAC, where the approved contact time is 2 min if the

urfaces are cleaned prior to disinfection [ 45 , 46 ]. Our data suggest

hat this lower contact time may be problematic. Further, if clean- 

ng is insufficient, the presence of organic material will protect E. 

aecium and render it less susceptible to disinfection [25] . Thus, fu- 

ure studies are needed to examine the effectiveness of the current 

isinfection procedures in clinical settings and/or on clinically rel- 

vant surfaces. 
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