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Key Words: Background: The goal of this study was to test for associations between adenosine triphosphate (ATP) con-
Cleaning tent and microbial concentrations on desk surfaces in school classrooms.

Pathogens Methods: ATP bioluminescence and quantitative polymerase chain reaction (qPCR) techniques were
Allplce]r{gens employed to measure total bacterial, fungal, and human cell concentrations on 66 high-traffic desks spread
q

across 9 schools: 3 in Connecticut (CT) and 6 in Oklahoma (OK). In CT, 6 samples were taken from each desk,
1 precleaning and 5 postcleaning (after 30 minutes, 1 day, 3 days, 7 days, and 21 days). In OK, samples were
taken immediately before and after cleaning each desk.
Results: Based on simple linear regression analyses, ATP values were good predictors of microbial concentra-
tions (r=0.8, P=.003) in both CT school postcleaning samples and OK pre- and postcleaning samples (r=0.7,
P=.00002). However, biomass reductions measured after cleaning were 1.5-2 times greater when measured
by ATP than by qPCR (P=.007).
Conclusions: Overall, ATP bioluminescence measurements correlate with qPCR-based surface measurements
on school desks but may overestimate the physical removal of bacteria and fungi due to cleaning.

© 2018 Published by Elsevier Inc. on behalf of Association for Professionals in Infection Control and

Epidemiology, Inc.

Surface-associated bacteria and fungi present significant pathogen
and allergen exposures to humans. Pathways include direct contact
with fomites that may result in microbe ingestion or entrance into
the body via mucous membranes'? or inhalation or ingestion of
microbes that are aerosolized via resuspension from surfaces.’ These
microbial pathogen and allergen exposures are particularly important
in high-occupancy environments, including schools and health care
facilities, where humans are strong contributors to surface* and
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indoor air microbiomes.” Improved surface cleaning interventions
and removal of microbial sources have contributed to a reduction of
asthma triggers, infectious agents, and incidence of upper respiratory
symptoms.5®

Adenosine triphosphate (ATP) measurement is 1 approach for rap-
idly assessing the effectiveness of cleaning to remove biomass from
surfaces in schools and health care facilities. ATP is an intracellular
energy storage molecule present in all forms of life and can be quanti-
fied via luminescence resulting from the luciferase-catalyzed reaction
between ATP and luciferin. ATP concentration on surfaces can be
quantitatively measured using commercially available hand-held
units that display the ATP content swabbed from a surface as relative
light units (RLUs). These commercially available units have been used
widely to measure biological cleaning effectiveness on a variety of
surfaces™'® and as an important marker for surface biocontamination
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in hospitals, schools, and the food industry.'®'®> Important advan-
tages of ATP measurements include rapid results, low cost, and ease
of use. However, ATP does not measure cells, which are considered
the basic units of most microbial exposures. Thus, there is uncertainty
as to how ATP reflects the more biologically relevant measure of cell
concentration. Additionally, ATP is present in nonmicrobial biomass,
including food residues, human skin cells, plant and animal cells, and
other organic residuals. ATP can also fluctuate significantly because of
variability within cells.!*!>

To determine the representativeness of ATP for indicating surface-
borne bacterial and fungal contamination, it is necessary to better
quantify the relationship between ATP measurements and concentra-
tions of microbial cells. The goal of this study was to test for associa-
tions between ATP content on school desk surfaces and
concentrations of bacteria and fungi assessed by quantitative poly-
merase chain reaction (qPCR), which detects live, dead, and uncultur-
able organisms. Side-by-side comparisons of surface cleanliness
using ATP measurements in RLUs and qPCR values for total fungal,
bacterial, and human cell concentrations in cells per surface area
were conducted. Comparisons were performed prior to and after a
standard cleaning event on school desks in Connecticut (CT) and
Oklahoma (OK).

METHODS
Sample collection

This study was conducted on desks in 3 different CT and 6 differ-
ent Northeast OK public schools. For sampling, surface-associated
microbes and ATP were collected from 2.5 x 2.5-cm high touchpoint
areas of each desk (1 sample area for each sample time slot) using
autoclaved cotton swabs moistened with sterile 0.15 M sodium
chloride and 0.1 % Tween 20 solution (Croda, Snaith, United Kingdom)
as previously described!® for qPCR surface-associated microbial
sampling and PocketSwab Plus rapid ATP swabs (Charm Sciences,
Lawrence, MA) for ATP surface sampling. Ten desks were selected
and sampled in the CT schools—each from a different classroom—
ranging from grades 7-12. In these schools, desks were cleaned in
accordance with school district cleaning protocols, which included

spraying with cleaner and wiping dry with a paper towel. Baseline
surface samples were collected from each desk prior to cleaning.
Once cleaned, 5 subsequent samples were then collected over a
21-day postcleaning period. This approach allowed for samples of
variable age and concentration to be collected (Table 1). In OK, 56
desks were selected from 14 different classrooms, ranging from
grades 2-9. Each OK desk was cleaned with a more vigorous protocol
than in CT, including dry wiping with a disposable shop towel, then
spraying with cleaner until visibly wet. After 60 seconds wet, desks
were wiped vigorously with pressure in 2 directions with a clean
microfiber cloth. OK samples included samples taken just before and
immediately after cleaning (Table 2).

All surface samples were collected from desks prior to and directly
after cleaning in each selected classroom. For each desk and time
point (both CT and OK), 2 adjacent samples were simultaneously
collected—1 in which DNA was extracted and quantified for total bac-
terial, fungal, and human cells via qPCR and 1 for ATP measurement
(Tables 1 and 2 present sampling details).

Sample analysis

ATP measurements were conducted using a commercially avail-
able novalUM detection system (Charm Sciences). This simple
method converts ATP into a fluorescent light signal and quantifies
ATP mass as RLUs per sampled area.

Cotton-tipped swabs used for DNA sample collection were
dropped into 2-mL screw-top tubes and DNA extracted using a
DNeasy PowerSoil Kit (Qiagen, Germantown, MD) modified to include
bead beating for improved cell lysis.'” Extracted DNA was then quan-
tified via qPCR for total bacterial, fungal, and human cell analysis
using bacterial, fungal, and human universal primers as previously
described.>'”"'? PCR inhibition was tested by spiking sample extracts
with known target DNA concentrations. No inhibition was observed.

Statistics

Simple linear regression analysis was used to compare mean log
ATP and mean log qPCR concentrations for CT and OK desk samples
and gPCR bacterial, fungal, and human cell concentrations with each

Table 1
CT school desk sampling summary
School Number of classrooms Sample time points Analysis type
(desks sampled per room) (tq-tg)
B 3(1) t1, t, t3, tg, ts, t ATP and qPCR for bacterial, fungal, and human cells
(0] 3(1) ty, t, t3, tg, ts, tg ATP and qPCR for bacterial, fungal, and human cells
H 4(1) ty, ty, t3, ta, ts, tg ATP and qPCR for bacterial, fungal, and human cells

NOTE. Two adjacent samples were collected simultaneously on each of the 10 desks over 6 time points, 1 precleaning (t;) and 5 postcleaning (t,: directly postcleaning, ts5: 1 day,
t4: 3 days, ts: 7 days, te: 21 days postcleaning). Schools B, O, and H used glass cleaner, all-purpose cleaner, and antibacterial disinfectant, respectively.

ATP, adenosine triphosphate; CT, Connecticut; gPCR, quantitative polymerase chain reaction.

Table 2
OK school desk sampling summary

School Number of classrooms Sample time points Analysis type
(desks sampled per room) (t1-t2)

1 1(4) ty, ta ATP and qPCR for bacterial, fungal, and human cells
2 3(12) ty, to ATP and qPCR for bacterial, fungal, and human cells
3 3(12) ty, to ATP and qPCR for bacterial, fungal, and human cells
4 2(8) ty, ty ATP and qPCR for bacterial, fungal, and human cells
5 3(12) ty, ta ATP and qPCR for bacterial, fungal, and human cells
6 2(8) ty, ty ATP and qPCR for bacterial, fungal, and human cells

NOTE. Two adjacent samples were collected simultaneously on each of the 56 desks pre- (t;) and immediately postcleaning (t;). All OK school desks were cleaned with Ramsey

FreQuency 256 disinfectant.

ATP, adenosine triphosphate; OK, Oklahoma; qPCR, quantitative polymerase chain reaction.
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other for both CT and OK schools. ATP and qPCR measurements from
each CT classroom and each OK classroom were averaged together
to accommodate the need for replicate analyses in ATP samples.?’
A 2-tailed paired t test was used to compare the removal efficiency
between ATP and qPCR sum measurements. For all tests, a statistical
difference was defined as P < .05. Statistical analyses were performed
using GraphPad Prism 7 (GraphPad Software, La Jolla, CA).

RESULTS
ATP associations with microbial concentrations on desks

Linear regression analyses were conducted to assess relationships
between qPCR and ATP concentrations and to see if the qPCR-mea-
sured bacterial, fungal, and human cell measurements were indepen-
dent variables. For all CT postcleaning samples, ATP values were good
predictors of bacterial concentration (r=0.8, P=.003), human cells
(r=0.6, P=.05), and qPCR sum (r=0.8, P=.003) but not for fungi
(r=0.5, P=.06) (Fig 1). The slope of the log values for qPCR sum was
0.8 log qPCR/log ATP. An additional regression compared ATP with
gPCR values precleaning and postcleaning for 56 desks in OK schools.
ATP was a good predictor of bacteria (r=0.7, P < .00001), fungi
(r=0.5, P=.01), human cells (r=0.5, P=.05), and qPCR sum (r=0.7,
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P=.00002) for all samples (Fig 2). The slope of the log values for qPCR
sum was 0.68 log qPCR/log ATP. Linear regression on qPCR measures
from CT schools revealed correlations between bacterial and fungal
(r=0.6, P=.01) and bacterial and human cells (r=0.7. P=.01) but not
between fungal and human cells (r= 0.3, P=.3). Corresponding linear
regression analysis of OK qPCR measures showed correlations
between bacterial and fungal (r=0.7, P=.0002) and bacterial and
human cells (r = 0.6, P=.003) but not between fungal and human cells
(r=0.4,P=.07).

Effectiveness of cleaning protocols

Figure 3 demonstrates microbial reductions after the cleaning of
CT and OK desks. The average removal percentages for CT desks were
46% + 9.6%, 42% + 22%, 46% + 14%, and 46% + 11% for bacterial, fun-
gal, and human cells and qPCR sum, respectively. ATP indicated a
greater biomass removal than measured microbial biomass (removal
average 89% + 5%) (P=.009, t test for the difference between qPCR
sum and ATP).

The average removal percentages for OK school desks were 54% +
27%, 25% + 43%, 16% + 58%, and 52% + 29% for bacterial, fungal, and
human cells and qPCR sum, respectively. ATP removal values again
indicated a greater biomass removal than measured microbial
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Fig 1. Concentrations of ATP (RLU/m?) versus (A) bacteria (cells/m?), (B) fungi (SE/m?), (C) human cells (cells/m?), and (D) qPCR sum (sum/m?) in CT schools, with qPCR concentrations
for desk surfaces at time points directly postcleaning: 1 day, 3 days, 7 days, and 21 days postcleaning. Solid lines represent simple linear regression models, and dotted lines represent
95% confidence intervals. ATP, adenosine triphosphate; CT, Connecticut; d, day (s); gPCR, quantitative polymerase chain reaction; RLU, relative light unit; SE, spore equivalents.
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Fig 2. OK school ATP (RLU/m?) concentrations versus (A) bacteria (cells/m?), (B) fungi (SE/m?), (C) human cells (cells/m?), and (D) qPCR sum (sum/m?) for desk surfaces pre- (closed
circles) and postcleaning (open-colored circles). Solid lines represent simple linear regression models, and dotted lines represent 95% confidence intervals. ATP, adenosine triphos-
phate; OK, Oklahoma; gPCR, quantitative polymerase chain reaction; RLU, relative light unit.

biomass (removal average 72% + 16%) (P=.05, t test for the difference DISCUSSION
between qPCR sum and ATP). No differences were observed in

cleaning effectiveness between CT and OK schools (P > .4 for bacterial, ATP is an indicator of biomass concentration, but because all forms
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is concern that it does not provide an effective assay for measuring
the exposure to or removal of biomass relevant to the transmission of
infectious and allergic disease from bacteria and fungi. These data
demonstrate that on school desks, qPCR-based bacterial and fungal
surface concentrations were correlated with ATP-based surface
concentrations.

Association between ATP content and microbial loading

Prior studies have investigated the validity of ATP as an indicator
of surface biocontamination through comparisons with the more tra-
ditional hygiene swabbing method, in which a surface is sampled
with a sterile cotton-tipped swab and colonies counted via culture-
based analyses of total aerobic bacteria.”’ In general, ATP and hygiene
swabbing have demonstrated a statistically significant agreement
when applied to surfaces used in food preparation.?>> Results are
more ambiguous for hard, dry surfaces, where concentrations are
lower and deposition, rather than growth, is a major contributor to
microbial loading. ATP versus swabbing comparisons on dry hospital
surfaces have not yielded strong associations between ATP levels and
culture-based bacterial concentrations.>®> No comparative informa-
tion is available for school surfaces.

The results presented here represent 2 important extensions to
our current understanding of how ATP is associated with microbial
loading on surfaces. First, ATP comparisons were extended to school
surfaces. Second, ATP was compared with qPCR-based measurements
of bacterial, fungal, and human cells. ATP indicates biomass and not
viability loss due to disinfection. Thus, qPCR better reflects microbial
concentrations, regardless of viability state. Because of the well-docu-
mented enrichment of unculturable taxa in environmental microbial
communities,”® molecular methods such as qPCR are favored over
culturing for indicating the full microbial surface load.

Although only specific agents are usually associated with disease,
the overall presence of total bacteria and fungi has important implica-
tions for health. Atopic asthma severity is associated with exposure to
allergenic fungi, and nonatopic asthma has been associated with
exposure to total fungal concentrations.”’” Recent ecology studies
have demonstrated that approximately 25% of environmental fungi
are known allergens.!” Total bacteria also contribute to endotoxin
exposure, which is associated with severity of respiratory disease®®
and may confer a protective effect on asthma and allergies in early
life.>° Previous studies focused on the ecology of bacteria on school
desks demonstrated a dominance (~80% of total bacteria) of human
skin, oral cavity, and gut microbes.?° Each of these sources is known
to harbor human pathogens.®!*

ATP for indicating cleaning effectiveness

Our results provide evidence that ATP indicates a greater biomass
reduction in cleaning than that revealed by qPCR values. In both CT
and OK schools, cleaning reductions were on average 32% higher and
significantly greater for ATP than for qPCR sum. One potential expla-
nation is that the age of the surface microbial community is a signifi-
cant variable in the correlation of these different biomass assays. In
particular, older (precleaning) microbial community samples may
include significant amounts of extracellular ATP from dead and lysed
cells as well as intracellular ATP. This would result in high precleaning
concentrations of ATP and thus a greater removal after cleaning if
cleaning was effective at removing the unbound ATP. Results also
demonstrate that no difference in cleaning effectiveness was
observed between OK and CT schools, even though the OK schools
used a more rigorous cleaning approach. Prior studies in hospitals
have noted that many microbes on dry surfaces are contained in a
biofilm, which confers some protection from cleaning.>* The cleaning

protocols common in schools, regardless of rigor, may not adequately
remove these dry surface biofilms.

Limitations

Although the above research has extended our understanding of
the use of ATP to indicate biomass concentration on dry surfaces, the
study has important limitations. Only 1 type of surface was consid-
ered. To limit confounding and provide maximum statistical power
for comparisons, other types of classroom surfaces were not consid-
ered. We also observed correlations between bacterial and fungal and
bacterial and human cells, thus indicating that bacterial, fungal, and
human cells were not independent variables. This lack of indepen-
dence was expected because of the similar source (humans) for many
of the bacterial and fungal cells on desks.>° Thus, because of their
association dependencies on each other, although it is certain that
the sum of qPCR concentrations is associated with ATP, we cannot
unambiguously state that values such as bacterial, fungal, and human
cells are uniquely associated with ATP.

CONCLUSIONS

ATP bioluminescence measurements correlate with qPCR-based
surface concentration analysis of bacterial, fungal, and human cell
concentrations when used to assess biological surface cleanliness on
school desks. However, ATP measurements of cleaning efficacy are on
average 1.5-2 times higher when compared with qPCR-based esti-
mates. Nonetheless, with the advantages of low cost, ease of use, and
rapid results, ATP bioluminescence is a viable technique for assessing
total bacterial and fungal removal effectiveness on school desks.
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