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Due to the high sensitivity of many PCR assays, extraneous target DNA in a laboratory setting can lead to false
positive results. To assess the presence of extraneous DNA, many laboratories use gauze wipes to sample lab-
oratory surfaces. The accuracy, precision, limits of detection, linearity, and robustness of a wipe test method
and each associated wipe processing step were evaluated using E. coli genomic DNA. The method demon-
strated a limit of detection of 108 copies of DNA, which equates to detectable surface concentration of
4.5×105 copies of DNA per area sampled. Recovery efficiency or accuracy is 22±10% resulting from a
>58% loss of DNA occurring at the wipe wash step. The method is robust, performing consistently despite de-
liberate modifications of the protocol.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Polymerase Chain Reaction (PCR) amplification is a powerful tool
for measuring DNA at low concentrations. However, the high sensitiv-
ity of PCR assays means that small amounts of extraneous target DNA,
either primary genomic or amplicon, can lead to false positive results.
Lo et al.were among the first to publish false positive results as a con-
sequence of interfering DNA (Lo et al., 1988); between 1990 and
2002, about 2% of published papers on PCR reported DNA contamina-
tion (Borst et al., 2004). The consequences of false positives range
from loss of data or time in research settings to incorrect diagnoses
and fatalities in clinical settings (Patel et al., 2000).

This problem is typically addressed by implementing stringent
protocols to minimize DNA contamination. Standard procedure in-
cludes performing different stages of the PCR process in separate
areas or rooms, with work conducted in a unilateral direction from
“clean” areas (those containing only low levels of DNA) to “dirty,”
where researchers handle large quantities of amplicons (Mifflin,
2007; USEPA, 2004). A number of methods have been adapted to
decontaminate work areas including UV irradiation, uracil–DNA
glycosylase, exonuclease III, hydroxylamine hydrochloride, and so-
dium hypochlorite (Borst et al., 2004). However, one study reports

that these methods may be less effective than presumed (Dwyer
and Saksena, 1992), while others suggest that decontamination
may reduce the sensitivity of PCR through reagent interference
(Niederhauser et al., 1994).

Surface wipe samples are commonly collected to assess residual
DNA contamination, identify possible areas of contamination, and en-
sure that residual decontaminant does not inhibit PCR. Early studies
reported success in detecting DNA contamination using wipes (Cone
et al., 1990), and regulatory agencies and professional associations,
such as the American Society of Histocompatibility and Immunoge-
netics (ASHI), stipulate regular wipe tests in accredited PCR laborato-
ries. However, the literature on the efficacy of the wipe method for
detecting laboratory contamination is sparse. Moreover, wipe tests
have been shown to produce widely varying results depending on
the type of surface sampled, the type of solvents and wipes used,
the analyte in question, and the sampling technique (Billets, 2007).

To address these gaps, a quantitative assessment of a surface wipe
method for detecting laboratory DNA contamination was performed.
The wipe test protocol consisted of four distinct stages: removal of
DNA from surfaces using absorbent wipes, extraction of DNA from
wipes into buffer solution, purification of DNA, and analysis of the ex-
tract using a real-time quantitative PCR (qPCR) assay. A known quan-
tity of DNA was introduced to separate sets of samples at each stage,
allowing calculations of method accuracy, precision, detection limits,
linearity, robustness, repeatability, and inter-technician variability to
be made. Recovery and error are defined for each individual process
component as well as for the wipe test as a whole.
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2. Materials and methods

2.1. Experimental conditions

Experimental details, including DNA concentrations and replicate
numbers, are given in the supplemental information. All activities as-
sociated with the determination of accuracy, precision, detection
limit, linearity and specificity were performed by one technician. Ro-
bustness tests included evaluation of the effect of residual bleach and
of dust in the sample matrix, wipe pattern, wipe processing tech-
nique, the length of time a sample was stored before being analyzed,
and the effect of using multiple technicians to complete the process.
Repeatability tests were performed for each process step and in-
volved a large number of replicate tests performed by the original
technician. Inter-technician variability tests were performed by mul-
tiple technicians to evaluate the contribution of technician variability
to the method error.

2.1.1. Sample preparation
Dry Escherichia coliDNA (Affymetrix, Santa Clara, CA)was suspended

in DNA Suspension Buffer (10 mM Tris-HCl, 0.1 mM EDTA, pH 8.0,
Teknova, Hollister, CA) at an initial concentration of 2×107 copies μL-1.
The concentration of DNA was verified before each trial using the
Quant-iT™ PicoGreen® dsDNA Assay Kit (Life Technologies™, Grand Is-
land, NY)with amicroplatefluorescence reader (model FLx800T, BioTek,
Winooski, VT). DNA was diluted to the desired concentration via serial
dilution in QIAGEN elution buffer (QIAGEN, Valencia, CA), PBST (1×
PBS with 0.03% Tween 20, prepared from PBS and PBS with 1% Tween
20, Teknova, Hollister, CA), or PCR-grade water (Teknova, Hollister,
CA). Calibrated pipettes (20 to 1000 μL, Rainin, Oakland, CA) were veri-
fied daily using an analytical balance (Sartorius, Goettingen, Germany).
Temperature, pressure, and evaporative losses were taken into account.
Arizona Test Dust (ATD, 5 to 10 micron particles, Powder Technology
Inc., Burnsville, MN)was used to assessmatrix effects. A defined amount
of ATDwas suspended in PBST, then the initial suspension of E. coli geno-
mic DNA was diluted to the desired concentration using the ATD
suspension.

2.1.2. Surface sample collection
Sterile 2×2 in. polyester-rayon non-woven wipes (Dukal,

Ronkonkoma, NY) were placed into sterile 50 mL conical tubes
(VWR, Radnor, PA). Four milliliters of PBST were transferred to
each conical tube using a sterile serological pipette (VWR, Radnor,
PA). In trials where the wipe was directly inoculated with DNA,
100 μL of DNA in PBST was applied to the wipe within the conical
tube using a micropipette.

Polypropylene sheet protectors (8.5×11 in., Avery, Brea, CA) were
cut to produce an inert, clean surface of 0.12 m2 in area. Twenty 5-μL
droplets of sterile PCR-grade water or E. coli genomic DNA in
PCR-grade water were applied to the surface of the polypropylene
sheets and allowed to dry overnight at room temperature. Pre-
moistened wipes were used to sample the surface of the plastic
sheet using an S-stroke collection pattern (Brown et al., 2007) cover-
ing the entire surface once. After the sample was collected, the wipe
was returned to the 50 mL conical tube. Gloves were changed be-
tween each sample collected.

Several surface parameters were varied to evaluate method ro-
bustness. To evaluate the impacts of the area sampled, multiple
sheets were used to produce areas of 0.12, 0.48 and 0.96 m2. To eval-
uate the impacts of decontamination protocols, the sheets were
pre-cleaned with 0.5% sodium hypochlorite wipes (equivalent to
10% household bleach, Medtrol, Niles, IL) then wiped with a moist
paper towel prior to spiking with samples or controls. To evaluate
the impacts of different wipe patterns, two patterns were evaluated:
a unidirectional S-stroke covering the entire sampling area once,

and an S-stroke in three directions (vertical, horizontal, and diago-
nal), which sampled the entire area three times (NIOSH, 1996).

2.1.3. Wipe extraction
Ten milliliters of PBST were added to each wipe sample with a

sterile pipette and then the tubes were vortexed at the maximum
speed for 20 minutes using a Vortex Genie 2 (Scientific Industries,
Bohemia, NY). A 200 μL aliquot of the supernatant was processed
using a nucleic acid purification kit (QIAamp DNA Blood Mini Kit,
QIAGEN, Inc, Valencia, CA; Dauphin et al., 2009), using a QIAcube
with the “Blood and body fluid spin protocol V3” (QIAGEN, 2010).
The QIAcube lyses the sample, stabilizes and binds DNA to a selective
membrane, washes impurities with a series of buffers, and elutes the
pure DNA sample.

Robustness tests included evaluation of four PBST wash volumes (5,
10, 15, and 20 mL). Additionally, a subset of samples was processed
with a slightly altered protocol to optimize DNA recovery. In this proto-
col, spiked wipes were vortexed for 20 minutes and a 200 μL aliquot of
the supernatant was processed; these followed the regular protocol and
served as control samples. Then, from the 50 mL conical containing the
samples, the wipes were compacted to remove additional sample by
using a sterile serological pipette to press the wipe against the side of
the conical tube. The wipe was removed and discarded, and a second
set of 200 μL samples was then collected. Finally, the samples were
centrifuged for 10 minutes at 2700 rpm. All but 2 mL of the PBST was
removed, the samples were vortexed briefly to re-suspend any pelleted
material, and a third set of 200 μL aliquots was collected.

To evaluate storage stability, a subset of samples was stored at two
points in the extraction process: after the sample had been vortexed
(with and without the gauze wipe remaining in the 50 mL conical
tube), and after the samples had been purified by the QIAcube.
Vortexed samples were stored at 4 °C for eight days. Subsequent ex-
traction and analysis were performed at 1, 2, and 8 days after the ini-
tial reading. Two concentrations of purified DNA samples (150 and 90
copies μL-1) were stored for two days at 4 °C, then for four days at
-20 °C. Measurements were taken at 1, 2, and 7 days after the initial
reading.

2.1.4. PCR procedure
DNA extracts from the QIAcube were analyzed using a TaqMan®

qPCR assay targeting highly conserved regions of the 16S rRNA gene
(Yang et al., 2002). Seven rRNAoperons appear in each copy of E. coli ge-
nomic DNA (Stevenson and Schmidt, 2004). Each 25 μL reaction
contained 5 μL of purified DNA suspension, 12.5 μL Path-ID™ qPCR
master mix (Applied Biosystems, Grand Island, NY), 5 μL of primer/
probe mix (4.5 μM of each primer, 0.5 μM probe; custom oligonucleo-
tides ordered from Integrated DNA Technologies, Coralville, IA), and
PCR-grade water. All trials were run on an Applied Biosystems 7500
Fast Dx Real-Time PCR Instrument (ABI) in MicroAmp® Fast Optical
96-Well Reaction Plates (Applied Biosystems, Carlsbad, CA) using the
following parameters: Mode: Standard; Detector: FAM (reporter)/
TAMRA (quencher); Passive reference: ROX; Cycling conditions: 50 °C
for 2 minutes, 95 °C for 10 minutes, 45 cycles at 95 °C for 15 seconds
and 60 °C for 1 minute each.

2.2. Quality control

Each batch of samples processed included positive andnegative con-
trols (see Table 1). All controls were processed through each analytical
step alongside the samples, and three to eight control replicates were
used in each batch. All sample results were blank-corrected according
to the appropriate control for that test. Preliminary studies (data not
shown) established the initial spiking concentrations for the entire
method and the individual process stages. Depending on the process
stage, these concentrations ranged from 103 to 106 copies of E. coli
DNA and were chosen based on expectant recoveries. Samples were
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extracted, purified, and analyzed by PCRon the sameday that theywere
collected, excepting the samples collected to assess storage times and
conditions as part of robustness tests.

2.3. Data analysis

Each PCR plate contained a six-point calibration curve used to
translate Ct values from the ABI into E. coli DNA concentration values.
The calibration curve, prepared as a dilution series of E. coli genomic
DNA in QIAGEN elution buffer, ranged from 10 to 106 copies E. coli
DNA per PCR reaction and had an average R2>0.999. Method valida-
tion calculations and statistical evaluations were performed using
Microsoft® Excel. P-values were determined using the Student's
t-test or analysis of variance (ANOVA).

Accuracy was calculated as the relative sample bias (Eq. (1)) for
the whole method and isolated process steps (wipe extraction,
QIAcube and PCR).

accuracy ¼ x−xblank
xtrue

� 100% ð1Þ

Where x is the average DNA measured in the samples, xblank is the
level of background DNA in the blank sample, and xtrue is the expected
value. Eight samples collected on the same day under identical condi-
tions were used for this determination. Precision was calculated as
the relative sample standard deviation (Eq. (2)):

precision ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n−1∑
n
i¼1 xi−xð Þ2

q

xtrue
� 100% ð2Þ

Where {x1, x2,…, xn} are the observed values of the sample items,x
is the mean value of these observations, n is the number of samples,
and xtrue is the expected value. The limit of detection (LOD) was cal-
culated as three standard deviations from the established sample
blank using negative controls (Willetts and Wood, 2000). Linearity
was determined using a least-squares regression for multiple repli-
cates at either seven concentrations (surface and wipe samples) or
nine concentrations (spiked solutions).

Specificity, the ability of the wipe test to detect the target DNA
from a complex matrix (e.g., ATD) compared to the ability to detect
pure DNA, was calculated as a ratio (Eq. (3)).

Specificity ¼ amount of DNA recovered from a pure sample
amount of DNA recovered from a complex matrix

ð3Þ

3. Results

3.1. Accuracy, recovery, precision, and detection limits

Accounting for sample diminution through all process steps, the
complete wipe test method detected 22% of maximum available
E. coli DNA from a clean, smooth surface (a polypropylene sheet) ini-
tially spiked with 106 DNA copies. Individual evaluation of the accura-
cy at each process step revealed that 41% of available DNA was
detected for spiked wipes and 67% was detected for spiked solutions

processed with the QIAcube. The method displayed precision within
10% standard deviation at each process step. Table 2 lists the calculat-
ed accuracy and precision at each step along with all constituent data.

Some DNA was lost at each process step, influencing the process
accuracy. Table 3 shows average DNA recovery efficiencies at each
stage. To determine recovery efficiency, the maximum recovery was
calculated by assuming a theoretical 100% recovery for all process
steps and taking into account all dilutions. Then, the recovery effi-
ciency was determined for each individual stage beginning with the
PCR step and back-calculating the recovery efficiency for the QIAcube
purification, the wipe wash, and the surface removal step. Each indi-
vidual step had at least a 59% recovery.

While step-specific recoveries were quite high, overall recovery
appears low. This is due to the volume of sample carrying through
the QIAcube and PCR steps, where 99.9% of the initial sample is
discarded before analysis. As evident in Tables 2 and 3, the DNA
detected at the PCR step reached over 20% of the maximum possible
value.

The limits of detection (LOD) ranged from one copy of DNA for the
PCR step to 108 copies of DNA for the entire method, starting with the
spiked surfaces (Table 4). Amore practical detection limit was calculated
from the LOD by taking into account dilution factors and removal effi-
ciencies (see supplemental information for stepwise calculations). Over-
all, the wipemethod can detect DNA at aminimum of 4.5×105 copies of
DNA on a surface, 2.5×105 copies on a wipe, 17 copies/μL in a spiked so-
lution, or 1 copy of DNA at the PCR step. Note that while LODs were cal-
culated from background levels as described in Section 2.3, detection of
one copy at the PCR step remains a tractable limit due to the presence
of multiple rRNA operons per genomic copy.

3.2. Linearity

The DNA measured by PCR demonstrated an inverse logarithmic
trend between measured Ct values and the amount of DNA initially
added to the sample (Fig. 1). Spiked solutions could be modeled
over six orders of magnitude, from 50 to 5×106 initial copies of
DNA per sample (R2=0.99). Spiked wipes followed a similar trend
between 102 and 105 initial copies of DNA per wipe (R2=0.99). Sam-
ples collected from spiked surfaces trended logarithmically over a

Table 1
Experimental controls.

Control type Process stage Description DNA detected (copies) Number of samples (n)

Negative: Method Blank Surface Polypropylene sheet spiked with PCR grade water 48±20 22
Matrix Blank Wipe Wipe moistened with PBST 39±21 21
Reagent Blank QIAcube 200 μL of PBST 30±20 18
PCR Blank PCR 5 μL QIAGEN elution buffer 1±1 43

Positive: Matrix Spike Wipe Wipe moistened with PBST, spiked with 106 copies E. coli DNA 406±56 20
PCR Spike PCR 5 μL QIAGEN elution buffer, spiked with 103 copies E. coli DNA 926±117 27

Table 2
Summary of accuracy and precision for the detection of E. coli DNA from polypropylene
surfaces using polyester–rayon gauze wipes, n=8.

PCR QIAcube Wipe
Extraction

Overall
Process

DNA spike (copies) 1000 20,000 1,000,000 1,000,000
Recoverable DNA (copies) 1000 1000 1000 1000
DNA detected (copies) 887 694 386 373

890 675 391 145
911 623 410 246
950 733 430 166
974 740 432 307
918 618 409 308
1009 621 437 103
879 643 408 105

Accuracy (% bias) 93% 67% 41% 22%
Precision (Standard Deviation) ±5% ±5% ±2% ±10%

360 E.M. Remillard et al. / Journal of Microbiological Methods 92 (2013) 358–365
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smaller range, from 102 to 5×104 initial copies of DNA deposited on
the surface (R2=0.99). For DNA quantities above 5×104 copies per
surface spike, the sensitivity began to decline.

3.3. Robustness

Robustness tests aided in determining how well the method
performed under normal work conditions by evaluating the effects
of minor, deliberate protocol variations on the final results.

3.3.1. Laboratory variations
Several commonly encountered factors (i.e., bleach, dust, sampled

area, storage and technician variability) were assessed as part of the
robustness tests. One of the first tests involved cleaning polypropyl-
ene surfaces using bleach prior to spiking with 106 copies of E. coli
DNA. The results showed that DNA recovery was not significantly
diminished compared to non-bleached surfaces (n=4, p=0.47).
Bleached surfaces exhibited an average DNA recovery of 23±5%,
compared to non-bleached surfaces, which had 26±6% recovery
(Table 5).

ATD was added to three types of samples to evaluate the ability of
the method to detect E. coli from a complex matrix (Fig. 2). Calculated
specificity values (Eq. (3)) were equal to 1 for the solution and wipe,
while specificity was equal to 2.7 for the spiked surface. ATD had no
statistical effect (p>0.05) on the DNA recovery for spiked solutions
and spiked wipes, but impaired DNA recovery for spiked surfaces
(pb0.05). In fact, average DNA recovery from spiked surfaces de-
clined from 22% (no ATD) to 6% (ATD).

Statistical differences were observed when different areas were
sampled. DNA recovery was compared for three different areas
(0.12 m2, 0.48 m2, and 0.96 m2) containing the same initial DNA
loading, 106 copies of E. coli DNA in water. Recovery was equivalent
from surfaces 0.12 m2 (25±5%) and 0.48 m2 (26±7%); however, a
lower recovery value (p=0.06) was observed for the 0.96 m2 surface
(11±5%) (Fig. 3).

Multiple wipe samples are typically collected from laboratory
spaces, and larger sample numbers may require multiple days for full
analysis. Consequently, collected samples may be stored at some point
during processing. To determine the effect of sample storage on data

quality, samples were stored at two points in the wipe process: after
the sample had been vortexed (with and without the gauze wipe
remaining in the conical tube); and after the samples had been purified
by the QIAcube. There was no change in DNA recovered from the wipes
stored in conical vials at 4 °C for up to eight days; values fluctuated be-
tween 96% and 111% of the initially measured DNA concentration. Fur-
thermore, these samples showed no decline over eight days,whether or
not the wipe was left in the conical tube; n=5, p=0.23. There was,
however, a trend of decreasing concentration observed for the eluted
DNA samples over seven days of storage. The higher concentration of
purified DNA (150 copies μL-1) declined 21% over the weeklong trial,
while the lower concentration of DNA (90 copies μL-1) declined 18%.
However, the change in the lower concentration sample was not statis-
tically significant (p=0.08, Fig. 4).

Sincemultiple technicians may assist in performing onewipemeth-
od, wipes were spiked with 106 copies of E. coli DNA and processed by
up to four different technicians to produce a single result. Results
were compared to data collected by a single laboratory technician.
There was no difference (p=0.41, n=18) in DNA recovery between
spiked wipes that were processed by one technician (42±5%) com-
pared towipes that were processed bymultiple technicians performing
various steps of the wipe process (39±10%) (Fig. 5).

3.3.2. Method techniques
Two different wiping patterns were used to sample polypropylene

sheets spiked with 106 copies of E. coli DNA. The recovery of DNA
from polypropylene sheets sampled using unidirectional S-strokes
and covering the surface once (26±6%) was comparable to DNA re-
covered from surfaces sampled using S-strokes in three directions
(37±9%). Although higher recoveries were recorded using three
stroke directions, there was no statistical difference at the 95% confi-
dence interval (n=4, p=0.06).

Table 3
Summary of DNA recovery for each process step compared to the theoretical maximum
recovery and initial input. For isolated process steps, the following replicates apply:
PCR n=27, QIAcube n=26, Wash n=17, Overall Process n=25.

Maximum possible
recovery, DNA copies
(maximum overall
recovery as % of initial)

DNA copies measured
for isolated process
step (step recovery as
% of step maximum)

Total DNA copies
remaining through
continuous process
(overall recovery
as % of initial)

Wipe 1,000,000 (100%) 590,000 (59%) 590,000 (59%)
Wash 1,000,000 (100%) 740,000 (74%) 440,000 (44%)
QIAcube 20,000 (2%) 12,000 (59%) 5200 (0.5%)
PCR 1000 (0.1%) 930 (93%) 240 (0.02%)

Table 4
Summary of limits of detection of E. coli DNA from polypropylene surfaces using
polyester-rayon gauze wipes. PCR n=43, QIAcube n=18, Wipe Extraction n=21,
Overall Process n=22.

PCR QIAcube Wipe Extraction Overall Process

Limit of detection 1 copy
DNA

94 copies
DNA

103 copies DNA 108 copies DNA

Practical detection Limita 1 copy
DNA

17 copies
DNA/μL

250,000 copies
DNA/wipe

450,000 copies
DNA/surface

a Practical detection limit used data from the limit of detection to back-calculate the
minimum concentration of DNA required at the onset of processing in order to detect
DNA via PCR. It takes into account process dilutions and efficiencies.
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Fig. 1. Linearity of instrumental response for dilution corrected samples: solution (n=4),
wipe (n=4) and surface (n=4). Error bars represent one standard deviation.

Table 5
Comparison of DNA recovery for bleach-cleaned vs. non-bleached surfaces, n=4, p=0.47.

Bleach-cleaned surface Non-bleached surface

DNA Spike (copies) 1,000,000 1,000,000
Recoverable DNA (copies) 1000 1000
DNA Recovered (copies) 168 218

213 209
294 268
237 341

Recovery (%) 23±5 26±6
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Spiked wipes were washed with various volumes of buffer to de-
termine the optimal wash volume. Overall, the recovered DNA for
the larger wash volumes produced similar results with percent recov-
ery ranging from 50±9% to 53±4% (p>0.3), but recovery decreased
with the lowest wash volume of 5 mL (39±6%), Fig. 6A. Since the
wipe method is a screening method, it is more useful to analyze the
data produced by PCR analysis without accounting for volume dilu-
tions. In this case, the amount of DNA detected was greatest for
wipes washed with 5 mL of PBST and decreased with increasing
wash volume: 780±120 copies using 5 mL, 520±50 copies using
10 mL, 360±30 copies using 15 mL, and 260±50 copies using
20 mL (Fig. 6B).

Tests were also conducted to determine whether certain tech-
niques affected method performance. The data shows no significant
difference (p>0.05) in the DNA recovered from sample aliquots col-
lected prior to removing the wipes from the conical tube (n=12);
after the wipe was wrung out and removed (n=9); or after the sam-
ple was centrifuged (n=5). The analysis was repeated with the addi-
tion of matrix effects (i.e., ATD). This did not affect DNA recovery,
regardless of processing method.

3.4. Repeatability

Data from all trials, collected over three months, was compiled to
determine the consistency in results over time. From 27 samples
spiked at the PCR stage, collected over six different days, 93±12%

of the expected DNA was detected, with values ranging from 80% to
110%. Less DNA was recovered from solutions spiked prior to QIAcube
extraction; the average DNA recovered from 26 samples over five
days was 59±10%, with a range from 39% to 77%. Recovery from
spiked wipes averaged 41±6%, ranging from 26% to 48% in 20 sam-
ples collected over 7 days. Finally, from spiked surfaces, recovery av-
eraged 24±7% and ranged from 10% to 37% for 25 samples collected
over five days.

3.5. Inter-Technician Variability

Small differences in technique between laboratory technicians
introduced variability in the results. In this test, four technicians sam-
pled 0.12 m2 polypropylene surfaces that were spiked with 106 copies
of E. coli DNA in water and five replicate samples were collected per
technician According to an analysis of variance test (ANOVA), there is
a significant difference in DNA recovery depending onwhich technician
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collected and processed the sample (pb0.05, F>Fcrit, correlation=
0.85). Recoveries for four technicians ranged from 16±1% to 45±3%,
with an average of 26±13% (Fig. 7). The average standard deviation
for any individual technician was 4%, indicating consistent precision in
technique, although accuracy varied.

4. Discussion

Environmental wipe tests play a key role in detecting DNA on sur-
faces. Simplicity and low cost make these tests ideal for rapid detec-
tion; however, the number of studies detailing the efficacy of wipe
tests varies widely across applications. For instance, many papers
have compared the effect of wipe materials, surface types, protocols,
or spore species on detection efficacy (Brown et al., 2007; Buttner et
al., 2004; Edmonds, 2009; Estill et al., 2009; Frawley et al., 2008;
Krauter et al., 2012; Sanderson et al., 2002). While these papers con-
tribute significantly to pathogen detection methodology, the basic,
quantitative parameters of a wipe method (e.g., LOD) for detecting lab-
oratory contamination have remained largely unexplored, even with
explicit endorsement of the wipe method to identify laboratory con-
tamination (Cone et al., 1990) and the availability of several commercial
DNA wipe kits (Invitrogen UniTray DNA Wipe Test, Biofortuna HLA
Wipe Test kit).

In this study, thewipe test was characterized by amethod validation
process using E. coli genomic DNA. Based on the results of the current

study, the wipe method was capable of detecting laboratory DNA con-
tamination above 4.5×105 copies (~2 ng) with recovery efficiency
from polypropylene surfaces around 22%. Similar detection limits
were published for the Biofortuna HLA Wipe test, where genomic
DNA was detected above 0.1 ng/μL. It is important to note that the
size of the target DNA will affect the sensitivity of the test, and smaller
DNA fragments (amplicon DNA) are expected to have a lower limit of
detection based on amplicon studies using the Biofortuna HLA Wipe
test (Biofortuna, 2011). Although the sensitivity of the wipe test may
appear low, this range is relevant to laboratory settings; an aerosolized
droplet of amplified PCR product of 10-6 μL can contain as many as 105

copies of DNA (Persing, 1991).
Significant losses occur at various process steps. The method vali-

dation process revealed that only 0.02% of the DNA present on a sur-
face was detected by PCR, the equivalent of 240 copies detected with
an initial surface loading of 106 copies of DNA. Sampling efficiencies
were determined at each step of the process based on all samples col-
lected during the testing period and were≥59% for each stage of the
wipe process. Major DNA losses occurred due to surface sampling in-
efficiencies, the retention of DNA in the wipe, and DNA discarded in
excess wash solution.

The test response was proportional to the initial DNA loading, with
Ct values trending logarithmically over 3.5 orders ofmagnitude. At con-
centrations higher than 5×107 copies of DNA contamination on the sur-
face, the logarithmic nature of the test declined, likely due to the
inability of the wipe to efficiently remove DNA from the polypropylene
surface. However, there could be other factors to consider: in one study,
higher concentrations of wipe extract decreased PCR sensitivity, some-
times to the point of complete inhibition (McCormack et al., 1997).
Since most laboratories use wipe tests to identify the presence of con-
tamination rather than quantify contamination present, the decline in
sensitivity above 5×107 copies should not reduce the utility of the
wipe test.

Deliberate modifications to thewipe sampling protocol weremade to
determine if recovery could be improved. As a result, a number of ineffi-
ciencies in thewipewashing stagewere identified and removed. Initially,
the wipe test mimicked sampling protocols used to detect spores from
impermeable surfaces (CDC, 2002). It included steps to increase yield
such aswringing out the gauzewipe after it waswashed and centrifuging
the sample extract to remove spores. The data indicates that these steps
are irrelevantwhen isolatingDNA fromwipes. Consequently, by eliminat-
ing these steps, a laboratory could save time, money and materials.

Other alterations had varied effects on DNA recovery. One impor-
tant result is that increasing the sampled area may not increase the
collection efficiency of the wipe. A current gauze wipe protocol uti-
lized for surface collection recommends a sampling area greater
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than 100 cm2 with no upper bound limit (CDC, 2002). In the present
study, the results demonstrated that increasing the sampled area
above 4000 cm2 decreases recovery efficiency. These results were
counter-intuitive based on a previous study by Buttner et al. which
found that larger sampling areas (10,000 cm2) yielded more sensitive
results compared to smaller areas sampled using a commercial bio-
logical sampling kit (BiSKit™) (Buttner et al., 2004). The lower yields
might be attributed to the wipe drying out while sampling the larger
area. The foam used in the BiSKit worked best when used dry, and
consequently, would be unaffected by changes in moisture when
sampling larger areas. Furthermore, there was no significant difference
between sampling an area one time versus three times, even though
many sources recommend sampling the area more than once (Brown
et al., 2007).

The volume of wash played an important role in providing ade-
quate volume for maximum extraction efficiency and in concentrat-
ing the sample. The highest extraction efficiency was achieved using
wash volumes between 5 and 10 mL, indicating no added benefit of
larger wash volumes. However, since wipes for lab contamination
typically would not account for wash volume, concentrating the sam-
ple with a 5-mL wash volume compared to 10 mL wash volume
would increase the chances of detection by nearly two-fold according
the present study. Typical wash volumes for wipes range from 1 mL
(Frawley et al., 2008) to 50 mL (Estill et al., 2009).

Another important finding is that certain storage conditions
proved to be more ideal. Samples stored just after vortexing had
more consistent DNA concentration over the course of a week com-
pared to samples that were purified. The microcentrifuge tubes used
to store the eluted samples may have contributed to the loss of DNA
over time. In one study, Gaillard and Strauss report DNA retention
as high as 5 ng mm-2 for polypropylene tubes, with large variation
between tube lots, and recommend using polyallomer tubes as an al-
ternative (Gaillard and Strauss, 1998). Additionally, eluted samples
were stored at 4 °C to avoid multiple freeze-thaw cycles; however,
storing the DNA at −20 °C or −70 °C, as QIAGEN recommends,
may improve long term stability (QIAGEN, 2010).

Manipulations to the surface conditions for robustness tests, in-
cluding background levels of dust or potential bleach residue, had
negligible effects on the wipe test results. Arizona Test Dust or ATD
is commonly used to validate spore extraction efficiencies from envi-
ronmental samples using concentrations of dust from 2 mg per wipe
(Rose et al., 2011) to 250 mg per wipe (Kane et al., 2009; Letant et al.,
2011). In this study, a lower concentration of ATD was selected in
order to represent conditions of a freshly cleaned lab. The results sug-
gest that dust does not affect the specificity of the wipe test and agree
with similar spore studies (Hodges et al., 2010; Rose et al., 2011).
However, the significantly lower DNA recovery from dusty surfaces,
6% compared to 22% recovered from clean surfaces, deviated from
both Rose and Hodges who reported recoveries between 15% and
55% for both clean and dusty samples. A comparison between these
results, however, is inconclusive due to the intrinsic differences in de-
tection methods between spores (detected with CFUs) and DNA
(using PCR) and the different materials used for sampling the surface.

Although the method demonstrated excellent repeatability when
one technician performed multiple repeat tests over several months,
the inter-technician variability tests revealed a high degree of vari-
ability. Recorded recovery efficiencies differed by almost 30% when
comparing certain technicians. Inter-technician variability showed
that the highest source of error when comparing one wipe test to an-
other may be the process technician. Given this variability and the
sources of DNA loss, the wipe tests were successfully implemented
to identify DNA contamination hotspots on office keyboards and
mice, the bench tops where the wipe samples are prepared, and
equipment used in post-amplification processes including PCR work-
stations, a centrifuge, a fridge, PCR instrument tray, and instrument
keyboards.

5. Conclusion

Even with stringent measures to avoid contamination and false
positive readings, DNA contamination remains a concern; identifying
sources of DNA contamination in a PCR laboratory can reduce the
prevalence of false positive results that lead to erroneous results
and possibly expensive and life-threatening errors. The method vali-
dation process reported herein defines the boundaries of a robust
wipemethod for detecting DNA contamination. This data demonstrates
that the method is capable of reliably detecting surface contamination
above 4.5×105 copies (~2 ng), with few noticeable effects on recovery
efficiency upon various alterations of the method. Through these tests,
method improvements were identified which made the test more sen-
sitive and the processmore time and cost efficient. Although the valida-
tion was performed using E. coli, similar results are expected with other
types of DNA.
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