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Environmental sampling for microbiological contaminants is a key component of hygiene monitoring and risk characterization
practices utilized across diverse fields of application. However, confidence in surface sampling results, both in the field and in
controlled laboratory studies, has been undermined by large variation in sampling performance results. Sources of variation
include controlled parameters, such as sampling materials and processing methods, which often differ among studies, as well as
random and systematic errors; however, the relative contributions of these factors remain unclear. The objective of this study
was to determine the relative impacts of sample processing methods, including extraction solution and physical dissociation
method (vortexing and sonication), on recovery of Gram-positive (Bacillus cereus) and Gram-negative (Burkholderia thailand-
ensis and Escherichia coli) bacteria from directly inoculated wipes. This work showed that target organism had the largest impact
on extraction efficiency and recovery precision, as measured by traditional colony counts. The physical dissociation method
(PDM) had negligible impact, while the effect of the extraction solution was organism dependent. Overall, however, extraction of
organisms from wipes using phosphate-buffered saline with 0.04% Tween 80 (PBST) resulted in the highest mean recovery
across all three organisms. The results from this study contribute to a better understanding of the factors that influence sam-
pling performance, which is critical to the development of efficient and reliable sampling methodologies relevant to public
health and biodefense.

Effective surface sampling for biological contaminants is critical
to the development of hygiene and decontamination plans to

ensure public health and product integrity. Recovery, enumera-
tion, and identification of microorganisms on surfaces have been
a focus of scientific inquiry for over a century, with initial appli-
cations primarily related to food safety (2), the integrity of the
National Aeronautics and Space Administration (NASA) pro-
grams (35), and hygiene in domestic (22, 50) and clinical (1, 6, 19)
settings. However, the reliability of traditional surface sampling
methods came under intense scrutiny in 2001 following the wide-
spread contamination of multiple large building complexes with
spores identified as Bacillus anthracis, the causative agent of an-
thrax. Confidence in the qualitative results primarily reported
during that event was undermined in part by the use of sample
collection and analytical methods that had not been previously
validated for B. anthracis (47). Since that event, quantitative sam-
pling and analysis methods have been recognized as essential com-
ponents of a biothreat investigation for determination of the ex-
tent of contamination as well as decontamination effectiveness
(27). As a result, over the last decade needs for quantitative assess-
ment capabilities have driven research on the relative effectiveness
of different sampling processes as well as the development of val-
idated surface sampling and sample processing methods (27, 49).
Notably, the vast majority of these studies have utilized B. anthra-
cis spores (13, 20, 23, 27, 28, 48) or spores of a surrogate organism
(4, 5, 8, 9, 18, 58). Comparatively little effort has been applied in
recent years toward improved surface sampling of viruses (31) and
vegetative bacterial cells that represent likely biothreat (BT) agents
(or surrogates thereof) (7, 29, 39, 60).

In addition to biodefense-related surface sampling needs,
emerging hygiene requirements in food production and clinical
settings are also fueling demand for improved reliability and effi-
ciency of traditional surface sampling methods. In response to the

establishment of a zero tolerance policy for Listeria monocytogenes
in ready-to-eat foods (57), food industry stakeholders have imple-
mented microbiological testing programs for food contact and
environmental surfaces to assess effectiveness of sanitation stan-
dard operating procedures. Although traditional culture enrich-
ment methods for Listeria provide only qualitative (i.e., presence/
absence) results, there is increasing interest in quantitative
measurements for use in risk assessments (59). The rising preva-
lence of certain hospital-acquired infections, such as methicillin-
resistant Staphylococcus aureus (MRSA), has spurred a proposal
for microbiological hygiene standards in hospitals (12), which
also necessitates the capability to quantitatively assess bacterial
loads on surfaces. In the absence of standardized and validated
surface sampling procedures that could be incorporated into en-
vironmental monitoring programs, efforts to optimize methods
for recovery of these food-borne and hospital-associated micro-
organisms from contaminated surfaces have been reported (36,
44, 45, 59). However, most have focused on the relative effective-
ness of different sampling materials, and few studies have exam-
ined the impact of processing method, including extraction solu-
tion and physical dissociation methods (e.g., sonication and
vortexing) on recovery efficiency (42).
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Although vegetative bacterial cells lack the stability and resis-
tance to environmental degradation characteristic of bacterial en-
dospores, the ability of some bacteria to persist on surfaces in a
vegetative state for as long as several months has been clearly dem-
onstrated (14, 37, 61). Consequently, fomites, environmental sur-
faces, and even clothing (62) may act as reservoirs of bacterial
pathogens and can play an important role in disease transmission
(3, 56). While this is of particular concern for health care settings
and food contact surfaces, it is also relevant to clean room and
biodefense applications, necessitating sample collection methods
that facilitate monitoring for a wide range of surface-associated
microbial contaminants. A clear understanding of the factors that
impact sampling performance is prerequisite to intelligent design
and optimization of robust methods that meet multidisciplinary
surface sampling needs.

Traditional surface sampling methods utilizing swabs and
wipes have been plagued by poor recovery and highly variable
results (17), with reported recovery efficiencies ranging from less
than 1% (7) to greater than 90% (18), depending on the experi-
mental conditions. Comparison among studies has been hindered
by the wide variation in experimental conditions and the lack of
standardized methods for characterization of sampling perfor-
mance. Performance is generally measured by depositing a known
quantity of cells or spores onto a surface, removing the adherent
microorganisms using an absorptive sampling device (e.g., swab
or wipe), and extracting the particles into solution. Recovered
cells or spores can then be quantified by culture or quantitative
PCR (8, 38). The recovery efficiency is dependent on numerous
experimental parameters, including the method for depositing
biocontaminants on surfaces, surface characteristics, wetting
agents, extraction solutions, the physical dissociation method, the
sampling material, variation in sampling technique, and the bio-
logical agent. These parameters may impact the removal of micro-
organisms from the surface (i.e., removal efficiency) and/or re-
lease of the particles from the absorptive material during the
extraction step (i.e., extraction efficiency), both of which affect the
overall recovery. However, removal and extraction efficiency are
rarely measured independently, and most studies report only the
overall recovery efficiency. Consideration of each step separately
facilitates elucidation of the mechanism by which experimental
parameters impact the recovery process and thus how sampling
performance can be optimized. For example, Rose et al. (48)
found that recovery efficiency for B. anthracis spores sampled
from stainless steel coupons was significantly lower for rayon and
polyester swabs as compared to cotton and macrofoam. However,
in that study, the extraction efficiency for directly inoculated
rayon swabs was not statistically different from those of cotton
and macrofoam swabs, indicating that the lower recovery effi-
ciency for rayon can likely be attributed to comparatively poorer
removal of spores from the surface.

Together the extraction solution and physical dissociation
method (PDM) make up the extraction method. Extraction meth-
ods for wipes reported in the literature vary considerably. Sonica-
tion, stomaching (generally used for sponge-type wipes), and vor-
texing are the most commonly reported PDMs; however,
processing times can range from 30 s to 15 min. Similarly, a range
of extraction solutions, including Butterfield’s buffer (BB), potas-
sium phosphate buffer, phosphate-buffered saline (PBS), and wa-
ter, all with and without surfactant like Tween 80 or Triton X-100,
as well as Ringer-based solutions and maximum recovery diluent

(MRD), have been reported in the sampling literature. The objec-
tive of the present study was to characterize the impact of wipe
processing method on recovery of vegetative bacterial cells from
directly inoculated wipe materials. Specifically, the effects of dif-
ferent extraction solutions, PDMs, and biocontaminants on ex-
traction efficiency were evaluated using traditional culture-based
methods. An additional aim of the study was to identify the most
effective extraction method, which was robust over the three dif-
ferent organisms. A fluorescence-based viability assay was devel-
oped to assess whether differences in recovery between extraction
methods could be attributed to loss of cell viability.

MATERIALS AND METHODS
Test organisms and culture methods. Burkholderia thailandensis (ATCC
700388), a surrogate for the Gram-negative, category B biothreat agent
Burkholderia pseudomallei (24), and Bacillus cereus (ATCC 10987), a com-
mon surrogate for the Gram-positive category A biothreat agent B. an-
thracis, were purchased from ATCC (Manassas, VA). An attenuated Esch-
erichia coli O157:H7 (ATCC 700728) strain was also obtained from
ATCC. All three organisms were maintained on Luria-Bertani (LB) agar
(Acros Organics, Fair Lawn, NJ) plates with incubation at 30°C.

Inoculum preparation. To prepare inocula for use in the extraction
experiment, 10 ml of LB broth (Acros Organics, Fair Lawn, NJ) was inoc-
ulated with a single isolated colony and cultured overnight (�15 h) with
shaking at 30°C (B. thailandensis and B. cereus) or 37°C (E. coli). The
stationary-phase cultures were harvested by centrifugation (10,000 � g
for 3 min for B. cereus and E. coli and for 5 min for B. thailandensis due to
difficulties in pelleting cells), washed once in phosphate-buffered saline
(PBS) at pH 7.4 containing 0.04% (vol/vol) Tween 80 (PBST), and con-
centrated 3-fold by resuspension in PBST at one-third the original culture
volume. Inoculum concentrations were quantified using a drop plate
method (25). Briefly, following 10-fold serial dilution of inoculums in
PBST, for each inoculum dilution, five 10-�l drops of the cell suspension
were deposited within a quadrant on LB agar plates. Plates were incubated
at 30°C for �18 h (E. coli and B. cereus) or �42 h (B. thailandensis). CFU
were enumerated for each replicate drop in the countable dilutions (i.e.,
colony counts between 3 and 30), and the average value from the five
replicate drops was used to calculate the CFU/ml. The drop plate method
was chosen over the more commonly applied spread plate method as it
allowed all extraction conditions for a particular organism to be tested in
a single day by reducing the time required for plating and the number of
agar plates needed to plate multiple dilutions for each sample. This re-
duces the potential that day effects will confound observed differences in
recovery efficiency results among extraction methods. Additionally, using
this method, average colony counts for a single sample could be calculated
from five replicate drops, as opposed to the two or three replicate plates
commonly used with spread plating. Previous studies have shown the
equivalence of drop and spread plate methods for obtaining cell recovery
estimates (26). An electronic repeat pipettor was used to dispense the
10-�l drops in order to minimize variation in counts among replicate
drops caused by slight differences in drop volumes.

Experimental design. This study was designed to evaluate the impact
of different experimental parameters on the efficiency with which bacte-
rial cells are transferred from a sampling material to an extraction solu-
tion, defined here as the extraction efficiency. Three factors were evalu-
ated for their impact on extraction efficiency: (i) organism, including one
Gram-positive (B. cereus) and two Gram-negative cell types (B. thailand-
ensis and E. coli), (ii) extraction solution, and (iii) physical dissociation
method (PDM), including sonication, vortexing, or a combination
thereof, for multiple time periods (Table 1). Extraction solutions and
PDMs were chosen from those commonly found in the literature regard-
ing extraction of biological agents from sampling materials (4, 13, 42, 48).
Inclusion of phosphate-buffered saline (PBS; pH 7.4) and Butterfield’s
buffer (BB; pH 7.2) allowed comparison of high- and low-salt solutions.
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Each of these buffers was evaluated in the presence and absence of 0.04%
of the polysorbate Tween 80. Maximum recovery diluent (MRD), which
contains peptone and has been shown to help maintain cell viability dur-
ing sample processing (53), was also evaluated for use as an extraction
solution. Three experimental replicates were performed for each extrac-
tion condition.

Wipe extraction procedure. Sterile nonwoven polyester-rayon blend
wipes (2 by 2 in.) (Kendal Versalon, catalog no. 8042; Tyco Healthgroup
LP, Mansfield, MA), previously shown to efficiently release Bacillus an-
thracis Sterne spores into extraction solutions (13), were used in the pres-
ent study. Wipes were premoistened with 1 ml of neutralizing buffer
(Hardy Diagnostics, Santa Maria, CA) and subsequently inoculated with
100 �l of inoculum (�109 CFU of a single organism). Neutralizing buffer,
which inactivates chlorine and quaternary ammonium compounds com-
monly found in disinfectants, is currently recommended by the Centers
for Disease Control and Prevention (CDC) as a wetting agent for sampling
of B. anthracis spores from smooth, nonporous surfaces (10) and has been
shown to be an effective wetting agent for recovery of Yersinia pestis from
inoculated swabs (46). Following inoculation, wipes were left in partially
covered sterile petri dishes in a biological safety cabinet for 1 h to promote
adherence of cells to the wipes. Incorporation of wipe holding times into
sampling material inoculation procedures has been described previously
(46, 60). Following the 1-h holding period, wipes were transferred into
sterile 50-ml screw-top conical polypropylene tubes (catalog no. 23-2262;
Crystalgen, Plainview, NY) containing 30 ml of the extraction solution.
After subjection of the extraction tube to the PDM for the specified time
period (Table 1), 100-�l aliquots were removed and serially diluted in
PBST to 10�4. Due to high inoculum cell concentrations, an additional
1:10 dilution was performed on the extracted B. thailandensis cell suspen-
sions prior to the 4-log serial dilutions by transferring the 100-�l aliquot
from the extraction tube into 900 �l of PBST. Using the drop plate
method (25), 10�1 through 10�4 dilutions (10�2 through 10�5 for B.
thailandensis) were plated onto LB agar, applying five 10-�l drops per
dilution. Plates were incubated at 30°C for all three bacteria for �18 h (E.
coli and B. cereus) or �42 h (B. thailandensis). CFU were enumerated for
each replicate drop, and the average value from the five replicates was used
to calculate the CFU/ml as a function of the suspension volume plated and
the dilution factor.

Direct tube inoculation controls. A reference control was run for
each experimental condition (organism-extraction solution-PDM com-
bination). For each reference, the inoculum was prepared as described
above, and 100 �l was transferred directly into sterile 50-ml screw-top
conical tubes containing 30 ml of the extraction solution. Reference con-
trol tubes were subjected to the wipe extraction procedure described
above (i.e., application of PDM followed by serial dilution and plating to

determine cell concentration in the extraction solution), and the result
theoretically represents the maximum expected recovery for a given ex-
traction method, accounting for potential cell losses due to adherence to
tube walls, aggregation, or losses in viability. Reference control experi-
ments were run on separate days from the wipe extractions and conse-
quently, inocula for reference control and wipe experiments evaluating
the same experimental conditions (organism-extraction solution-PDM
combination) may have varied in concentration slightly. However, cell
recoveries from both wipes and reference control samples were normal-
ized to the starting inoculum concentrations to allow comparison.

Calculation of extraction efficiency. Extraction efficiency, repre-
sented as the percentage of recovery from the inoculated wipes, was cal-
culated as the CFU/ml in the extraction solution after wipe processing
relative to the concentration of the initial inoculum. A secondary response
measure, the recovery ratio (RR), provided information on the efficiency
with which bacteria were released from the wipe surface. RR is defined by
the equation RR � mean % recovery from wipes/mean % recovery from
reference controls.

Viability assay. A fluorescence-based assay utilizing a commercial
LIVE/DEAD BacLight bacterial viability kit (catalog no. L7012; Invitro-
gen, Eugene, OR) was developed to measure viability loss associated with
the extraction conditions and the 1-h wipe holding time. Fluorescence
measurements were collected using a SpectraMax M2 microplate reader
(Molecular Devices, Sunnyvale, CA). A calibration curve was generated
for each experimental replicate in order to calculate the percentage of
viable cells remaining after exposure of cells to the extraction method. To
generate the calibration curve, live and dead cells were mixed in the fol-
lowing ratios: 0:100, 10:90, 25:75, 50:50, 75:25, 90:10, and 100:0. Dead
cells were prepared by resuspending pelleted cells in 70% ethanol and
incubating them for 1 h at room temperature with constant shaking, as
per the manufacturer’s instructions. Prior to mixing, live and dead cell
pellets were washed one time in 0.85% NaCl and resuspended in 0.85%
NaCl containing 0.02% Tween 80 (NaCl-T). For cell staining using the
LIVE/DEAD BacLight bacterial viability kit components, a 2� dye mix-
ture solution was prepared in sterile deionized (DI) water by adding SYTO
9 and propidium iodide (1:2 ratio of the two dyes, respectively), as per the
manufacturer’s instructions. The dye mixture was added to the live-dead
cell mixtures at a 1:1 ratio and incubated for 15 min in the dark. Subse-
quently, 200 �l of each sample was pipetted into a 96-well black Costar
microplate and analyzed in triplicate. The fluorescence emission was mea-
sured at 530 nm with a cutoff at 515 nm for SYTO 9 (green emission) and
620 nm with a cutoff at 590 nm for propidium iodide (red emission). Both
dyes were excited at 485 nm. The percentage of live cells in the suspension
was plotted as a function of the ratio between the green and red fluores-
cence intensities.

Viability losses associated with the 1-h holding period following wipe
inoculation were assessed for E. coli and B. cereus. Wipes were premoist-
ened and inoculated as described above for the wipe extraction procedure.
Immediately (time [t] � 0 h) and 1 h (t � 1 h) after inoculation, wipes
were placed into 50-ml screw-top conical polypropylene tubes containing
30 ml of PBST. As controls for viability losses associated with the process-
ing method, tubes containing 30 ml of PBST were directly inoculated
using the same inoculum as that used for the wipes. All tubes were vor-
texed for 2 min, and triplicate 100-�l aliquots were transferred into 1.5-ml
centrifuge tubes. The tubes were centrifuged (10,000 � g, 3 min), and the
pellets were washed once in 300 �l of 0.85% NaCl and resuspended in 100
�l of NaCl-T. An equal volume of dye mixture (prepared as described
above) was added to the tubes, and samples were incubated for 15 min in
the dark. Fluorescence emission was measured as described above, and the
ratio of green to red fluorescence was compared to the calibration curve in
order to determine losses in viability associated with the extraction
method. Due to assay sensitivity problems for B. cereus, the above proto-
col was modified as follows to increase cell yields prior to cell staining.
Wipes were cut into 2.5-cm2 pieces and premoistened with 250 �l of
neutralizing buffer prior to inoculation as described above. The inocu-

TABLE 1 Experimental factors evaluated for impact on extraction
efficiency

Organism
(factor 1)

Extraction
solution
(factor 2)a PDMb (factor 3)

E. coli PBS Touch vortexing for 10 s (TV)
B. cereus PBST Vortexing for 2 min (V2)
B. thailandensis BB Vortexing for 10 min (V10)

BBT Sonication for 1 min (S1)
MRD Sonication for 2 min (S2)

Sonication for 5 min (S5)
Sonication for 1 min � vortexing for

1 min (S1V1)
Sonication for 2 min � vortexing for

2 min (S2V2)
a PBS, phosphate-buffered saline; PBST, PBS plus 0.04% Tween 80; BB, Butterfield’s
buffer; BBT, BB plus 0.04% Tween 80; MRD, maximum recovery diluent.
b PDM, physical dissociation method.
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lated wipe pieces were processed in 15-ml screw-top polystyrene tubes
(catalog no. UP2018; United Laboratory Plastics, St. Louis, MO) contain-
ing 5 ml PBST. Following processing by vortexing as described above, the
5 ml containing extracted cells was split among five 1-ml microcentrifuge
tubes. Tubes were centrifuged (10,000 � g, 2 min), and cells were washed
in 500 �l 0.85% NaCl and then combined in 300 �l of NaCl-T. Thirty
microliters of the combined cell suspension was diluted into 150 �l of
NaCl-T, and an equal volume of the 2� dye solution was added to stain
the cells as described above.

Viability losses for E. coli and B. cereus associated with the extraction
method were assessed for all five extraction solutions (only BB and BB
with 0.04% Tween 80 [BBT] for B. cereus), and three of the PDMs (touch
vortexing, vortexing for 2 min, and sonication for 5 min). To ensure
roughly the same starting cell concentration for each of the experimental
replicates, overnight cultures were adjusted to a set optical density at 670
nm (OD670) value (�1.3 and 3.4 for E. coli and B. cereus, respectively) at
the start of the experiment. Thirty microliters of the adjusted overnight
culture was added to 1.5-ml microcentrifuge tubes containing 500 �l of
0.85% NaCl. Tubes were centrifuged (10,000 � g, 3 min), and pellets were
resuspended in 300 �l of the appropriate extraction solution. After sub-
jecting cell suspensions to one of the three PDMs, cells were pelleted and
resuspended in 150 �l of NaCl-T. An equal volume of dye mixture (pre-
pared as described above) was added to tubes, and samples were incubated
for 15 min in the dark. Fluorescence emission was measured, and the
percentage of viable cells was calculated from the calibration curve as
described above.

Statistical analysis. Statistical analyses were performed using the free,
public domain software system Dataplot (Statistical Engineering Divi-
sion, National Institute of Standards and Technology [http://www.itl.nist
.gov/div898/software/dataplot]) and R (R Development Core Team [http:

//www.R-project.org/]). Differences in mean recovery efficiency between
experimental groups were assessed by analysis of variance (ANOVA), with
a significance level set at 0.05. Ninety-five percent confidence intervals
were calculated to delineate equivalent groups. Coefficients of variation
(CV) were calculated as a measure of the variation within experimental
groups (i.e., precision). A Levene’s test for homogeneity of variance was
used to identify differences in precision between experimental groups.
Reproducibility, sometimes defined as variability in results from different
laboratories, was not evaluated in the present study.

RESULTS
Extraction efficiency and recovery ratio. Mean extraction effi-
ciency for directly inoculated wipes, expressed as a percentage of
the initial inoculum, varied dramatically across experimental con-
ditions, ranging from 35.1 to 127%, with an overall average of
70%. Efficiencies slightly greater than 100% likely reflect an un-
derestimation of the initial inoculum concentration and have
been reported in previous similar studies (42, 48). A sensitivity
analysis (Fig. 1A) indicated that the primary factor driving extrac-
tion efficiency was the target organism. Analysis of variance
(ANOVA) results indicated statistically significant differences in
mean percentages of recovery among the three microorganisms
(P � 0.0001), when averaging across all extraction methods for a
given organism. Mean recovery was highest for B. thailandensis
(88%), lowest for E. coli (51%), and 73% for B. cereus. The extrac-
tion solution had the second largest impact on extraction effi-
ciency, whereas PDM had the smallest effect (Fig. 1A). A rank
analysis of PDMs showed that when averaging across all three

FIG 1 Main effects plots showing the mean value of the percentages of recovery from extracted wipes as a function of the experimental factors evaluated in the
study for all three organisms (A), E. coli (B), Bacillus cereus (C), and Burkholderia thailandensis (D). PDM, physical dissociation method; solution, extraction
solution. Dashed lines represent grand mean. Numbers above experimental factors are P values from one-way analysis of variance. P � 0.05 was considered
statistically significant.
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organisms, the mean percentage of recovery from wipes was high-
est when vortexing for 2 min for four out of the five extraction
solutions (Fig. 2A). The binomial probability of this occurring by
chance alone is less than 1 in 1,000. However, one-way analysis of
variance failed to identify statistically significant differences be-
tween PDMs for any individual organism, and consequently, these
groups were collapsed for subsequent analysis to provide larger
sample sizes.

Statistically significant differences (P � 0.05 for one-way
ANOVA) in mean percentage of recovery among extraction solu-
tions were observed for E. coli (Fig. 1B) and B. cereus (Fig. 1C). For

both organisms, extraction efficiency was significantly higher in
PBS and PBST compared to those of the other three buffers. Ex-
traction efficiency for each organism as a function of the extrac-
tion solution is presented in Table 2. For B. cereus, the percentages
of recovery in BB, BBT, and MRD were equivalent, whereas for E.
coli, extraction of wipes in BB resulted in significantly lower cell
recovery. Although differences in mean percentages of recovery
across the five extraction solutions were not statistically significant
for B. thailandensis (Fig. 1D), likely due to the substantial variabil-
ity in recovery results, extraction efficiency for this organism was
highest in PBST. Averaging across all three organisms, rank anal-

FIG 2 Rank analysis for physical dissociation method (PDM) (A) and extraction solution (B). Block plots show mean percentage of recovery averaged across all
three organisms for each extraction method. TV, touch vortexing; S1, sonication for 1 min; S2, sonication for 2 min; S5, sonication for 5 min; V2, vortexing for
2 min; V10, vortexing for 10 min; S1V1, sonication and then vortexing for 1 min each; S2V2, sonication and then vortexing for 2 min each; BB, Butterfield’s
buffer; BBT, Butterfield’s buffer with 0.04% Tween 80; PBS, phosphate-buffered saline; PBST, phosphate-buffered saline with 0.04% Tween 80; MRD, maximum
recovery diluent.

TABLE 2 Extraction efficiency for E. coli, B. cereus, and B. thailandensis inoculated onto polyester-rayon wipes using data pooled from all PDMs

Organism Extraction solution % recovery (95% CI)a CV (%)b Recovery ratioc Sample sized

E. colie PBS 60.6 (57.2–64.0) 13.3 0.89 24
PBST 57.8 (54.9–60.7) 11.8 0.76 24
BB 40.5 (37.7–43.3) 16.5 0.68 24
BBT 48.2 (45.4–50.9) 13.5 0.73 24
MRD 49.9 (47.3–52.5) 12.4 0.62 24
Allf 51.4 (49.6–53.2) 19.2 0.73 120

B. cereuse PBS 81.3 (75.9–86.7) 15.7 0.71 24
PBST 80.3 (74.2–86.4) 18.0 0.68 24
BB 69.9 (64.9–74.9) 16.9 0.70 24
BBT 65.9 (60.4–71.4) 19.8 0.63 24
MRD 67.9 (61.8–74.1) 21.4 0.60 24
Allf 73.1 (70.4–75.7) 20.1 0.67 120

B. thailandensis PBS 82.0 (69.7–94.2) 28.1 0.95 16
PBST 98.3 (88.4–108) 24.0 1.11 24
BB 81.6 (69.6–93.5) 34.7 0.95 24
BBT 87.4 (79.1–95.8) 22.6 0.98 24
MRD 88.8 (70.2–107) 39.2 1.01 16
Allf 88.0 (82.9–93.1) 29.8 1.00 104

a 95% CI, 95% confidence interval for the mean.
b CV, coefficient of variation.
c The recovery ratio was calculated as the ratio of the mean percentage of recovery from inoculated wipes to the mean percentage of recovery from directly inoculated extraction
solution reference controls.
d Sample size was based on pooled PDM data (n � 8) from two (n � 16) or three (n � 24) independent experimental replicates. Although three independent experimental
replicates were performed for each extraction condition, in some cases, data from only two replicates were used in the analysis due to deviations from the extraction protocol.
e There were significant differences in mean percentages of recovery among extraction solutions for that organism by ANOVA (P � 0.0001).
f Average from combined data from all extraction methods.
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ysis showed that the mean percentage of recovery was highest for
wipes processed in PBST for six out of the eight PDMs (Fig. 2B).
The binomial probability of this occurring by chance alone is 1 in
10,000. The percentages of recovery data for each experimental
condition are provided in Table S1 and Fig. S1 in the supplemental
material.

Measurements of efficiency of bacterial cell release from
wipes may be confounded by cell losses during processing
caused by aggregation, adhesion to other surfaces (e.g., tube
walls, pipette tips, etc.), and/or viability loss. To account for
these potential losses not associated with entrapment in the
wipe, the ratio of mean percentage of recovery from the wipe to
mean percentage of recovery from the reference control was
calculated (Table 2). The overall mean recovery ratio for B.
thailandensis was 1.0, indicating that this organism was re-
leased from the wipe with close to 100% efficiency. Although
the mean percentage of recovery from the reference control
tube was highest for B. cereus, the overall recovery ratio (0.67)
was lowest, indicating that losses to the wipe were highest for
this organism.

Precision. Variability in recovery data between replicates
was highest for B. thailandensis and smallest for E. coli (see
coefficients of variation in Table 2 and residual standard devi-
ations in Fig. S1 in the supplemental material). A Levene’s test
for homogeneity of variance confirmed that recovery precision
was driven by the target organism and not the extraction
method. For E. coli and B. cereus, no difference in variance
across extraction solutions was observed for any of the PDMs,
while for B. thailandensis, the Levene’s test failed for only one
of the eight PDMs. Levene’s test results and variation between
replicates for all extraction conditions can be seen in the sup-
plemental material (see Fig. S1).

Viability assay. To better understand the reduced recovery
of E. coli and B. cereus from wipes relative to recovery from the
reference control tubes, viability loss associated with the 1-h
wipe holding time was assessed using a fluorescence-based vi-
ability assay. As the recovery ratio for B. thailandensis was ap-
proximately 1.0, there was no indication of losses associated
with the wipe, and, therefore, viability loss was not assessed for
this organism. No reduction in the percentage of live cells re-
covered from wipes after the 1-h holding time was observed for
either organism when compared to control wipes processed by
the same extraction method (i.e., vortexing for 2 min in PBST)
immediately after inoculation. Approximately 100% of cells
recovered from the wipe at both time points were viable based
on comparison of the green/red fluorescence ratio to the cali-
bration curve (data not shown). Additionally, no loss in viabil-
ity associated with the extraction method was observed for
either organism (Fig. 3).

DISCUSSION

Effective surface sampling for microbiological contaminants is
critical to the success of environmental characterization and mon-
itoring processes utilized across diverse fields of applications and
for myriad purposes. Studies designed to optimize and validate
performance of surface sampling methodologies often focus on a
single microorganism of interest (e.g., B. anthracis spores and Lis-
teria spp.). Although highly optimized sampling procedures are of
use when the presence of a specific organism is expected, many
times the identity of microbial surface contaminants is unknown.

Additionally, the combination of limited funding and time makes
optimization of sampling methods to develop a best practice for
every possible target organism infeasible; therefore, the develop-
ment of methods that are broadly effective for recovery and anal-
ysis of numerous organisms is highly desirable. A thorough un-
derstanding of how different factors, both controlled and
uncontrolled, impact sampling performance for different micro-
organisms is requisite to the development of best practices. In the
present study, the identity of the target microbe had the largest
impact on sampling performance, for both recovery efficiency
(Fig. 1A) and precision (Table 2). However, the negligible impact
of PDM on recovery efficiency and the efficacy of PBST across all
three organisms suggest that although recovery performance may
vary considerably for different microbes, development of broadly
effective extraction procedures is possible, eliminating the need
for optimization of organism-specific methods.

The organisms utilized in this study were chosen based on rel-
evance to several different fields, including food safety, clean room
applications and biodefense, as well as diversity of phenotypes
(i.e., cell wall structure, spore-forming ability, and size). As such,
variability in sampling performance was expected and desirable in
order to evaluate sampling method robustness. The wide range in
mean extraction efficiencies observed in the present work (35.1 to
127%) is consistent with extraction efficiencies previously re-
ported for swabs directly inoculated with E. coli (24.3 to 80.3%) or

FIG 3 Viability as a function of extraction method. A calibration curve (A) was
constructed and used to calculate the percentage of recovered cells that were viable
after sample processing (B). Error bars represent the standard deviation of the
mean (n�3). BB, Butterfield’s buffer; BBT, Butterfield’s buffer with 0.04% Tween
80; PBS, phosphate-buffered saline; PBST, phosphate-buffered saline with 0.04%
Tween 80; MRD, maximum recovery diluent. TV, touch vortexing for 10 s; S5,
sonication for 5 min; V2, vortexing for 2 min.
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Staphylococcus aureus (46.3 to 105.3%) (42). Of interest, the or-
ganism for which mean recovery efficiency from inoculated wipes
was greatest, B. thailandensis, also produced the most variable re-
sults, with CV over 20% (Table 2). Conversely, extraction effi-
ciency was lowest for E. coli but precision (i.e., variation among
experimental replicates) was greatest for this organism. These re-
sults emphasize the need to evaluate recovery efficiency and pre-
cision as separate performance metrics. Like recovery efficiency,
sampling method precision is difficult to compare between studies
due to differences in experimental conditions. In a recent swab
validation study for B. anthracis spores, coefficients of variation
(CV) for spores recovered from directly inoculated macrofoam
swabs ranged from 9.4 to 32.3% (27), depending on the inoculum
concentration, with greater precision at higher concentrations. In
the present study, sampling materials were inoculated at high cell
densities (�109 CFU/wipe) to allow viability assessment in paral-
lel using a fluorescence-based microplate assay (Fig. 3). Although
lower inoculum loads (102 to 104 CFU) more similar to expected
natural contamination levels are often used in studies relevant to
the food industry or clinical and clean room settings (42, 43), large
inoculums are appropriate for studies on biothreats or BT surro-
gates (7, 18, 29) given the potential for highly concentrated con-
taminants in bioterrorism situations. However, the effect of inoc-
ulum load on sampling performance should be considered when
comparing results between studies.

Teasing out a biological explanation for the significant differ-
ences in sampling performance among organisms is challenging
due to the complexity of the system; however, known phenotypic
characteristics of the different microbes can offer some insights.
When comparing the mean percentage of recovery from the inoc-
ulated wipe to that of the reference control, the high recovery ratio
observed for B. thailandensis (�1.0) indicates that (i) there was no
viability loss associated with the 1-h wipe holding time and (ii) the
bacteria were efficiently released from the wipe surface. One pos-
sible explanation for the high extraction efficiency is that produc-
tion of biosurfactants by B. thailandensis (16) or another secretion
product may have reduced adherence of the cells to the wipe. For
example, B. thailandensis lacks the polysaccharide capsule pro-
duced by pathogenic Burkholderia species, including B. pseu-
domallei (65); however, the presence of an exopolysaccharide
(EPS) gene cluster at the chromosomal location of the B. pseu-
domallei capsular polysaccharide (CPS) gene cluster indicates the
potential for production and secretion of polysaccharide (33, 51).
The role of these polysaccharides in pathogen recovery has not yet
been investigated; however, the possibility of an organism-specific
secretion product influencing recovery makes protocol optimiza-
tion more challenging.

The recovery from reference control tubes provides a means of
estimating the ability of a solution to disperse and extract a given
organism from sampling materials. Notably, the mean percentage
of recovery from the reference control of B. thailandensis was less
than 100% (i.e., 88%) (see Table S1 in the supplemental material),
indicating that there were losses to the system during processing
(e.g., losses due to adhesion to tube walls, pipette tips, viability loss
associated with processing, etc.). In contrast, the mean percentage
of recovery of B. cereus from reference control tubes was approx-
imately 100%, but the mean recovery ratio for this organism was
only 0.67 (Table 2), indicating that the lower observed extraction
efficiency was due to losses associated with the wipe. Since no loss
in viability was observed for cells recovered from wipes following

the 1-h holding time, these losses are likely related to a strong
interaction of B. cereus with the wipe surface. For E. coli, mean
percentage recoveries of �70% and �50% (Table 2; see Table S1
in the supplemental material) for reference control tubes and in-
oculated wipes, respectively, indicate losses both to the wipe and
during processing in the extraction tubes. As was observed for B.
cereus, no reduction in viability of recovered cells was noted fol-
lowing the 1-h wipe holding period, indicating that the low extrac-
tion efficiency is related to a tendency for the bacterium to adhere
to surfaces. In a recent study evaluating extraction efficiency for B.
anthracis Sterne spores directly inoculated onto wipes, surface
thermodynamics was used to explain extraction performance
(13). The effect of surface thermodynamics on aggregation and
adhesion to substrata has been widely studied for a variety of mi-
croorganisms, including B. cereus and E. coli (21). Given the evi-
dence for losses to the wipe and/or extraction tube surfaces, mi-
crobial surface chemistry, including hydrophobicity and surface
charge measurements, may in part explain the organism-specific
differences in extraction performance observed in the present
study and is under investigation.

After the factor organism, extraction solution had the next
greatest impact on extraction efficiency (Fig. 1A). Although the
impact of the extraction method on recovery of vegetative cells
from sampling materials has not been well studied, this finding is
consistent with a previous study utilizing bacterial spores that
showed the importance of extraction solution and the relatively
small contribution of PDM to extraction method efficacy (13).
Processing of wipes in BB resulted in the lowest extraction effi-
ciency for E. coli and B. thailandensis (Table 2). Unlike PBS, BB is
not a physiological solution, and osmotic stress resulting from
exposure to the extremely low salt concentration may have in-
duced some cells into a viable but nonculturable (VBNC) state, as
indicated by reduced recovery using culture-based methods in the
absence of observed viability losses from the fluorescence-based
viability assay (Fig. 3). Although Butterfield’s buffer is used exten-
sively in food (15) and water microbiology (11) and is considered
a superior diluent compared to water, viability losses for bacteria
diluted in BB have been reported (53). However, such assumed
viability losses associated with exposure to BB were determined
using culture-based methods and may instead represent induc-
tion into a VBNC state. Induction of a VBNC state under condi-
tions of osmotic stress, as measured by fluorescence-based cell
viability assays and colony counts, has been reported previously
(63). Interestingly, recovery of E. coli and B. cereus from wipes in
MRD, which contains peptone and saline at physiological levels,
was significantly lower than recovery in PBS and PBST and equiv-
alent to recovery in BBT (Table 2). Given the inferior performance
compared to PBS-containing solutions and the potential for
growth of some microorganisms in the presence of peptone (42),
MRD is not an ideal extraction solution, especially if delays in
sample processing could result in long contact times.

One surprising observation was the excellent extraction per-
formance for all three organisms in PBS. In a previous study ex-
amining extraction efficiency of B. anthracis spores (13), sample
processing by vortexing in PBS resulted in poor sampling perfor-
mance, with recoveries less than 10%, even from directly inocu-
lated control tubes. The authors attributed the poor performance
to spore adhesion to the tube walls during processing and found
that this effect could be ameliorated through the addition of
Tween 80 to the extraction solution. They hypothesized that the
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strong attractive forces between the Tween 80 molecules and the
polypropylene tube would result in the formation of a Tween 80
film on the tube walls, which would prevent spore adhesion. Con-
trastingly, in the present study, extraction efficiencies were highest
for both E. coli and B. cereus when wipes were processed in PBS,
and the addition of Tween 80 failed to improve performance.
Improved performance in the presence of Tween 80 was observed
only for B. thailandensis (82.0% and 98.3% recovery for PBS and
PBST, respectively), but analysis of variance failed to show any
statistical differences in mean recovery by extraction solution for
this organism. Improved recovery efficiency in the presence of
surfactant for spores but not vegetative cells has been observed
previously. Kim et al. (34) found that while a Tween 80-contain-
ing solution improved recovery of Bacillus globigii spores from
artificially loaded HVAC filters, recovery of the vegetative cells
Mannheimia haemolytica and Yersinia ruckeri was higher when
filters were eluted in PBS. In that study, recovery efficiencies for
M. haemolytica and Y. ruckeri in PBS were 87% and 80%, respec-
tively, which are similar to the extraction efficiencies for B. cereus
and B. thailandensis observed in the present study.

Polysorbates like Tween 80 and Tween 20 have been used ex-
tensively in biotherapeutic formulations to prevent surface ad-
sorption and aggregation (32). The same properties make Tween
and other surfactants attractive as additives to solutions used in
surface sampling, and in recent years, use of polysorbates has be-
come increasingly common in surface sampling and sample pro-
cessing procedures. Surfactants are often used in wetting agents to
improve release of adherent microorganisms from surfaces (al-
though this function requires further experimental verification)
and in extraction solutions to reduce losses caused by aggregation
and adhesion to tube walls during sample processing (13). For
studies utilizing high inoculum concentrations, sample dilution
prior to plating in solutions lacking surfactant may dramatically
bias measurements of the inoculum concentration and subse-
quently, recovery efficiency estimates. In the present study, results
from pilot experiments where dilutions were conducted in extrac-
tion solutions lacking Tween 80 showed recovery efficiency esti-
mates as high as 1,000% (data not shown), likely due to inaccurate
estimation of the initial inoculum concentration. It is probable
that a substantial number of cells were lost to tube walls or pipette
tips during the serial dilution of the inoculum. These losses likely
resulted in inoculum concentration estimates that were as much
as 10-fold lower than actual concentrations, resulting in percent-
age of recovery estimates that were off by up to factor of 10. This
effect was corrected by the use of PBST as the dilution buffer for
the inoculum in all subsequent experiments.

Despite the many advantages of surfactants, caution should be
taken regarding potential organism-specific effects, particularly
when there is a potential for long contact times, as is the case for
transport media. Polysorbates such as Tween 80 and Tween 20 are
highly susceptible to autooxidation and hydrolysis of the fatty acid
ester bond, producing hydroperoxide and short-chain acids,
which can substantially lower a solution’s pH (32). Based on ob-
servations made during the pilot study, we found it necessary to
prepare BBT just prior to the start of each experiment due to the
pH instability of the solution over time. In one extreme case, the
pH of a BBT solution that was greater than 1 month old had
dropped from 7.2 to 3.8. The pH of BB was also unstable, likely
due to BB’s lack of buffering capacity, but to a lesser extent than
that observed for BBT, with no observed drop in pH below 6.0

during a similar time period. The use of the older BBT resulted in
substantial viability loss for B. cereus, but not E. coli or B. thailan-
densis, with the magnitude of the loss related to the age of the
solution, as determined by plate counts (data not shown). The
observed growth inhibition for B. cereus could be related to low
pH, sensitivity to Tween 80 degradation products, or a combina-
tion of these two factors. Sensitivity of bacteria to oleic acid (deg-
radation product of Tween 80) and linoleic acid (degradation
product of Tween 20) has been reported and may be enhanced at
low pH (52, 54, 64, 66). Impacts of low-nutrient solutions con-
taining Tween 80 on viability of Gram-positive bacteria have also
been noted previously (42, 55). Although the sensitivity of B. ce-
reus to older BBT was not observed for PBST, for which no drop in
pH was observed, the innocuous nature of this solution should be
verified using a broader range of microorganisms, given its poten-
tial use as a transport medium (30, 46). Proper storage of Tween
and Tween-containing solutions, away from light and oxygen
(i.e., sealed) and at lower temperatures (�25°C), may help pre-
vent degradation from occurring (32). The addition of Tween 80
and other polysorbates to solutions just prior to use is also recom-
mended to mitigate potential toxic effects of degradation products
that accumulate over time.

This work has shown that organism-specific characteristics
(e.g., structural and physiological properties) of a microbe will
likely have a greater impact on recovery efficiency than the extrac-
tion method; therefore, a thorough understanding of these effects
is needed to properly interpret and apply study results and to
ensure the selection of appropriate surrogates for use in laboratory
studies. Although in this study, organisms were selected for diver-
sity of phenotype, even differences between strains of the same
species (e.g., pathogenic and nonpathogenic strains [29] or labo-
ratory versus environmental isolates [41]) can substantially influ-
ence sampling performance. When the nature of the surface-asso-
ciated microorganism(s) is unknown, it may be useful to employ
methods that have demonstrated robustness across multiple spe-
cies. In this study, processing of wipes by vortexing for 2 min
resulted in the highest mean percentage of recovery when averag-
ing across all three organisms, but PDM had comparatively little
effect on extraction efficiency, so logistical considerations such as
availability of equipment or throughput capability may drive the
choice of processing methods. Of the five extraction solutions
benchmarked in this study, PBST appears to be optimal for vege-
tative cells, with robust recovery across all three organisms. Losses
to the system as measured by recovery from reference control
tubes were highest for Butterfield’s buffer, which has traditionally
been used in microbiological analysis of food (15) and dairy prod-
ucts (40), as well as water and wastewater (11). For this reason and
the potential for growth inhibition for some bacteria with the
addition of Tween 80, caution should be taken when using BB and
BBT as extraction solutions.

Sampling data are inherently noisy, such that substantial vari-
ability among replicates results in large uncertainties in expected
recovery efficiencies. Thoughtful study design and incorporation
of proper controls are critical to partitioning sources of variability
between those that can and cannot be controlled. This compre-
hensive study delineated the relative impact of different parame-
ters on extraction efficiency, including commonly used extraction
solutions and physical dissociation methods, which have rarely
been subjected to side-by-side comparisons, particularly for veg-
etative cells. While most previous studies have evaluated method
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performance for a single microorganism, the testing of multiple
bacterial species in this study demonstrated the robustness of
some extraction methods across microbes with varied pheno-
types. The use of reference controls helped inform where losses of
cells were occurring in the system, which can inform optimization
of sample processing methods. However, despite these strengths,
the results from this study are subject to several limitations. The
small numbers of replicates performed for each combination of
experimental factors impacted our ability to detect statistically
significant differences among groups, necessitating the pooling of
recovery data from the different PDMs to evaluate the impact of
extraction solution for each organism. Extraction efficiency esti-
mates derived for the laboratory bacterial strains used in this work
may not be representative of method performance for environ-
mental isolates. Additionally, recovery efficiency and method pre-
cision for low inoculum concentrations may differ from those
observed for the high inoculum levels applied in this study. Fi-
nally, samples collected from contaminated surfaces may behave
differently than directly inoculated sampling materials, so future
work must look at surface sampling performance for both single
organisms and mixed communities. Despite these limitations, the
results of this work inform the development of standardized sam-
pling and sample processing methods, which will improve com-
parison across studies and the development of best sampling prac-
tices. Validated methodologies can then increase confidence in
real world sampling results, facilitating risk characterization and
environmental monitoring.
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