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Abstract

Objectives: In order to produce near real-time onsite results to detect surface contamination by antineoplastic drugs,
the National Institute for Occupational Safety and Health developed monitors for 5-fluorouracil, which use surface
wiping and lateral flow immunoassay for measurement. The monitors were tested in the laboratory to assess the
sensitivity of detection on laboratory-produced contaminated surfaces. A field evaluation to assess the capability of
the monitors to make measurements in healthcare workplaces was carried out in collaboration with a medical device
company and the results are presented in this report.

Methods: The 5-fluorouracil monitor was evaluated in areas where oncology drugs were prepared and administered to
patients at five different hospitals. The levels of contamination measured with the monitors were compared to levels
measured with liquid chromatography-tandem mass spectrometry.

Results: The 5-fluorouracil values measured with the liquid chromatography-tandem mass spectrometry ranged from 0
to over 200,000 ng/100 cm®. Measurements by the 5-fluorouracil monitors in the range 10—100 ng/100 cm? correlated
with the liquid chromatography-tandem mass spectrometry. Receiver operating characteristic curves developed for the
data indicated that a positive limit of 22 ng/100 cm” would give an acceptable level of false-positives while retaining most
true-positive samples. If the liquid chromatography-tandem mass spectrometry measured greater than 100 ng/100 cm?,
then the monitors also measured levels greater than 100 ng/100 cm? for the majority of samples.

Conclusion: The data indicate that there are many areas in hospitals that are contaminated with 5-fluorouracil and the
monitors will be useful in identifying this contamination.
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Introduction have shown that despite following recommended safe

Currently, an estimated eight million U.S. healthcare
personnel are potentially exposed to antineoplastic
drugs,' many of which have known carcinogenic, muta-
genic, and adverse reproductive effects.>* A number of
past studies have documented workplace contamin-
ation by antineoplastic drugs.*® This has resulted in
the development of safe handling procedures,”'® and
National Institute for Occupational Safety and Health
(NIOSH) has published an Alert describing the effects
of exposure, processes producing exposure, and proced-
ures for lowering exposure." However, recent studies

handling practices, workplace contamination with anti-
neoplastic drugs in pharmacy and patient care areas
and other locations continues to occur.!''” The ability
to monitor potential exposure in real time may reduce
exposure.
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Typically, antincoplastic drug contamination on
workplace surfaces is detected by wiping a specified
surface area with a wetted swab or filter paper, extract-
ing the swab or filter paper with sampling solution and
analyzing the resulting solution with a laboratory-
based analytical technique.’®?' Analytical techniques
for measurement of surface contamination by antineo-
plastic drugs, including liquid chromatography-tandem
mass spectrometry (LC-MS/MS),>> % are sensitive and
specific, but these techniques cannot provide near real-
time assessments of contamination to help prevent
exposure. Our group recently developed a direct read-
ing monitor to evaluate 5-fluorouracil (5-FU) contam-
ination based on surface wiping and lateral flow
immunoassay.”®?” Its primary purpose is to detect
5-FU contamination above a threshold value and pro-
vide a semi-quantitative estimate of the range of
the level of contamination over its calibration range.
This monitor detected contamination on 5-FU labora-
tory-spiked surfaces ranging from 10 to 100 ng/100 cm?.
As the lateral flow monitor was only laboratory-tested,
the objective of the current study was to evaluate
the performance of the monitor on various surfaces
in healthcare facilities which prepare and administer
5-FU. Samples were collected in five different
hospitals with oncology clinics where 5-FU was used.
The measurements made by the monitors were com-
pared to those determined by LC-MS/MS. In this
evaluation, data concerning the efficacy of the moni-
tors for detecting 5-FU as well as general data concern-
ing the presence of 5-FU in the workplace were
obtained.

Methods
Selection of field sites and areas for sampling

A number of field sites were contacted concerning par-
ticipation in the field study. Five hospitals (numbered
1-5 in chronological order) that contained oncology
pharmacies and areas where 5-FU was administered
to patients were studied. Attempts were made at each
site to sample all areas where 5-FU might be present,
including areas where 5-FU came into the facilities, was
stored, was prepared for use, and was administered to
patients. The surfaces were selected by examining pub-
lished studies of hospital contamination and by con-
sulting with personnel in the pharmacies to determine
which areas were of most interest to them. The surfaces
of drug vials, storage bins, safety cabinets/isolators,
floors in pharmacy areas, items in patient treatment
areas such as chairs, IV poles, computers keyboards,
floors, and waste disposal areas were sampled at all
field sites. The surfaces included stainless steel (hoods
and tables), vinyl (floors and countertop), and ceramic

(tiles). These surfaces had similar recoveries in the pre-
viously completed laboratory study.

5-FU monitor surface sampling

5-FU monitor sampling supplies and reagents. Cotton swabs
were Puritan model 806-WC (Puritan, Guilford, ME).
5-FU (=99%, product number F6627-1G) and
Polyoxyethylenesorbitan monolaurate (Tween® 20,
product number P-1379) were purchased from Sigma-
Aldrich (St. Louis, MO). Ammonium acetate (product
BP326-500) was purchased from Fisher Bioreagents
(Fairlawn, NJ).

Surface sampling. The surface sampling procedure was
developed to be convenient and rapid. A commercial
paper template was used to define a 10cm by 10cm
(100 cm?) surface which was completely wiped with a
cotton swab wetted in vial containing 1 ml of 10 mM
ammonium acetate sampling buffer first in an up and
down direction, then in a sideways direction, and finally
repeating the up and down wiping direction. The swab
was then returned to the vial containing sampling
buffer, agitated vigorously for 2min, and swab was
removed. The sample was then divided into two ali-
quots, one for the lateral flow monitor and one for
LC-MS/MS. The resulting aliquots were then frozen
with dry ice, and one aliquot was shipped to the
NIOSH laboratory for analysis using the 5-FU lateral
flow monitors and the other aliquot was shipped to an
analytical laboratory for LC-MS/MS analysis.

5-FU monitor

Principle of operation. The monitors employ competitive
lateral flow immunoassay to detect the presence of
5-FU on surfaces.?**! The principle of the monitors is
shown in Figure 1. The 5-FU monitors (Figure 2) are
small cassettes 8 cm long by 2cm wide by 0.4 cm thick
and weigh about 4.5¢.?° The monitors have an anti-
5-FU antibody conjugated to gold particles in the
conjugate pad and a 5-FU-bovine serum albumin
(5-FU-BSA) conjugate at the test line. If there is
5-FU present in the sample applied to the sample
pad, it will bind to the anti-5-FU antibodies on the
gold particles, leaving fewer of the antibodies available
to bind to the 5-FU-BSA conjugate on the test line.
Thus, increasing concentrations of 5-FU in the applied
sample will result in fewer gold particles binding to the
test line. Since the gold particles impart a red color to
the test line, the test line will become dimmer and even-
tually disappear with increasing concentrations of the
drug in solution. A control line, employing a different
antibody interaction should always be present and was
used to indicate that the monitor was performing
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Figure 1. Schematic of lateral flow immunoassay operating principle: competitive assay-drug in solution binds to gold-labeled
antibodies resulting in less antibody binding to drug—BSA conjugate at test line. Test line becomes less intense with increasing drug

concentration while control line is relatively constant.

Control Test
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Figure 2. Developed lateral flow monitor for 5-fluorouracil where the test line is more intense than control line (ratio of control
line intensity/test line intensity (C/T) =0.56). The figure shows the test line, control line, and the sample port where the sample is

added.

properly. The control line is examined visually and also
read with the electronic reader and as will be explained
later. The monitor shown in Figure 2 shows an example
of a negative sample, where the test line is more intense

than the control line.

sampling

Analysis of monitor samples. At the NIOSH laboratory,
the field samples were thawed and analyzed using the
5-FU lateral flow monitors. Twenty-five microliters of
10% Tween® 20 solution in 10 mM ammonium acetate

buffer were added to 225 ul of the sample to
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produce a 1% Tween® 20 solution. This was necessary
because the monitors were designed to use 1% Tween®
20 solution to operate properly. However, the Tween®
20 interfered with the LC-MS/MS analysis, so wiping
was done with 10 mM ammonium acetate buffer only
and the Tween® 20 was added afterward. The labora-
tory calibration curve for the 5-FU monitors was devel-
oped using this procedure. Three lateral monitors were
used for each sample, 75 pl was added to each monitor
and the average of the response of the three monitors
was used as the response from the sample. The moni-
tors were allowed to develop for 15min and the inten-
sity of the test and control lines was determined at 5, 10,
and I5min using an electronic lateral flow reader
(Hamamatsu model 10066). The 5 and 10 min readings
were made to determine how the monitor responded at
shorter time intervals and only the 15 min readings were
used for comparison to the LC-MS/MS data. To obtain
line intensities for the test and control lines with the
reader, the monitor is placed into a small drawer,
which is pushed into the reader where the measurement
is made. A visual reading method was also used, where
the intensity of the test line was compared to the con-
trol line. The visual comparison of the test and control
lines is a useful check on the operation of the lateral
flow reader. The visual comparison is illustrated in
Figure 2 for a situation where the test line is more
intense than the control line.

LC-MSIMS analysis. The LC-MS/MS analysis was done
using gradient elution and a 5-FU-'°N, internal stand-
ard. The quantification of test samples was performed
using a calibration plot from standard solutions
prepared in sampling buffer at the contract
laboratory Bureau Veritas North America as described
previously.?®

Data interpretation. The ratio of the control line intensity
to the test line intensity (C/T ratio) was calculated and
compared to calibration curves that were produced in
the NIOSH laboratory using ceramic surfaces spiked
with various masses of 5-FU. If the C/T value for a
sample is less than the zero mass value on the calibra-
tion curve, a negative value will be calculated for the
sample since a linear fit was applied to the C/T ratio
versus concentration calibration curve produced in the
laboratory. For 5-FU monitor data where the LC-MS/
MS measurement was 0-100ng/100cm? the 5-FU
monitor data were plotted directly against the
LC-MS/MS data for semi-quantitative comparison.
5-FU monitor data where the LC/MS/MS data was
>100ng/100cm” were treated separately, since
the upper limit of calibration for the monitors is
100 ng/100cm?, and there is no expected relationship
of the 5-FU monitor and LC-MS/MS response except

that both would be greater than 100ng/100cm?. An
important parameter to determine is the threshold for
detection of the positive result with the test method.
Receiver operator characteristic (ROC) analysis is
often used in a number of fields such as medicine to
determine the optimal threshold value of a diagnostic
test and was used in this study to determine the optimal
cut-off for a positive result.”® The sample data for test
method and reference method are divided into four
classes: (1) True-positives (TPs) where both the test
method and reference method detect contamination,
(2) true-negatives (TNs) where both the test method
and reference method detect no contamination, (3)
false-positives (FPs) where the test method detects con-
tamination but the reference method detects no con-
tamination, (4) false-negative (FN) where the
reference method detects contamination but the test
method detects no contamination. For ROC analysis,
the sensitivity which is (TP/(TP + FN)) is plotted on the
y axis against (1—specificity) on the x axis where speci-
ficity = (TN/(TN+ FP)) at various threshold values.
A diagonal line divides the plot with points above the
diagonal representing good classification results (better
than random), points below the line representing poor
results (worse than random). The laboratory evaluation
of the monitors established that 10 ng/100 cm? could be
reliably detected. Therefore, ROC analysis was per-
formed on the data and an LC-MS/MS value greater
than 10ng/100cm? was rated as a positive reference
sample. The ROC analysis of the data was done using
SAS® (Release 9.4, SAS Institute, Inc., Cary, North
Carolina).

Results

A total of 204 samples were collected (14 from hospital
1, 10 from hospital 2, 43 from hospital 3, 39 from hos-
pital 4, and 98 from hospital 5). The 5-FU monitors
were calibrated in the NIOSH laboratory from 0 to
100 ng/100 cm” where semi-quantitative results can be
obtained,”® and for values above this range, the
response of the monitors is flat. Therefore, the field
data were divided into two ranges: (1) Less than or
equal to 100ng/100cm” and (2) greater than 100ng/
100 cm?, where only qualitative interpretation is pos-
sible from the 5-FU monitors. Figure 3 is a plot of
the LC-MS/MS data from 0 to 100 ng/100 cm? compar-
ing the 5-FU monitor response with LC-MS/MS. There
is correlation of the 5-FU monitor and LC-MS/MS
values with r*=0.7 and the 5-FU monitor generally
gave higher values. There are also a wide range of
5-FU monitor values ranging from —20 to 40 at
LC-MS/MS =0ng/100cm® and LC-MS/MS=4ng/
100 cm?. For this plot, LC-MS/MS values below the
limit of detection were assigned zero and LC-MS/MS



1156 Journal of Oncology Pharmacy Practice 25(5)

Comparison of lateral flow and LC-MS/MS for 5-FU field samples
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Figure 3. Comparison of 5-FU Lateral flow monitors with LC-MS for values less than 100 ng/100 cm?. The fit of the lateral flow data

with the LC-MS/MS data is a least square regression (N = 187 samples).

Table I. LC-MS/MS and lateral flow monitor response for 5-FU.

LC-MS/MS Lateral flow
Hospital Sample # (ng/100 cm?) (ng/100 cm?) Location
| 23 81,250 >100 Base of IV pole
2 25 204 279 Outpatient infusion biological safety cabinet (BSC)
3 22 35,833 >100 5-FU bin on carousel 50 ml vials
4 16 413 291 Yellow bin
4 27 6250 899 Tray and counter where 5-FU store in blue tray
4 36 1333 1487 Shelf where used IV pumps are placed
4 48 383 403 5-FU storage bin
4 58 237,500 >100 Pharmacy clean room 5-FU storage bin
4 63 396 212 IV pole and IV pump
5 7 2083 336 5-FU bin 50 ml bottles
5 9 8333 >100 5-FU bin #3
5 31 750 308 5-FU CADD™ pump
5 51 500 228 Pump face and keyboard
5 67 167 10 Cart right side extension
5 85 1042 495 Counter outside pass thru
5 88 296 43 IV pump face and keyboard
5 9l 16,667 2325 5-FU bin

Note: LC-MS/MS values greater than 100 ng/100 cm®. The hospital where the sample was taken as well as the location within the hospital are given. If a

value for the lateral flow monitor is indicated as > 100, the test line was completely absent and a value could not be calculated.
LC-MS/MS: liquid chromatography-tandem mass spectrometry; 5-FU: 5-fluorouracil.

detected values that were below limit of quantification
were assigned four, so any of these 5-FU monitor data
that are greater than 10 would be possible FP if 10 is
used as lower threshold of the 5-FU monitor. This will
be discussed more in the ROC analysis section.

Table 1 shows the values of 5-FU monitor response
for LC-MS/MS greater than 100 ng/100 cm?. Note that
the data for LC-MS/MS less than 100ng/100cm?
shown in Figure 3 are not included in these data. If a
value for the 5-FU monitor is indicated as >100,
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the test line was completely absent and a value could
not be calculated since calculation of C/T would
involve division by 0. This would involve a mass con-
centration much greater than the 100 ng/100 cm? upper
calibration value. For the other values in Table 1, the
test line was measurable by the lateral flow reader but
was very small compared to the control line and C/T
was much larger than the upper calibration value
obtained at the upper -calibration point 100ng/
100 cm?. This allowed calculation of a loading in ng/
100 cm? for the sample, but this value is only qualitative
and cannot be semi-quantitatively compared to the
value for LC-MS/MS as was done for the data in
Figure 3. Samples 67 and 88 from hospital 5 were dif-
ferent from the other samples in the table and will dis-
cussed more later.

To determine the appropriate lower limit for a posi-
tive result from the 5-FU monitor, a ROC analysis was
performed on the data. The lower limit is important
because it must be low enough to protect workers but
not so low that clean areas are deemed contaminated
and require additional cleaning due to possible FP
values. There are no workplace standards to provide
guidance in determining the lower limit. ROC analysis
was performed on the data in which an LC-MS/MS
value greater than 10 ng/100 cm? was rated as a positive
reference sample, since 10ng/100cm?® was the lowest
level that could be detected by the monitors in the
laboratory study.”® The ROC curve for the data is
shown in Figure 4 with the area under the curve

ROC Curve for model
Area under the curve = 0.9412
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2
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Figure 4. ROC curve for 5-FU lateral flow monitor data for the
five hospitals using an LC-MS/MS value of 10 or greater as a
positive reference value (N =204 samples).

indicated. The area is close to one and that indicates
good fit of the model to the data. The efficiency which is
defined as (TP +TN)/(TP+ TN+ FP + FN) was a max-
imum at a threshold of about 22 ng/100 cm?.

Discussion

The 5-FU monitors were able to detect contamination
in many areas which was confirmed by LC-MS/MS.
About 20% of the 5-FU samples showed measureable
contamination with 17 (8%) having values exceeding
100ng/100cm?. The 5-FU monitors showed some
FPs. For values of LC-MS/MS greater than 100ng/
100 cm?, the values of LC-MS/MS were often consider-
ably larger than those of the 5-FU monitor, which
would be expected because 5-FU monitor response
was above the standard curve. Samples 67 and 88
from hospital 5 were different since LC-MS/MS was
above 100ng/100cm?, but lateral flow was less than
100 ng/100cm?. It is suspected that something in the
workplace environment may have compromised these
samples giving an artificially low value for the 5-FU
monitor for these samples. Even though both samples
showed some response with the 5-FU monitor, a
threshold above 10 is used for a positive lateral flow
result, which would result in an FN for sample 67 and
this will be discussed more in the ROC analysis section.

The laboratory evaluation of the monitors estab-
lished that 10 ng/100cm? could be reliably detected;
however, for field samples from hospitals 3, 4, and 35,
this would result in FP values. Raising the positive limit
for the lateral flow monitor from 10ng/100cm’ to
22ng/100cm® resulted in reduction of FP fraction
from 18% to about 3%. However, the FN values
would increase from 2% to 4%, so it would be an indi-
vidual decision whether missing these values between 10
and 22 ng/100 cm? were important. Note that sample 67
from hospital 5 in Table 1 would become an FN at the
22ng/100 cm? limit, but sample 88 would still be a TP
sample even though it is lower than the LC-MS/MS
value. The 32ng/100cm? LC-MS/MS value where the
5-FU monitor gave no response would be an FN at
both 10ng/100cm? and 22ng/100cm? positive cut-off
values.

The 5-FU monitors were the initial prototypes and
were designed to give qualitative/semi-quantitative
results.”® The 5-FU monitors show good stability over
the long term, since they were about five years old when
the samples from hospitals 3-5 were analyzed. The
5-FU monitors were two to three years old when they
were used to evaluate samples from hospitals 1 and 2.
Production of a second generation 5-FU monitor
would most likely produce a more reliable and repro-
ducible monitor based on improvements made in lateral
flow technology made in the years since the monitors
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were produced. The use of the lateral flow technology
for assessment of workplace contamination by antineo-
plastic drugs has recently been licensed to a medical
device company making further development of devices
such as the 5-FU monitor highly likely. Reduction of
FP and FN values as well as improved reproducibility
would be the goals in the design of the second gener-
ation 5-FU monitor. Also, the development of a
second-generation 5-FU monitor would make it com-
patible with a portable reader system such as those for
point-of-care clinical measurements.

In addition to routine detection of contamination,
the monitors will also be useful in the development
and evaluation of controls and work practices.
Workers will be able to determine rapidly if a control
or change in work practice has a significant effect on the
level of contamination. This would be difficult to do
with a laboratory-based technique which would pro-
vide results long after the control or work practice is
used in the workplace and would make it difficult to
directly observe any change in contamination levels.
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