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ABSTRACT

Gas chromatography-tandem mass spectrometry (GC-MS/MS) was used to detect fungal secondary
metabolites. Detection of verrucarol, the hydrolysis product of Stachybotrys chartarum macrocyclic
trichothecene (MCT), was confounded by matrix effects associated with heterogeneous indoor envi-
ronmental samples. In this study, we examined the role of dust matrix effects associated with GC-
MS/MS to better quantify verrucarol in dust as a measure of total MCT. The efficiency of the internal
standard (ISTD, 1,12-dodecanediol), and application of a matrix-matched standard correction method
in measuring MCT in floor dust of water-damaged buildings was additionally examined. Compared
to verrucarol, ISTD had substantially higher matrix effects in the dust extracts. The results of the ISTD
evaluation showed that without ISTD adjustment, there was a 280% ion enhancement in the dust
extracts compared to neat solvent. The recovery of verrucarol was 94% when the matrix-matched
standard curve without the ISTD was used. Using traditional calibration curves with ISTD adjustment,
none of the 21 dust samples collected from water damaged buildings were detectable. In contrast,
when the matrix-matched calibration curves without ISTD adjustment were used, 38% of samples
were detectable. The study results suggest that floor dust of water-damaged buildings may contain
MCT. However, the measured levels of MCT in dust using the GC-MS/MS method could be significantly
under- or overestimated, depending on the matrix effects, the inappropriate ISTD, or combination of
the two. Our study further shows that the routine application of matrix-matched calibration may prove
useful in obtaining accurate measurements of MCT in dust derived from damp indoor environments,
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while no isotopically labeled verrucarol is available.

Introduction

Mycotoxins are harmful low-molecular-weight secondary
metabolites produced by fungi and have been detected
in air, settled dust, and mold contaminated building
materials.!#/ Many fungal metabolites are potentially
toxic to humans and animals. Some studies suggested
associations between indoor mycotoxin-producing fungi
and a variety of adverse health effects that are experienced
by building occupants and range from neurologicl® ©
to respiratory problems.’!!] To date, there have been
few epidemiologic studies that have evaluated exposure
to fungal secondary metabolites in the indoor environ-
ment due to the limitations of existing measurement
platforms.['213] Numerous indoor fungi are capable of

producing secondary metabolites;!!*] however, Stachy-
botrys chartarum, is most well known for the production
of potent macrocyclic trichothecene, such as satratoxins
E, G, and H, roridin E, and verrucarin J.[3 1¢]

Methods available to measure Stachybotrys chartarum
mycotoxins are limited and are generally categorized into
either biological assays or chemical analysis. Gas chro-
matography (GC) or liquid chromatography (LC) tan-
dem mass spectrometry (MS/MS) are chemical analysis
techniques that enable the detection and quantification of
specific mycotoxins and are based on the mass and ion
charges. Verrucarol and trichodermol are the hydrolysis
products of macrocyclic trichothecene (MCT) and tricho-
dermin produced by Stachybotrys chartarum.!>17)
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GC-MS/MS approaches offer high sensitivity and
specificity; however, the detection of a specific analyte
extracted from an environmental sample may be influ-
enced by matrix effects. Co-extracted matrix compo-
nents may interfere with active sites in the GC inlet
liner and column and produce differential analyte sig-
nals between the matrix-containing sample extract and
matrix-free standard extract.!'8-2°) Matrix effects asso-
ciated with heterogeneous components in environmen-
tal samples will significantly influence the detection and
quantification of an analyte.[?!] Sample preparation tech-
niques, including solid phase extraction (SPE) or liquid-
liquid extraction (LLE), have been shown to potentially
reduce matrix effects; however, these preparative steps
may increase sample loss.[22] An internal standard (ISTD)
is commonly used to adjust for matrix effects or sam-
ple loss during preparative steps; however, if the selected
ISTDs do not contain similar ionization properties or
chemical structures to the target analyte, they may not
always react the same way as the analyte of interest, espe-
cially with the presence of matrix.?*]

In this study, we evaluated effects of dust matrix in
the analysis of verrucarol using GC-MS/MS to more
accurately measure MCT in floor dust of water-damaged
buildings. The efficiency of the ISTD (1,12-dodecanediol)
used in the reported analytical method!®17:24! was addi-
tionally evaluated.

Methods

Chemicals and reagent

LC-MS grade methanol, dichloromethane (DCM),
sodium hydroxide, toluene, and acetonitrile was pur-
chased from Sigma-Aldrich (St. Louis, MO) and N-
heptafluorobutyrylimidazole ~ (HFBI,  derivatization
reagent) from Regis Technology (Morton Glove, IL).
Standard verrucarol and ISTD (1,12-dodecanediol) were
also purchased from Sigma-Aldrich (St. Louis, MO).
Strata™-X polymeric reversed phase solid phase extrac-
tion (SPE) cartridges were purchased from Phenomenex
(Torrance, CA).

Sample preparation

The published!>'”] sample preparation method opti-
mized for settled dust and building materials from water-
damaged dwellings was modified for our study. Briefly,
approximately 30 mg of floor dust was incubated with
1 mL methanol in a borosilicate glass tube closed with
a PTFE (polytetrafluoroethylene) screw cap overnight in
the dark and at room temperature. The next day, the dust
was sonicated in methanol for 1 hr, and centrifuged at
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3200 rpm for 5 min. The supernatant was transferred
into a new test tube and evaporated until dry under
a gentle nitrogen gas stream at room temperature and
the ISTD (1,12-dodecanediol, 500 pg) was then added
to the dried extract. The extract was hydrolyzed with
200 puL of 0.2 M methanolic NaOH overnight at room
temperature (macrocyclic trichothecene is hydrolyzed
into verrucarol). On the third day, the solution was evap-
orated until dry under nitrogen gas and then 1 mL de-
ionized (DI) water was added to each test tube. The test
tube was vortexed and the extract was loaded onto a
polymeric reversed phase cartridge (Strata-X SPE car-
tridges) that was pre-conditioned with 2 mL DCM, 2 mL
methanol, and then 2 mL DI water. After sample load-
ing, the cartridge was washed with 2 mL DI water, aspi-
rated for 20 min (about 1 ml/min), and then eluted with
2 mL DCM. The eluate was evaporated under nitrogen
gas and the dried extract was derivatized with 15 pL
HFBI and 200 pL toluene:acetonitrile (4:1, v:v) at 70°C
for 1 hr. The final extract containing derivatized verru-
carol (Bis-heptafluorobutyrylverrucarol) that we quanti-
fied was washed with 1 mL DI water and centrifuged at
3200 rpm, and the upper organic layer was transferred
into a GC vial and stored at 4°C overnight before GC-
MS/MS analyses.

GC-MS/MS conditions

We used a Gas Chromatograph-tandem Mass Spectrom-
eter (GC-MS/MS, 7890A GC system with G7000A Triple
Quad MS system, Agilent, Santa Clara, CA) equipped
with a fused-silica capillary column (HP-5ms, 30 m X
0.25 mm i.d.) in the study. Samples (injection volume =
1 pl) were analyzed in negative chemical ionization mode
using methane as ionization gas at the energy of 150 eV
and the ion source temperature of 150°C in splitless mode.
The oven temperature was programmed as 70°C initial
temperature ramped at 20°C/min to 280°C. The precur-
sor ion for verrucarol derivative (retention time: 9.8 min)
was m/z 638 that yielded a target product ion of m/z 302
for quantification and two ions of m/z 262 and 213 for
qualification. For the ISTD derivative (retention time: 8.6
min), the precursor ion (m/z 574) produced a target ion
of m/z 197 for quantification and two ions of m/z 213 and
159 for qualification. All sample extracts and standards
were injected into GC in duplicate.

Preparation of spiked samples and calibration curves

We analyzed 21 dust samples and nine spiked samples in
5 separate experiments. Each of the experiments included
two sets of standard curves—one prepared in neat solvent
and the other in dust extract (as detailed below). Nine
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dust samples were randomly selected from the 21 samples
for spike sample analysis. To examine percent recovery
of spiked verrucarol in those samples, known amounts of
verrucarol were spiked into dust before extraction. Each
spike experiment included six samples: a spiked dust and
an un-spiked dust for each of the three different sam-
ples. The spiking experiment was repeated at three spik-
ing levels (10, 25, or 50 ng loadings) with a total of nine
dust samples. The spiked and un-spiked samples were
extracted using the same sample preparation procedure
as described above, and the extract was analyzed with the
GC-MS/MS. The percent recovery was calculated based
on: 100 x [(measured amount in spiked dust — measured
amount in un-spiked dust)/(spiked level of verrucarol)].

To evaluate and adjust for matrix effects using the cal-
ibration technique, two sets of standard curves were pre-
pared for each of the five experiments: one in neat sol-
vent with no dust matrix (traditional calibration); and
the other in dust extract (matrix-matched calibration).
We prepared the traditional standard solutions for cali-
bration by adding 500 pg of ISTD and a series of four
verrucarol standard solutions into empty glass tubes (0.1,
1, 10, and 100 ng/tube), and then dried under nitrogen
gas. The dried extract was then derivatized by adding
200 pL toluene:acetonitrile (4:1, v:v) and 15 uL HFBI at
70°C for 1 hr, washed with DI water, and centrifuged as
described above. We prepared the matrix-matched stan-
dard solutions by adding the series of four verrucarol stan-
dards into four sets of glass tubes containing dried dust
extract with ISTD prepared from the same dust using
the sample preparation procedure above. After drying
under nitrogen gas, the samples were then derivatized,
washed with DI water, and centrifuged. For both neat
and matrix-matched standards, the upper organic por-
tion of the liquid was transferred into an autosampler
vial and stored at refrigerator for overnight before injec-
tion. The dust selected for the matrix-matched calibra-
tion contained non-detectable amount of ergosterol (by
GC-MS)[?*] and culturable Stachybotrys chartarum and
Myrothecium species (by culture method)!?>2°) and was
homogenized for 2 hr before it was made into aliquots for
the experiments.

Dust sample analysis

We analyzed floor dust samples collected from two water-
damaged buildings in the northeastern area of the United
States in 2006 and 2007, respectively. A total of 21 sam-
ples (eight from building H and 13 from building B) were
selected based on the availability of dust and the high level
of contamination with total culturable fungi. A detailed
method for quantifying total culturable fungi has been
described elsewhere.[26! To collect floor dust, a 2 m? area

of floor was vacuumed around occupant’s workstation for
5 min. For each dust sample, we used a polyethylene filter
sock (Midwest Filtration Company, Fairfield, OH, USA)
with a pre-cleaned crevice tool on a L'il Hummer™ back-
pack vacuum sampler (100 ft*>/min, 1.5 horse power; Pro-
Team Inc., Boise, ID, USA).[2>2°] We homogenized and
partitioned the samples after hair, fluff, and other larger
objects had been removed. The collected and processed
dust samples had been stored in a —80°C freezer. Prior to
the sample preparation for the GC-MS/MS analysis, the
bulk dust samples were homogenized for 2 hr and aliquots
of the selected samples were prepared in a new sterile test
tube.

Statistical analyses

We examined response factors that were computed by
dividing peak area (response) by concentration of verru-
carol (ng/pl) or ISTD (ng/ul). Matrix effect was calculated
by (peak area for standard spiked into dust extract)/(peak
area for standard spiked into neat solvent).!?”! Percent
coefficient of variation (%CV) was calculated by divid-
ing standard deviation by average value and then mul-
tiplying 100. We used geometric mean (GM) and geo-
metric standard deviation (GSD) if there are outliers in
measurements; otherwise, we used arithmetic mean and
standard deviation as a point estimate. Analysis of Vari-
ance (ANOVA) was used to compare slope of verrucarol
standard curve prepared in neat solvent to that in dust
extract. The limit of detection (LOD) for each of the five
experiments was estimated from an average concentra-
tion of blank samples (n = 3-5 per experiment) plus
three times their standard deviation. Median LOD was
0.016 ng/sample (range: 0.012-0.053) when the matrix-
matched calibration curves were applied without ISTD
adjustment.

Results

Dust matrix effect on verrucarol

Chromatographic separation of derivatized verrucarol
and an ISTD in GC is presented in the total ion chro-
matogram (Figure 1). In order to evaluate the matrix
effect, we examined peak areas for four levels of stan-
dard verrucarol spiked into neat solvent and dust extract.
When we used peak area relative to the ISTD (peak area
for verrucarol standard divided by that for the ISTD) to
construct a standard curve for each experiment, the slope
of the standard curve prepared in the dust extract was
significantly (p < 0.001) lower than that in neat solvent
(average ratio of slope in dust extract to that in neat sol-
vent = 0.04, SD = 0.005), indicating an ion suppression in
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Figure 1. Total ion chromatogram (upper panel) and MSMS spectra (lower panels) for derivatized 1,12-dodecanediol (internal standard,

ISTD) and verrucarol.

dust matrix. However, when peak area of verrucarol stan-
dard was not adjusted for the ISTD, slope of the standard
curve prepared in the dust extract was 2.8-fold (range:
2.4-3.1, SD = 0.3) significantly (p < 0.001) higher than
that in neat solvent, indicating an ion enhancement in
dust matrix by 280%. These two results appeared to be
contradictory. Therefore, we further evaluated effective-
ness of the ISTD used in the experiments.

Dust matrix effect on internal standard

We examined the matrix effect of dust extract on
responses to the ISTD as well as verrucarol standard. For

each of the verrucarol and internal standards, we cal-
culated a ratio of peak area for the standard measured
in dust extract to that in neat solvent as a measure of
matrix effect (Figure 2). We found that the matrix effect
(ion enhancement) of dust extract on 1,12-dodecanediol
was much larger (mean ratio = 71.8, SD = 14.8) than
that on verrucarol (mean ratio = 3.2, SD = 0.6). Dis-
similar matrix effect on verrucarol and the internal stan-
dard implies that adjustment of response for verrucarol
with 1,12-dodecanediol as an internal standard would
yield results which incorrectly show an ion suppression
(Figure 2). Thus, the dust matrix effect on response for
verrucarol is not an ion suppression but an ion enhance-
ment. We also compared response factors for ISTD in neat
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Figure 2. Matrix effect calculated by peak area for standard spiked into dust extract divided by that spiked into neat solvent. Data for
the box plots are from 4 different concentrations for verrucarol and one fixed concentration for 1,12-dodecanediol (internal standard) in
each standard curve of the five experiments. Dust extract was prepared with one sample with no detectable amount of ergosterol, and
culturable Stachybotrys and Myrothecium species. Box = 25-75 percentile; solid line in the box = median; whiskers = 5 and 95 percentiles;

and filled circles = outliers.

solvent of 20 standard samples, extracts of 20 aliquots
of one dust sample selected for the matrix-matched cal-
ibration, and extracts of 21 dust samples from all five
experiments (Figure 3). The results show that the aver-
age response factor for ISTD was 58-fold (in extracts of 21
dust samples) or 70-fold (in extracts of 20 aliquots of one
dust sample) higher than that in neat solvent (p-values <
0.001). In contrast to ISTD, the average response factor for
verrucarol in dust extracts using the matrix-match cali-
bration was only about three-fold higher than that in neat
solvent as presented in the previous section and Figure 2.

Percent recovery of spiked dust samples

Spike sample analysis shows that percent recovery was
extremely low [mean = 5%, percent coefficient of varia-
tion (%CV) = 39] when the traditional calibration curve
(prepared in neat solvent) adjusted with ISTD was applied
to calculate sample concentration (Figure 4). When the
matrix-matched calibration curve adjusted for ISTD was
applied, the recovery rate was improved (mean = 135%)
but still as variable (%CV = 37) as that in neat solvent.
However, the matrix-matched calibration curve that was
not adjusted with ISTD resulted in the most accurate and
reliable recovery rates (mean = 94%, %CV = 14) whereas
the traditional calibration method without ISTD adjust-
ment resulted in a large overestimation (mean = 273%,
%CV = 12) in recovery rate. The finding of 135% average

recovery rate with large CV for the spiked samples calcu-
lated with ISTD-adjusted matrix-matched standard curve
may also indicate that 1,12-dodecanediol is an inappro-
priate ISTD to adjust for variable response for verrucarol
due to the matrix-effect as well as an analyte loss during
sample preparation in the analysis of dust samples using
GC-MS/MS.

Measurement of MCT and culturable Stachybotrys
chartarum in building floor dust

The geometric mean (GM) level of total culturable fungi
for the 21 samples analyzed for MCT was 153,000 cfu/g of
dust [range: 15,000-5,944,000 cfu/g]. When we used the
traditional calibration curve prepared in neat solvent with
the ISTD adjustment, the levels of verrucarol in all 21 dust
samples were below the LOD. However, when we rean-
alyzed the same samples using the matrix-matched cali-
bration curves with no ISTD adjustment, we were able to
detect verrucarol in 8 of the 21 samples (38%). The aver-
age level of verrucarol measured in these 8 dust samples
was 2.5 ng/g of dust (range: 0.6-36.7 ng/g of dust). Of
the eight samples, Stachybotrys chartarum was cultured
(GM = 11,000 cfu/g) in four samples (Table 1). In con-
trast, we did not detect verrucarol in three of the seven
dust samples from which Stachybotrys chartarum was cul-
tured (mean = 18,000 cfu/g). Myrothecium species were
not cultured from any of those 21 samples.



Downloaded by [Stephen B. Thacker CDC Library] at 08:07 06 April 2016

JOURNAL OF OCCUPATIONAL AND ENVIRONMENTAL HYGIENE . 447

107
[ )
i - !
[ ]
&
[ ]
106 4

106 4—————— ®_
E 3

(peak area/concentration, ng/ul)

Response factor for internal standard

104 T T

Neat solvent Extracts: MM calibratoin

Extracts: 21 samples

Figure 3. Response factors of internal standard (1,12-dodecanediol) measured in neat solvent, dust extracts prepared from one dust for
matrix-matched (MM) calibration in each of the five experiments, and extracts of 21 dust samples spiked with known amount of internal
standard (0.5 ng/sample). Y-axis is in a log scale. Box = 2575 percentile; solid line in the box = median; whiskers = 5 and 95 percentiles;

and filled circles = outliers.

350

300 -

250 A

200 A 1

150 -

Percent recovery

100 4= == == mm e e m o o

50

With ISTD No ISTD With ISTD

No ISTD

Traditional calibration Matrix-matched calibration

Figure 4. Percent recovery of verrucarol in nine spiked dust samples calculated using calibration curves prepared in neat solvent (tradi-
tional calibration) or dust extract (matrix-matched calibration) with or without internal standard (ISTD) adjustment. Box = 25-75 percentile;

solid line in the box = median; whiskers = 5 and 95 percentiles.



Downloaded by [Stephen B. Thacker CDC Library] at 08:07 06 April 2016

448 R. SAITOET AL.

Table 1. The levels of culturable total fungi and Stachybotrys char-
tarum, and macrocyclic trichothecene measured as equivalent to
verrucarol.

Geometric
# of samples Geometric standard
Analyte (>LOD/total)  mean  deviation Minimum Maximum
Total culturable 21/21 153,000 4.0 15,000 5,944,000
fungi (cfu/g)
Cuturable 7/21 11,000 9.9 200 150,000
Stachyborys
chartarum
(cfu/q)
Macrocyclic tri- 8/21 25 43 0.6 36.7
chothecene
(ng/q)
Discussion

Matrix effects of indoor dust samples

We found significant matrix effects (enhancement) asso-
ciated with the GC-MS/MS method for the analysis of ver-
rucarol (hydrolysis product of macrocyclic trichothecene)
in extracts derived from floor dust from water-damaged
buildings. These matrix effects produce inaccurate results
in the GC-MS/MS measurement of MCTs in dust sam-
ples as we found no dust sample above the LOD when
the traditional calibration method was used. The method
we modified for the study has been reported previously
in the literature!>'”) to analyze for verrucarol in set-
tled dust samples or building materials collected from
various indoor environments including office buildings
in Europe. Matrix components in dust extracts that co-
elute with the target analyte may suppress or enhance
the response (ion intensity) of mass spectrometer to the
analyte. This limitation adversely affects the reproducibil-
ity and accuracy of the method. The matrix effects are
unavoidable unless active sites in the GC inlet and column
or matrix components in extracted sample solution are
eliminated, which is nearly impossible.['828] Therefore, it
is essential to evaluate matrix effects of dust or other envi-
ronmental samples on target mycotoxins in the develop-
ment of methods using GC-MS/MS.

Several strategies have been suggested to compen-
sate matrix effects. They include improvement in sam-
ple preparation and chromatographic separation, modi-
fying the mass spectrometric condition, or applying cal-
ibration techniques.[*”) Among these suggestions, cali-
bration methods including ISTD adjustment have been
widely applied to compensate matrix effects. The ISTD
normally adjusts for losses during sample preparation and
variations in sample amount injected into the GC. In addi-
tion, if the ISTD is adequately chosen for the analysis,
variation of the analyte signal between matrix-containing

sample and matrix-free external standard extracts (pre-
pared in neat solvent) may be compensated by equiva-
lent disturbance on the ISTD in both extracts. Our study
results indicate that the disturbance of the analytical sig-
nal on ISTD between dust extract and neat solvent was
not equivalent to that on verrucarol in GC-MS/MS anal-
ysis. Dust matrix effects on response for ISTD was much
greater than those for verrucarol. Recovery rate of verru-
carol spiked in dust calculated using the traditional cali-
bration curve prepared in neat solvent adjusted with ISTD
was only 5%. This result indicates that 1,12-dodecandiol
may not be an appropriate ISTD for our office dust sam-
ples that could contain various biological and chemical
agents. Our finding is similar to that of Sordillo et al.l?*!
who showed that recovery of spiked ergosterol in house
dust was poor (36-54%) when 7-dehydrocholesterol was
used as an ISTD. Use of an isotope-labeled internal
standard of verrucarol will most effectively adjust for
these matrix effects;!2*3°] however, there is currently no
isotope-labeled ISTD available for the analysis of MCT
mycotoxins using GC-MS/MS, and our attempt of devel-
oping isotope-labeled verrucarol was not successful.

There are other suggested calibration methods to com-
pensate for matrix effects if there is no isotope-labeled
ISTD available. Of these, a matrix-matched standard tech-
nique has been widely used. In our study, we selected
dust with no detectable level of ergosterol and culturable
Stachybotrys chartarum and Myrothecium species to cre-
ate matrix-matched standard solutions. Although the spe-
cific floor dust selected for the adjustment in our study
was only analogy reference to all other floor dust sam-
ples with some variation in components of dust extract,
matrix-matched calibration curves using the selected dust
substantially increased accuracy in measurements of ver-
rucarol as indicated from the spike experiment using nine
different dust samples. To exactly match individual dust
sample matrix in calibration, we can use a standard addi-
tion technique to correct the matrix effect; however, this
technique will increase the number of samples (at least
two times) to be analyzed, which results in substantial
increase of analytical time and cost per sample, and thus
makes this method impractical.

Presence of macrocyclic trichothecene in dust
samples

Application of the chemical analysis to detect MCT
may be especially helpful for epidemiologic or toxico-
logical studies to examine health or biologic effects,
respectively, related to exposure to Stachybotrys. MCT-
producing Stachybotrys spp. showed higher cytotoxicity
than those that do not produce MCT.3!! In our study,
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we have detected low levels of MCT in several of the ana-
lyzed floor dust samples with and without presence of cul-
turable Stachybotrys chartarum that were collected from
water-damaged buildings. In contrast, we did not detect
MCT in some dust samples with presence of culturable S.
chartarum. This may be explained by study findings of a
research group!*?) that identified MCT in only 33 of 84 S.
chartarum isolates and 2 of 2 S. dichroa isolates, indicat-
ing that presence of MCT differs by species of Stachybotrys
and strains of S. chartarum in dust samples.

Conclusions

Our study shows that exposure to mycotoxins may
occur in water-damaged indoor environments and sug-
gest that fungal toxins may be an important exposure
contributing to various health effects in building occu-
pants. Our study also demonstrated that there were sub-
stantial matrix effects in an available published method
using GC-MS/MS which resulted in substantial underes-
timation or overestimation in levels of MCT in dust and
thus should be compensated to obtain accurate results.
Although isotope-labeled ISTD may be the best way to
overcome the matrix effects for accurate measurements
of such mycotoxins, the isotope-labeled verrucarol is cur-
rently unavailable. Meanwhile, improvement of extrac-
tion efficiency in sample preparation steps and use of
other calibration methods such as matrix-matched stan-
dard curves may be useful practices to obtain accurate
measurements of MCT in dust with the method using
GC-MS/MS.

Disclaimer

The findings and conclusions in this report are those of the
authors and do not necessarily represent the views of the
National Institute for Occupational Safety and Health.
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