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Abstract: 1,3-Dimethylamylamine (1,3-DMAA) is a stimulant commercially sold in a variety of dietary supplements as a chemical spe-
cies derived from geranium plants (Pelargonium graveolens). Whether 1,3-DMAA naturally occurs in geranium plants or other dietary 
ingredients, it has important regulatory and commercial ramifications. However, the analysis of 1,3-DMAA in geranium plants is not 
trivial due to low concentrations and a complex environmental matrix, requiring high selectivity and sensitivity. An extraction method 
combined with high performance liquid chromatography and tandem mass spectrometry is used to determine 1,3-DMAA and 1,4-dim-
ethylamylamine (1,4-DMAA) concentrations in geranium plants with both external calibration and standard addition method. Samples 
from the Changzhou, Kunming, and Guiyang regions of China during both winter and summer were analyzed for 1,3-DMAA and  
1,4-DMAA. The diastereomer ratios of the 1,3-DMAA stereoisomers of a racemic standard and the extracted plant were also 
quantified.
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Introduction
There has been significant discussion of 1,3-dim-
ethylamylamine (1,3-DMAA) in the literature con-
cerning the presence of 1,3-DMAA in geranium 
plants (Pelargonium graveolens).1–6 1,3-DMAA, also 
known as 4-methyl-2-hexaneamine (MHA), 1,3-dim-
ethylpentylamine, or 2-amino-4-methylhexane can be 
labeled as geranium extract in dietary supplements. 
Confirming the presence or absence of 1,3-DMAA 
as a natural product in geranium plants has important 
regulatory and commercial consequences for many 
dietary supplement companies.7

The chemical properties and concentrations of 1,3-
DMAA and the associated matrix do not allow for 
simpler LC detection methods (UV-visible absorp-
tion or refractive index). Typically, GC-MS analysis 
requires derivatization to a higher molecular weight 
to increase boiling point and retention time. The gera-
nium oil and plant matrix are sufficiently complex 
that most universal detectors, such as refractive index 
and flame ionization detectors, are likely to encounter 
significant matrix interferences. Thus, research and 
analytical effort for 1,3-DMAA analysis has focused 
on GC-MS1,3–5 and LC-MS/MS 1,2,4–6 analysis proto-
cols for matrices, such as urine, geranium oil extracts 
and geranium plants.

The World Anti-Doping Agency requires that 
compounds with chemical structure and biological 
activity similar to banned substances must be ana-
lyzed by anti-doping laboratories. 1,3-DMAA and 
2-aminoheptane (a banned stimulant) have simi-
lar chemical structures and physiological stimulant 
effects (Fig. 1). The laboratory of Saudan1 developed 
a high performance liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) method for detec-
tion of 1,3-DMAA in urine samples. The method was 
calibrated over the range of 50 to 700 ng/mL with 
excellent intraday precision and accuracy of less than 
6%. The results from the Saudan laboratory found 
that 1,3-DMAA could be detected in urine samples 
up to 105 hours after administration of a 40 mg dose.

Subsequent research by Vorce et al2 used LC-MS/MS  
to confirm 1,3-DMAA as the cause of false positives in 
amphetamine screening kits used by the United States 
Department of Defense drug screening  laboratories. 
1,3-DMAA was suspected due to its inclusion in 
bodybuilding energy supplements available over the 
counter. Vorce et al reported that 1,3-DMAA would 

cause false positives at urine concentrations above 
6.0 mg/L and confirmed the presence of 1,3-DMAA 
concentrations over the 6.0 mg/L limit in 92.3% of 
the false positive results for amphetamines.

The laboratory of Lisi3 conducted an analysis of 
five geranium oils which had origins in France, Egypt, 
and New Zealand. The geranium oils were analyzed 
using a derivatization and extraction procedure for 
1,3-DMAA. None of these samples were reported 
to have 1,3-DMAA, but no limit of detection (LOD) 
was reported for the method. Supplements contain-
ing 1,3-DMAA were then administered and tested in 
a urine excretion study using a GC with a nitrogen-
phosphorous detector. The results showed that 1,3-
DMAA is excreted for at least 29 hours in agreement 
with a previous report.1

The research team of ElSohly et al4 used GC-MS, 
LC-MS/MS, and high resolution ultra-performance 
LC with quadrupole-time of flight-MS (UPLC-QTOF-
MS) to analyze geranium oils and leaves from India as 
well as geranium leaves, stems, and freshly extracted 

* * NH2

* * NH2

(1R, 3R)

1,3-dimethylamylamine

1,4-dimethylamylamine

2-aminoheptane

(1S, 3R)

* * NH2

* * NH2

(1S, 3S)

(1R, 3S)

* NH2

(1R)

* NH2

(1S)

* NH2

(1R)

* NH2

(1S)

Figure 1. Chemical structures of the stereoisomers of 1,3-DMAA, 1,4-
DMAA, and 2-aminoheptane with stereogenic carbons labeled (*) and 
their respective (R,S) configurations.
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oil from plants grown in Oxford,  Mississippi. The 
GC-MS and LC-MS/MS-based methods used similar 
extraction procedures with a reported extraction effi-
ciency of 35% (which is relatively low). However, 
the extraction was shown to have excellent accuracy 
(75%) and precision (less than 5%) on the control 
sample using GC-MS analysis. The limits of detection 
for the GC-MS, LC-MS/MS, and UPLC-QTOF-MS 
were 0.1 ppm, 2.5 ppb, and 10 ppb,  respectively. The 
GC-MS analysis of the 0.1 ppm spikes of 1,3-DMAA 
in the geranium oil clearly showed the characteristic 
double peaks of the 1,3-DMAA diastereomer pairs. 
The authenticated geranium plant material showed a 
similar pattern to the spiked geranium oil, whereas the 
negative geranium oil and authenticated geranium oil 
did not. The GC-MS chromatograms of the authenti-
cated geranium plant material suggested the presence 
of the 1,3-DMAA. However, the two more sensitive 
LC-MS/MS methods did not detect 1,3-DMAA in 
any of the samples analyzed. The LC-based methods 
do not exhibit the characteristic diastereomer double 
peak—possibly due to the chromatographic separa-
tion conditions.2,5,6

Zhang et al5 recently reported the analysis of eight 
different geranium oils, four from China and four from 
Egypt, and analysis of thirteen dietary supplements 
containing 1,3-DMAA. The goal of their paper was to 
determine whether the 1,3-DMAA in dietary supple-
ments had synthetic or natural origins. The supple-
ments were analyzed using GC-FID analysis with a 
chiral column. The 1,3-DMAA in the standards and 
supplements were derivatized by pentafluoropropi-
onic anhydride (PFPA). The derivatized stereoisomer 
separation of 1,3-DMAA by GC-FID was excellent, 
showing all four stereoisomers present. The GC-FID 
analysis protocol did not have an LOD reported; how-
ever, the calibration curve range was 0.2 to 0.8 mg/
mL of 1,3-DMAA. The dietary supplements were 
reported to contain the same stereoisomer ratios as 
the synthetic standards.

Zhang et al then used two LC-MS-based meth-
ods to analyze the geranium oils for 1,3-DMAA.5 
The LOD of the linear ion trap method (HPLC-ESI-
LIT) was 50 ppb and the LOD of the triple quadru-
pole instrument (HPLC-ESI-QQQ) was 10 ppb for 
derivatized 1,3-DMAA. The HPLC-ESI-LIT used a 
chiral-phase HPLC separation column. The HPLC-
ESI-QQQ used a standard C18 separation phase. In 

both  methods, 1,3-DMAA was not detected above the 
LOD, and both lacked the characteristic diastereomer 
double peak as expected (both possibly due to chro-
matographic separation choices).

Finally, the research team of Li et al6 developed 
an extraction and LC-MS/MS-based method for the 
analysis of 1,3-DMAA and 1,4-DMAA in geranium 
plants and oils (three distinct samples of each). The 
method validation was detailed and conducted accord-
ing to United States Pharmacopeia guidelines. The 
traditional instrument LOD8 reported was 1 to 2 pg/g 
with a reported method quantification limit (LOQ) of 
1 to 2 ng/g in the geranium sample. Li reported con-
centrations of 1,3-DMAA and 1,4-DMAA as present 
in three samples of geranium plants ranging from 13 
to 365 ng/g and 3 to 35.3 ng/g, respectively. In the 
geranium oil, Li et al reported all three samples con-
tained 1,3-DMAA ranging from 167 to 13,271 ng/g. 
In the sample containing 13,271 ng/g of 1,3-DMAA, 
1,4-DMAA was detected at 220 ng/g. The other two 
geranium oil samples did not contain 1,4-DMAA 
above the LOD.

The research and sample analysis presented here 
used an adapted extraction and LC-MS-MS analy-
sis6,9 to analyze both 1,3-DMAA and 1,4-DMAA in 
geranium plants. Linearity, method detection limit 
(MDL), accuracy, and precision studies were carried 
out followed by analysis of geranium plants from 3 
distinct regions in China (Changzhou, Guiyang, and 
Kunming) during winter and summer months. An 
improved analysis protocol was developed that used 
standard addition analysis to re-analyze samples and 
confirm the reported concentrations of 1,3-DMAA and 
1,4-DMAA. One of the Changzhou, China, samples 
was analyzed by another laboratory,6 and to the best of 
the authors’ knowledge, this represents the first inter-
laboratory analysis and confirmation of 1,3-DMAA 
in an identical geranium sample. Additionally, the 
diastereomer ratio of 1,3-DMAA in geranium plants 
was measured and compared with synthetic standards 
and previously reported research.5

Experimental
Chemicals and reagents
All chemicals and reagents have a purity of 97% or 
greater. All standards and eluent were prepared in 
reagent-grade water with a resistivity of 18.2 MΩ ⋅ cm 
produced by a Barnstead e-pure four cartridge  system. 
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Glassware was cleaned with concentrated detergent 
and rinsed with reagent-grade water three times. 1,3-
DMAA was purchased from 2A PharmaChem USA 
(purity confirmed by NMR) and 1,4-DMAA was 
purchased from Sigma-Aldrich. LC-MS grade ace-
tonitrile and formic acid, HPLC grade ethanol and 
hexane, and ACS Certified Plus concentrated hydro-
chloric acid were purchased from Fisher Scientific.

Standard preparation
A combined stock solution was first prepared contain-
ing both standards (1,3-DMAA and 1,4-DMAA) with 
a concentration of 1000 mg/L each in ethanol. An 
intermediate standard solution is then diluted from 
the stock to prepare a standard with a concentration 
of 1000 µg/L in 0.5 N HCl for both 1,3-DMAA and 
1,4-DMAA. Two external calibration curves were 
prepared for each analysis due to the unknown con-
centrations of 1,3-DMAA. The low range calibration 
was 1 to 20 µg/L, and the high range calibration was 
3 to 100 µg/L. The standard addition spikes curves 
were prepared by analyzing sample spikes of 1,3-
DMAA and 1,4-DMAA at 15.0 µg/L and 25.0 µg/L 
for each sample.

Sample preparation
Preliminary homogenization and extraction 
protocol
The preliminary extraction method was adapted from 
a standard analysis method.9 The method was scaled 
from 200 g to 50 g of geranium plant for analysis, and 
each subsequent step was appropriately scaled by a 
factor of four. The geranium plants were first cut into 
pieces having a mass ranging from 40 to 50 g and sub-
sequently placed into a blender. A solution of 15 mL 
of 0.5 N HCl was added to extract the 1,3-DMAA and 
1,4-DMAA analytes present in the plants. The mix-
ture was homogenized at high speed for two minutes, 
filtered, and re-extracted with 7.5 mL of 0.5 N HCl. 
Both extracts were combined and diluted to a final 
volume of 25.00 mL. The solution was then soni-
cated, filtered, and analyzed by LC-MS/MS. A blank 
(no geranium plant) and spiked samples contain-
ing an additional 10.0 µg/L of the standard solution 
were also prepared by following the same procedure 
as those of the plant preparation. The spiked sample 
provides a percent recovery estimate for each sample 
matrix.

Optimized homogenization and extraction 
protocol
The preliminary analysis method was further modi-
fied6 to reduce matrix effects by adding a hexane par-
titioning step (hexane clean-up step). The geranium 
samples remained frozen at −20 °C prior to analysis 
and thawed for sample preparation. The wet gera-
nium leaves and stems were cut into 1 to 2-cm pieces 
and subsequently ground with a high-speed grinder 
into finely chopped pieces. Then, 10 g of the chopped 
sample were weighed and placed into a standard 
food blender with 80 mL of 0.5 N HCl and homog-
enized at the highest blend setting for two minutes. 
The blended mixture was transferred into a 100-mL 
volumetric flask, and the blade and blender cup were 
rinsed with 15 mL of 0.5 N HCl and poured into the 
100-mL volumetric flask. The blended geranium 
mixture was extracted by sonication for one hour at 
50 °C. This solution was centrifuged at 3700 × g for 
ten minutes after cooling and filling to volume with 
0.5 N HCl. Four mL of the supernatant and 2 mL of 
hexane were added to a 15-mL glass centrifuge tube 
with screw cap. This mixture was shaken by a vortex 
mixer for thirty seconds. The mixture was then cen-
trifuged at 2000 × g for five minutes. The aqueous 
layer was filtered and analyzed by LC-MS/MS. For 
all sample analyses, a blank was analyzed with each 
sample to verify no carryover occurred from the pre-
vious analysis. For standard addition analysis, spiked 
samples were prepared by spiking standard prior to 
the blending process, such that the final added con-
centration was 15.0 and 25.0 µg/L in the volumetric 
flask.

This optimized method added and modified exist-
ing steps (grinding, sonication, and centrifuging) 
to the original extraction protocol to maximize the 
extraction efficiency of 1,3-DMAA and 1,4-DMAA 
from the plant matrix. The reduction of plant mate-
rial extracted and increased volume of extractant 
resulted in a more practical extraction procedure and 
minimized sample handling errors. The sonication 
temperature was increased to 50 °C to increase the 
breakup and dissolution of the plant material in the 
acid extract and increase solvation of the analytes. 
The additional hexane extraction step minimized 
concentrations of the non-polar plant material in the 
0.5 N HCl extraction solution. The non-polar plant 
material likely caused matrix effects during analysis 
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by causing ion suppression in the ESI source. The 
combination of these steps provides an extract that 
contains a more representative concentration of 1,3-
DMAA and 1,4-DMAA and a reduction of matrix 
effects. This means that the performance of the extrac-
tion method improves and this is demonstrated by the 
large improvement in percent recovery.

hPLC-MS/MS instrumentation
The LC-MS/MS system consists of an Agilent 1100 
HPLC system equipped with an autosampler, coupled 
to a triple quadrupole mass spectrophotometer 
(Waters Quattro Ultima) operated in ESI+ mode. The 
injection volume was 100 µL with separation per-
formed on a Phenomenex Kinetex C18 phase column 
(4.6 × 150 mm, 2.6 µm) with a column temperature 
set at 25 °C and flow rate at 0.4 mL/min. The HPLC 
eluent ratio was 82:18 of mobile phase A (1% of for-
mic acid in reagent water) to mobile phase B (ace-
tonitrile). The column effluent was split at a ratio of 
1:1 prior to introduction to the mass spectrometer.

The mass spectrometer operating conditions were 
as follows: the capillary voltage was 3.0 kV, the cone 
voltage was 20 V, the source temperature was set at 
120 °C with a flow of 108 L/hr, and the desolvation 
temperature was 350 °C with a flow of 635 L/hr. The 
dwell time was 0.5 second and the interscan delay was 
0.1 second. The collision voltage was set to 8 eV with 
a collision gas (argon) pressure at 7 psi. The detec-
tion of the analytes was done using the MRM func-
tion with a pair of mass transitions of 116/99.7 m/z 
and 116/57 m/z to produce a single chromatogram for 
both 1,3-DMAA and 1,4-DMAA.

All chromatogram integrations were performed with 
Waters MassLynx MS software. Each chromatogram 

was prefiltered with a peak-to-peak noise amplitude of 
2000. Chromatograms were submitted to a Savitzky 
Golay10 smoothing method within the MassLynx soft-
ware. The Savitzky Golay method takes an average of 
the intensities of the data points weighted by a qua-
dratic curve.

The LC-MS/MS total analysis time was 
10  minutes. Figure 2 presents a typical standard chro-
matogram of a 20 µg/L standard of 1,3-DMAA and 
1,4-DMAA. Additional standards are presented in the 
supplementary materials (Figs. S1–S3). It is impor-
tant to mention that the compound 1,3-DMAA has 
two chiral centers that result in four stereoisomers 
(Fig. 1). These stereoisomers include two diastere-
omers that have different physical properties and 
can be  separated. Therefore, 1,3-DMAA is detected 
as two peaks in the chromatogram. All values refer-
enced to 1,3-DMAA_total or 1,3-DMAA are calcula-
tions based on the summation of both peak areas.2,6,9 
The compound 1,4-DMAA exists as two enantiomers 
which cannot be separated. Therefore, only one peak 
was detected for 1,4-DMAA.

Results and Discussion
Detection limits, accuracy, precision,  
and linearity studies
Before sample analysis was conducted, detection 
limit,11–13 accuracy,14 precision,14 and linearity8 stud-
ies were conducted to evaluate and ensure accept-
able instrument performance. The typical practice 
for United States Environmental Protection Agency 
(USEPA) MDL studies in the laboratory is to con-
struct a 5-point calibration curve and analyze a check 
standard halfway between the two lowest calibration 
points. The USEPA MDL reported here represents the 

DMAA 20 ppb
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Figure 2. Typical MrM Chromatogram at 20 µg/L each for 1,3 and 1,4-DMAA analytes. 
Note: The retention times for the 1,3-DMAA diastereomers are 7.53 and 7.83 minutes, and 1,4-DMAA retention time is 8.17 minutes.
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lowest concentration distinguishable from noise and 
determined on the variation of the analytical signal of 
a check standard expected to be within a factor of 2 to 
5 of the detection limit. At these analytical conditions, 
the MDL study provides a worst-case estimate of the 
analyzer performance. The accuracy of the analysis 
is estimated using the mean percent recovery of the 
check standard analysis.14 The precision is estimated 
as the percent relative standard deviation (% RSD).14

Another estimate for the detection limit is the prop-
agation of uncertainty MDL (Unc. MDL).13 The Unc. 
MDL is determined using the standard deviations of 
the slope (m), y-intercept (b), and signal (y) as deter-
mined by the LINEST function in Microsoft Excel. 
These standard deviations are then used to propagate 
and determine the error on “x” in the linear regres-
sion line.13 The propagated error represents the lowest 
concentration of analytical significance.

Detailed MDL, accuracy, and precision  studies of 
1,3-DMAA and 1,4-DMAA are presented in Tables 1 
and 2, respectively, for all sample analysis con-
ducted (Analysis Sets 1 to 3). The reported values for 
 Analysis set 1 were based on the preliminary extrac-
tion protocol. Analysis Sets 2 and 3 were conducted 
using a hexane clean-up step as well as standard addi-
tion analysis. Typically, an MDL, accuracy and preci-
sion study was conducted with two different check 
standard concentrations prior to each set of sample 
analysis. For Analysis Sets 1 and 2, the MDLs at 
3.0 µg/L were based on the calibration curves from 
1 to 20 µg/L (low range calibration). The MDLs at 
8.0 µg/L were based on the 3 to 100 µg/L calibration 
curves (high range calibration). In Analysis Set 3, 
the calibration curve for the 2.0 µg/L check standard 
was 1 to 100 µg/L, and the calibration curve for the 
3.0 µg/L check standard was 2 to 100 µg/L. The R2 

values for all studies with both DMAA species were 
greater than 0.99.

The MDL values11,12 for 1,3-DMAA range from 
0.6 to 3.2 µg/L and for 1,4-DMAA, range from 0.8 to 
2.7 µg/L. Accuracy14 for 1,3-DMAA ranges between 
60% and 126% and for 1,4-DMAA, ranges between 
48% and 127%. The precision (estimated as % RSD)14 
for 1,3-DMAA is in the range of 9% to 35%, and for 
1,4-DMAA, precision ranges between 10% and 30%. 
With the exception of one mean percent recovery 
analysis in Analysis Set 2, the reported mean per-
cent recoveries and % RSD are within the guidelines 
set by the USEPA14 for check standard analysis. The 
USEPA reports that mean percent recovery can range 
from 50% to 150%, and the % RSD can be up to 30% 
when samples are analyzed within a factor of 2 to 5 of 
the MDL.14 As the MDL factor decreases, the % RSD 
of the check standard analysis increases, and below 
an MDL factor of 2, the % RSD can dramatically 
increase beyond 30%.15

Ideally, MDL, accuracy and precision studies should 
provide estimates that are similar to each other.15–17 Fur-
ther confidence of these MDL values is gained when 
the USEPA MDLs are compared to the Unc. MDL. 
Both sets of detection limit values are within 2 µg/L 
of each other in absolute terms and within a factor of 
5 in all cases. This similarity indicates the MDL values 
for the calibration and analysis protocols are realistic 
estimates for both 1,3-DMAA and 1,4-DMAA.

A linearity study was conducted to estimate the 
upper limit of linearity for the LC-MS/MS analysis.8 
A calibration curve was prepared and analyzed over 
the range of 1 to 250 µg/L for 1,3-DMAA and 1,4-
DMAA, with both species being linear over the entire 
range as evidenced by the excellent R2 values (.0.99). 
The linearity study resulted in a linear regression 

Table 1. Detection limits, accuracy, and precision studies for 1,3-DMAA for all sample analysis.

Analysis  
Set

Check standard 
(μg/L)

USEPA MDL 
(μg/L)

Unc. MDL 
(μg/L)

Mean % 
recovery

% RSD MDL  
factor

Equation of linear  
regression

r2

Analysis  
Set 1

3.0 1.1 0.4 126 9 2.8 y = 195.81x − 19.049 0.999
8.0 1.8 3.4 73 10 4.5 y = 148.84x + 420.8 0.999

Analysis  
Set 2

3.0 2.3 0.5 71 35 1.3 y = 121.94x + 72.43 0.998
3.0 1.8 0.8 95 20 1.7 y = 90.587x − 43.177 0.994
8.0 2.5 1.5 62 16 3.2 y = 114.66x + 199.46 0.999
8.0 3.2 1.4 60 21 2.5 y = 78.45x + 131.18 0.999

Analysis  
Set 3

2.0 1.4 2.6 103 21 1.5 y = 111.83x + 60.259 0.996
3.0 0.6 1.4 63 10 4.9 y = 135.07x + 190.33 0.999
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equation for 1,3-DMAA of y = 149.08x + 380.91 and 
for 1,4-DMAA of y = 148.05x + 473.94.

DMAA concentrations in the plant 
material
The reported concentration of the DMAA species in 
the geranium herb was determined using the calculated 
concentration from the calibration curve, final extrac-
tion volume, and mass of geranium (Equation 1, below). 
The MDL, accuracy, and precision studies (Tables 1 
and 2) were conducted with prepared standards in solu-
tion (no extraction). However, the MDLs in the ana-
lyzed plant would vary with the amount of plant mass 
used and the final extracted volume. For Analysis Set 1, 
the amount of plant material used was 50 g extracted 
into 25.00 mL. This resulted in MDLs that ranged 
from 0.6 to 1.4 ng DMAA/g geranium. In Analysis 
Sets 2 and 3, 10 g of plant material were extracted into 
100.00 mL, which resulted in MDLs ranging from 6 to 
32 ng DMAA/g geranium. While the MDLs increased 
for the second extraction method, the percent recovery 
of DMAA analysis also increased for all samples. The 
increase in percent recovery is likely due to the hexane 
clean-up step as well as a more practical increase in the 
extraction solvent volume. If the mass of plant material 
were doubled, the MDLs of the optimized extraction 
protocol would likely increase by a factor of two.

  DMAAgeranium(ng/g) = [[DMAAcal.curve (µg/L)  
  × Extraction volume (L)] ÷ Geranium mass (g)] × 1000  
 (1)

Authenticated Pelargonium graveolens 
samples
The Pelargonium graveolens (geranium) samples 
were collected and authenticated as all belonging to 

the genus and species Pelargonium graveolens by 
Xu YouKai of the Xishuangbanna Tropical Botani-
cal Garden, Chinese Academy of Sciences. Sam-
ples were collected from three regions in China: 
Changzhou, Guiyang, and Kunming, during three 
different harvest seasons. The Chinese Academy 
received the geranium herbs as potted plants origi-
nally grown in the field. Multiple plants (ranging 
from two to ten in number) were collected from 
each location. The plants from each location were 
combined prior to shipment to The University of 
Memphis. Therefore, concentrations of 1,3-DMAA 
and 1,4-DMAA in individual plants and variations 
thereof are not reported here. The samples were 
sent by express airmail from Dr. Yi Jin of Yunnan 
University directly to the University of Memphis 
where the samples were immediately stored at 
−20 °C. Analysis Sets 1 and 2 consisted of a Chang-
zhou sample collected on June 9, 2011 (Changzhou 
S11-1 and Changzhou S11-2), a Kunming, China, 
sample collected March 20, 2012 (Kunming 1  
and 2); a Guiyang, China, sample collected March 
16, 2012 (Guiyang 1 and 2); and an additional 
Changzhou, China, sample collected on March 10, 
2012 (Changzhou 1). Analysis Set 3 consisted of 
a Changzhou sample collected on May 18, 2012 
(Changzhou 3), a Guiyang sample collected May 
20, 2012 (Guiyang 3), and a  Kunming sample col-
lected May 23, 2012 (Kunming 3). The  Changzhou 
S11 sample was received from Intertek Labs 
(Detroit, MI, USA) and frozen upon arrival. The 
Changzhou S11 sample is an identical sample pre-
viously analyzed and reported by Li,6 providing an 
inter-laboratory analysis of a sample. The numbers 
for each region identifier signify the various Analy-
sis Sets.

Table 2. Detection limits, accuracy, and precision studies for 1,4-DMAA for all sample analyses.

Analysis  
Set

Check standard 
(μg/L)

USEPA MDL 
(μg/L)

Unc. MDL 
(μg/L)

Mean % 
recovery

% RSD MDL 
factor

Equation of linear  
regression

r2

Analysis  
Set 1

3.0 1.4 0.7 127 12 2.1 y = 201.78x − 78.268 0.996
8.0 2.7 4.6 60 18 2.9 y = 147.57x + 552.07 0.998

Analysis  
Set 2

3.0 2.0 0.6 73 30 1.5 y = 130.39x + 31.787 0.996
3.0 0.9 0.6 93 10 3.4 y = 85.06x − 38.131 0.997
8.0 2.4 2.9 48 20 3.3 y = 109.18x + 340.17 0.995
8.0 2.1 0.9 81 10 3.9 y = 79.501x − 7.9734 0.999

Analysis  
Set 3

2.0 0.8 2.6 98 13 2.4 y = 95.314x + 76.382 0.996
3.0 0.8 1.6 76 11 3.7 y = 121.63x + 118.7 0.999
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Sample Analysis set 1: preliminary 
extraction protocol
The concentrations of 1,3-DMAA and 1,4-DMAA in 
the three winter geranium samples and Changzhou 
S11 sample are presented in Table 3. The  Changzhou 
S11-1 analysis was conducted in duplicate and the 
winter samples were analyzed in singlet. A spike sam-
ple was analyzed to determine the percent recovery 
for that particular plant sample. There is no reported 
spike analysis for Changzhou 1 due to a sample loss 
during analysis. No additional sample was  available. 
The percent recovery of the spike was calculated 
using equation 2:13

 Percent Recovery = [[Spike conc. (µgL)   
  − Unspiked conc. (µgL)] ÷10(µgL)] × 100%  
 (2)

Of the four samples in Analysis Set 1, only the 
Changzhou S11-1 and Changzhou 1 sample contained 
1,3-DMAA and 1,4-DMAA above the MDLs of the 
method (Table 3). Figures 3 and 4 present an MRM 
chromatogram of Changzhou S11-1 and  Changzhou 
1 samples, respectively. Additional sample and spike 
chromatograms are presented in the supplementary 
materials (Figs. S4–S8). The average concentration 
of 1,3-DMAA in the Changzhou S11-1 sample was 
94.7 ± 15.1 ng/g geranium, with a percent recov-
ery of 19% on the 10 µg/L spike. The average con-
centration of 1,4-DMAA in Changzhou S11-1 was 
13.5 ± 1.8 µg/L with a 65% recovery on a 10 µg/L 
spike. The concentrations of 1,3-DMAA and 1,4-
DMAA in Changzhou 1 samples were 213 and 52 ng/g 
respectively. The reported 1,3-DMAA concentrations 
for Changzhou S11-1 and  Changzhou 1 samples were 
outside the calibration range but within the linearity of 

the  analyzer. A 1:1 dilution of both samples was ana-
lyzed and resulted in calculated concentrations within 
9% of the original concentration reported in Table 3.

While the percent recovery of the DMAA species 
is not ideal, the relative concentrations should be con-
sidered for the spike. For Changzhou S11-1 sample, 
the concentrations of 1,3-DMAA in volumetric flask 
after extraction averaged 190 µg/L. The % RSD error 
of analysis from the MDL study was of 9% to 10% 
for Analysis Set 1 and translates to ∼18 µg/L error. 
This is more than twice the 10 µg/L spike and thus a 
likely contributor to the low percent recovery (high 
error). When 1,4-DMAA was examined, the 10 µg/L 
spike addition was outside the error of analysis 
(2.7 µg/L) and gave a more reasonable 65% recov-
ery. Additionally, the low percent recoveries across 
all samples indicated the presence of a matrix effect. 
Previous reports6 have suggested that extraction pro-
tocols are likely to be extracting lipids from the cell 
membranes and contributing to ion suppression in the 
ESI source.

Analysis Set 2: optimized extraction 
protocol analysis of Changzhou S11 and 
winter geranium samples
The matrix effect identified in Analysis Set 1 was 
minimized by the addition of a hexane clean-up step. 
Additionally, the optimized method was more effi-
cient as it used less plant sample mass per extraction. 
This efficiency provided an opportunity to re-analyze 
Changzhou S11, Kunming, and Guiyang winter 
samples. Each sample was extracted and analyzed 
with two different spike concentrations (15.0 µg/L 
and 25.0 µg/L) for both 1,3-DMAA and 1,4-DMAA 
and in duplicate. The spiked samples were analyzed 
concurrently with the unspiked ones, and the percent 

Table 3. Analysis Set 1: preliminary extraction protocol results of geranium samples from Changzhou, Kunming, and 
guiyang.

1,3-DMAA 1,4-DMAA
Sample 
(ng/g)

Spike level 
(μg/L)

Percent 
recovery (%)

Sample 
(ng/g)

Spike 
level (μg/L)

Percent 
recovery (%)

Changzhou S11-1 94.7 ± 15.1 10.0 19 13.5 ± 1.8 10.0 65
Kunming 1 ,0.5* 10.0 44 ,0.7* 10.0 32
guiYang 1 ,0.5* 10.0 36 ,0.7* 10.0 23
Changzhou 1 213 n/A n/A 52.0 n/A n/A

Note: *The results are less than the MDL values.
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recovery was subsequently calculated.13 Detailed 
analysis results are presented in Table 4.

Changzhou S11 concentrations were expected to 
be high and thus analyzed on the high range calibra-
tion of 3 to 100 µg/L of both DMAA species. The 
concentrations of 1,3-DMAA and 1,4-DMAA were 
254 ng/g and 39.8 ng/g, respectively, and an opti-
mized extraction chromatogram of Changzhou S11-2 
is presented in Figure 5. The percent recovery13 for 
1,3-DMAA was approximately 55% for both spike 
levels. Both Kunming and Guiyang (Fig. 6) samples 
were analyzed using the low range calibration curves 
(1 to 20 µg/L of each DMAA species). The concentra-
tions of 1,3-DMAA and 1,4-DMAA are reported in 
Table 4. All are less than the MDL of the analysis. The 
percent recovery for all remaining samples ranged 
from 63% to 107%, indicating that the matrix effect 
previously identified was substantially mitigated by 
the optimized extraction protocol. The chromato-
grams for samples and 15.0 µg/L spikes of Analysis 

Set 2 are also presented in the supplementary materi-
als (Figs. S9–S14).

A comparison of the two extraction protocols using  
Changzhou S11 geranium sample demonstrates that 
the preliminary extraction protocol underestimated 
the concentrations of both DMAA species as indicated 
by the percent recovery results. However, it is clear 
that Changzhou S11 geranium samples contain 1,3-
DMAA species and the concentrations are well above 
the MDL of both analysis. In contrast, Kunming and 
Guiyang samples did not contain 1,3-DMAA or 1,4-
DMAA species at significant concentrations above 
the MDL of analysis (20 ng/g).

Analysis set 3: optimized extraction 
protocol of summer geranium samples
An additional round of samples was collected from a 
summer harvest of geranium plants and analyzed using 
the same protocols from Analysis Set 2 (with two spike 
levels, in duplicate). The Changzhou 3 sample (Fig. 7) 

Geranium # 2
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59297

Figure 4. A MrM chromatogram of the Changzhou 1 sample. 
Notes: The first two peaks are 1,3-DMAA diastereomer pairs with retention times of 7.51 minutes and 7.81 minutes. The 1,4-DMAA peak retention time is 
8.15 minutes. The mass transitions used are 116/99.7 m/z and 116/57 m/z.

Geranium #1 Unspiked
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Figure 3. A MrM chromatogram of Changzhou S11-1 sample. 
Notes: The first two peaks are 1,3-DMAA diastereomer pairs with retention times of 7.51 minutes and 7.81 minutes. The 1,4-DMAA peak retention time is 
8.15 minutes. The chromatogram is produced using two mass transitions 116/99.7 m/z and 116/57 m/z.
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contained 1,3-DMAA and 1,4-DMAA concentrations 
of 68.8 ± 36.5 ng/g and 118 ± 45 ng/g, respectively 
(Table 5). Both Kunming 3 and  Guiyang 3 had con-
centrations of 1,3-DMAA and 1,4-DMAA below the 
MDL (less than 10 ng/g). These results are consistent 
with the previous winter sample analysis. Both DMAA 
species were detected and quantified in the  Changzhou 
samples, but no DMAA species were detected above 
the MDL in Kunming and  Guiyang samples (See 
Supplementary materials  Figs. S15–S20). The percent 
recovery for all samples was excellent and ranged 
between 64% and 86%.

Winter versus summer sample analysis
Previous research has shown that concentrations of 
chemical species in natural products can be highly vari-
able.18,19 A seasonal comparison is possible between 
the winter harvest (March 2012) and the summer har-
vest (May 2012) for Kunming, Guiyang and Chang-
zhou samples. Neither the winter nor summer harvest 
samples of Kunming and Guiyang samples contained 

1,3-DMAA or 1,4-DMAA species above the MDLs 
of the analysis. However,  Changzhou sample resulted 
in similar concentrations of 1,3-DMAA and 1,4-
DMAA in the June 2011 and March 2012 samples. 
From March 2012 to May 2012, 1,3-DMAA resulted 
in a factor of 3 decrease in concentration while 1,4-
DMAA about doubled in concentration. These results 
indicate a potential seasonal effect of 1,3-DMAA and 
1,4-DMAA concentrations in agreement with previ-
ously reported research discussing environmental 
effects on chemical composition.18,19 It is also possible 
the concentrations of 1,3-DMAA in Changzhou winter 
samples were higher due to an apparent underestima-
tion of 1,3-DMAA concentrations by the preliminary 
extraction protocol as evidenced by Changzhou S11 
analysis.

Standard addition analysis of 1,3-DMAA 
and 1,4-DMAA
A standard addition analysis protocol was devel-
oped for sample analysis. Standard addition analysis 

Table 4. Analysis set 2: optimized extraction protocol results of geranium samples from Changzhou S11, Kunming, and 
guiyang.

1,3-DMAA 1,4-DMAA
Sample 
(ng/g)

Spike level 
(μg/L)

Percent 
recovery (%)

Sample 
(ng/g)

Spike level 
(μg/L)

Percent 
recovery (%)

Changzhou S11-2   254 ± 17 15.0  54 ± 5 39.8** 15.0 76 ± 2
25.0  55 ± 8 25.0 65 ± 1

Kunming 2 ,20 ± 4* 15.0  83 ± 11 ,14 ± 8 15.0 78 ± 10
25.0  67 ± 1 25.0 63 ± 5

guiyang 2 ,20 ± 4* 15.0 107 ± 23 ,14 ± 8 15.0 82 ± 16
25.0  81 ± 2 25.0 78 ± 6

Notes: *The results are less than the MDL values; **one duplicate was less than MDL for the sample (23.9 ng/g).

Intertek unspiked
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Figure 5. A MrM chromatogram of the optimized extraction protocol for Changzhou S11-2 showing the presence of 1,3-DMAA diastereomers (peaks 1 
and 2) and 1,4-DMAA (peak 3). 
Note: The mass transitions used are 116/99.7 m/z and 116/57 m/z.
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 compensates for matrix effects found in geranium 
plants caused by chemical species other than 
DMAA affecting analytical signal (either positive or 
negative).13 In the standard addition method, known 
quantities of the 1,3-DMAA and 1,4-DMAA stan-
dards are added to the sample extract. This is termed 
“spiking” the sample. The added standard is affected 
by matrix effects just as the analyte in the sample. 
The unknown concentration can then be derived from 
a plot of signal versus spike concentration as long as 
the analyte has been previously established to have 
a linear signal response. Thus, the standard addition 
method resolves matrix interferences present in the 
complex geranium sample composition.13

The standard addition protocol was applied to 
both Analysis Sets 2 and 3 (Changzhou S11, Kun-
ming, and Guiyang winter samples and Changzhou, 
 Kunming, and Guiyang summer samples). For this 
study, a three-point standard addition plot was con-
structed using the unspiked sample, a 15.0 µg/L spike 
each of 1,3-DMAA and 1,4-DMAA, and a 25.0 µg/L 
spike each of 1,3-DMAA and 1,4-DMAA. The  signal 

was plotted against the spike concentration (0, 15, 
and 25 µg/L), and a linear regression analysis was 
performed. The slope (m) and y-intercept (b) of the 
calibration curve were used to calculate the concen-
tration of analyte (x) in the sample.13 The equation 
for determining the x-intercept is x = −b/m, and in 
standard addition, the negative of the x-intercept is 
the concentration present in the unspiked sample.

The standard addition analysis results showed 
some matrix effects were still present in the optimized 
procedure and the external calibration analysis likely 
underestimated DMAA concentrations. However, 
the standard addition analysis agreed overall with 
the external calibration results. Samples reported to 
contain 1,3-DMAA by external calibration also con-
tained 1,3-DMAA by standard addition. Concentra-
tions of 1,3-DMAA species were quantified in both 
Changzhou S11-2 and Changzhou 3 samples at 
496 ± 46 ng/g and 97 ± 20 ng/g, respectively. The 
concentrations of 1,4-DMAA in Changzhou S11-2 
and Changzhou 3 samples were 68 ± 7 ng/g and 
162 ± 48 ng/g, respectively. All concentrations were 
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Figure 6. A typical MrM chromatogram of the guiyang 2 sample demonstrating the absence of 1,3-DMAA and 1,4-DMAA in the geranium plant.
Note: The mass transitions used are 116/99.7 m/z and 116/57 m/z.
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Figure 7. A MrM chromatogram of Changzhou 3 sample showing the presence of 1,3-DMAA at a lower concentration than 1,4-DMAA. 
Note: Mass transitions are 116/99.7 m/z and 116/57 m/z.
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well above the MDL of the analysis and clearly dem-
onstrated 1,3-DMAA and 1,4-DMAA were present in 
geranium herbs from the Changzhou region.

The standard addition results for winter and sum-
mer samples of Kunming and Guiyang agreed with 
the external calibration results. Concentrations of 1,3-
DMAA and 1,4-DMAA were all less than the MDL 
previously reported, or so close to the MDL that the 
confidence of analysis was extremely low. One of 
the Kunming 3 duplicates resulted in a 1,3-DMAA 
concentration of 21 ng/g, while the other duplicate 
was below the MDL of 14 ng/g. Similarly, one of the 
Kunming 2 duplicates resulted in a 1,4-DMAA con-
centration of 10 ng/g, whereas the other duplicate had 
concentrations less than the 20 ng/g MDL of that par-
ticular analysis.

Measurement of the diastereomer ratios 
of 1,3-DMAA in the Changzhou geranium 
samples
Zhang et al5 measured the diastereomer ratios 
(reported as first peak/second peak) of synthetic stan-
dards and dietary supplements containing 1,3-DMAA 
using GC-FID analysis. The reported results showed 
the diastereomer ratio of a Sigma-Aldrich standard 
of 1,3-DMAA was 1.22 ± 0.06 and the ChromaDex 
standard ratio was 1.42 ± 0.09. The dietary supple-
ments had identical ratios to those of the standards 
suggesting that both standards and supplements were 
of synthetic origin.

In this report, both pairs of diastereomers were 
detected in the Changzhou region samples as well 
as the synthetic calibration standards. By inspec-
tion of the chromatograms (Figs. 3, 4, 5, and 7), 
both standards and geranium samples present 

similar diastereomer ratios. Quantitatively, the aver-
age ratio of 1,3-DMAA diastereomers (first peak/
second peak) in typical 20, 50 and 100 µg/L cali-
bration standards is 1.14 ± 0.08. The diastereomer 
ratio of Changzhou S11-1 sample was 1.10 ± 0.01, 
 Changzhou 1 was 1.02, Changzhou S11-2 was 
1.25 ± 0.03, and  Changzhou 3 was 1.16 ± 0.10. The 
results of the geranium plant diastereomer ratios are 
similar to the ratios of the synthetic standards pre-
sented here, as well as the standards and supplements 
analyzed by Zhang et al. This indicates that supple-
ments containing both 1,3-DMAA diastereomer pairs 
could be naturally produced and extracted from geranium  
plants.

Conclusion
In conclusion, geranium plants (Pelargonium graveo-
lens) from three different regions of China (Kunming, 
Guiyang, and Changzhou) and three different har-
vests (June 2011, March 2012, and May 2012) were 
analyzed for 1,3-DMAA and 1,4-DMAA. An extrac-
tion and HPLC-MS/MS analysis method was used 
to determine concentrations of 1,3-DMAA and 1,4-
DMAA with both external calibration and standard 
addition analysis. The extraction and external calibra-
tion analysis likely suffered from matrix effects and 
thus underestimated concentrations of 1,3-DMAA 
and 1,4-DMAA in geranium plants. The matrix effects 
were largely solved by the standard addition analy-
sis, as expected. This demonstrates that future analy-
sis should use standard addition to minimize matrix 
effects and increase confidence of analysis with little 
additional labor. All extraction and calibration proto-
cols reported 1,3-DMAA and 1,4-DMAA concentra-
tions in geranium plants from the Changzhou region 

Table 5. Analysis set 3: optimized extraction protocol results of geranium summer samples from Kunming, guiyang, and 
Changzhou.

1,3-DMAA 1,4-DMAA
Sample 
(ng/g)

Spike level 
(μg/L)

Percent 
recovery (%)

Sample 
(ng/g)

Spike level 
(μg/L)

Percent 
recovery (%)

Kunming 3 ,10 ± 6* 15.0 68 ± 3 ,8.2 ± 0.3* 15.0 64 ± 2
25.0 74 ± 6 25.0 75 ± 9

guiyang 3 ,10 ± 6* 15.0 75 ± 4 ,8.1 ± 0.2* 15.0 78 ± 1
25.0 81 ± 8 25.0 84 ± 6

Changzhou 3 68.8 ± 36.5 15.0 76 ± 13   118 ± 45 15.0 86 ± 4
25.0 79 ± 13 25.0 77 ± 7

Note: *The results are less than the MDL values.
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of China above the reported MDLs. The reported con-
centrations of 1,3-DMAA ranged from 68 to 496 ng/g 
and 1,4-DMAA ranged from 13 to 162 ng/g. Simi-
larly, 1,3-DMAA and 1,4-DMAA were not detected 
above the MDL in samples from Guiyang and Kun-
ming regions. To the best of the authors’ knowledge, 
this is the first reported inter-laboratory analysis con-
firming the presence of 1,3-DMAA in a geranium 
plant (specifically Changzhou S11 sample). Finally, 
the diastereomer ratios of the 1,3-DMAA in geranium 
plants from Changzhou are similar to those of the syn-
thetic standards. This indicates that 1,3-DMAA could 
be a natural product extract, fulfilling a requirement 
of the Dietary Supplement Health and Education  
Act.20

The results reported here provide evidence that 1,3-
DMAA naturally occurs in geranium plants in agree-
ment with Li et al,6 but clearly in disagreement with 
other previously reported articles by well-respected 
chemists and organizations.4,5 However, this may not 
be a case of right or wrong. In analytical chemistry, 
the critical review of data is important for explaining 
differences in reported results. These differences can 
also provide insight into why analysis of seemingly 
identical plant species can result in very different 
outcomes. Khan has published an extensive review 
showing that it is not uncommon for plants of differ-
ent locations to exhibit variations in their chemical 
compositions.18 For example, studies show that fluc-
tuating geographical dynamics such as water stress 
and nutrient availability in the soil are associated with 
the variations in cyanide concentration in the cassava 
plant.19

The published research to date includes a sub-
stantial amount of geranium plant and oil analy-
sis.1–6  However, until now, none of the samples 
analyzed have been identical or reported as from 
the same region. Thus, regional environmental 
variations18,19 could explain the presence of 1,3-
DMAA in the Changzhou S11, Changzhou March 
2012, and Changzhou May 2012 samples and the 
absence of 1,3-DMAA concentrations in Kunming 
and Guiyang geranium samples reported here; the 
Indian and Mississippi samples reported by ElSohly 
et al,4 the France, Egypt, and New Zealand samples 
reported by Lisi et al,3 and the China and Egypt sam-
ples reported by Zhang et al.5 A possible solution 
to this discrepancy would be a multiple laboratory 

and blind analysis of identical samples expected 
to have 1,3-DMAA (such as Changzhou region 
samples) as well as samples that are not expected 
to contain 1,3-DMAA. Using this approach, a sat-
isfactory answer for the national regulatory agen-
cies as well as the commercial interests could be 
provided.
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Supplemental Materials
Chromatograms of typical blanks, 
standards, and sample spikes
Figure S1 is an example of a typical, original (bot-
tom) and smoothed (top) chromatogram for a sample 
blank. Figures S2 and S3 are examples of 1,3 and 1,4-
DMAA standard chromatograms. Two concentrations 
are shown: 3 (Fig. S2) and 20 (Fig. S3) µg/L each 
DMAA. 1,3-DMAA elutes as the first two peaks, fol-
lowed by 1,4-DMAA as the third peak. Figures S4 to 
S20 are chromatograms for each geranium herb sam-
ple. Unspiked and spiked chromatograms are shown 
for each sample where possible. Each chromatogram 

is labeled by the corresponding table number found in 
the paper. As with the standards, 1,3-DMAA elutes as 
the first two peaks followed by 1,4-DMAA as the third 
peak. Figures S4 to S8 are typical chromatograms from 
Analysis set 1 and were used to determine the con-
centration of Guiyang 1, Kunming 1, and Changzhou 
S11-2 in Table 3. Figures S9 toS14 are typical chro-
matograms from Analysis set 2 and were used to deter-
mine the concentration of Guiyang 2, Kunming 2, and 
Changzhou S11-2 in Table 4. Figures S15 to S20 are 
typical chromatograms from Analysis set 3 and were 
used to determine the concentration of Guiyang 3, 
Kunming 3, and Changzhou 3 in Table 5.
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Figure S1. An example of a blank chromatogram. 
Notes: The blank sample is prepared in the same way as an unspiked sample but there is no addition of geranium herb to the blender. The original chro-
matogram is presented on the bottom and the smoothed chromatogram is presented on the top.
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Figure S2. Typical MrM chromatogram of 3 µg/L 1,3-DMAA and 1,4-DMAA.
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DMAA 20 ppb
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Figure S3. Typical MrM chromatogram of 20 µg/L 1,3-DMAA and 1,4-DMAA.
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Figure S4. Analysis set 1—Changzhou S11-1, unspiked.

Geranium #1 Spiked
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Figure S5. Analysis set 1—Changzhou S11-1, spike 10 µg/L.
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Figure S6. Analysis set 1—guiyang 1, unspiked.
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Figure S7. Analysis set 1—guiyang 1, spike 10 µg/L.
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Figure S8. Analysis set 1—Changzhou 1, unspiked.
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Figure S10. Analysis set 2—guiyang 2, spike 15 µg/L.
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Figure S9. Analysis set 2—guiyang 2 unspiked.
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Figure S11. Analysis set 2—Kunming 2, unspiked.

KunMing Spiked 15 ppb
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Figure S12. Analysis set 2—Kunming 2, spike 15 µg/L.
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Figure S13. Analysis set 2—Changzhou S11-2 unspiked.
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Figure S14. Analysis set 2—Changzhou S11-2, spike 15 µg/L.
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Figure S15. Analysis set 3—guiyang 3, unspiked.
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Figure S16. Analysis set 3—guiyang 3, spiked 15 µg/L.
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Figure S17. Analysis set 3—Kunming 3, unspiked.

KunMing3 15 Spike

5.20 5.40 5.60 5.80 6.00 6.20 6.40 6.60 6.80 7.00 7.20 7.40 7.60 7.80 8.00 8.20 8.40 8.60 8.80 9.00 9.20 9.40 9.60 9.80

%

0

100

FHLFA109_177 Sm (SG, 2x3) MRM of 2 Channels ES+
TIC

6.41e3
Area

8.13
1000

7.51
678 7.83

633

Figure S18. Analysis set 3—Kunming 3, spiked 15 µg/L.
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Figure S19. Analysis set 3—Changzhou 3, unspiked.
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Figure S20. Analysis set 3—Changzhou 3, spiked 15 µg/L.
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A video abstract by the authors of this paper is 
available. video-abstract10445.mov
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