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Abstract A method for the detection of iso-α-acid (IAA)
type ingredient congeners that are derived from the hop plant
(Humulus lupulus L.) was developed to detect recent con-
sumption of beer in blood. Three structurally similar but
chemically altered IAA, also used as beer-specific ingredients,
are known as “reduced IAA”, consisting of the rho-,
tetrahydro-, and hexahydro-IAA were also targeted. The use
of a simple protein precipitation extraction and ultrahigh-
performance liquid chromatography system coupled with a
tandem mass spectrometer system enabled detection of these
analytes in both antemortem and postmortem blood. Extracts
were injected onto a C18 solid-core column under gradient
elution to achieve separation of isobaric analogs and isomers
within a 10-min run time. Electrospray ionization in negative
multiple reaction monitoring mode was used to monitor three
transitions for each of the analytes that were ultimately
grouped together to form a calibration curve for quantification
of each of the four IAA groups. The method was fully vali-
dated according to international guidelines that included ex-
traction efficiency, matrix effects, process efficiency, ion
suppression/enhancement of co-eluting analytes, selectivity,
crosstalk, accuracy and precision, stabilities, and lower limits
of quantification. Finally, applicability of the method de-
scribed was demonstrated by the detection of IAA ingredient
congeners in the blood of a volunteer following the consump-
tion of a relatively small amount of beer in a pilot study.

Keywords Alcohol congener analysis . Beer . Ingredient
congener . Hop-derived iso-α-acids . UHPLC-MS/MS .
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Introduction

Compounds other than ethanol and water that are present in
alcoholic beverages are termed congeners and may be detect-
ed in blood and urine following alcoholic beverage consump-
tion. The detection and interpretation of these congeners is
termed alcohol congener analysis (ACA) and can provide
information for after-drinking (or hip flask) defense cases
regarding the feasibility of claimed alcohol consumption prior
and/or subsequent to a motor vehicle incident [1–3]. Tradi-
tionally, ACA has been used to detect levels of fermentation
by-product congeners (typically alcohols) that are found in
nearly all alcoholic beverages [1, 4, 5]. However, the exact
origin of the consumed ethanol cannot be determined and
consequently, its use in a postmortem setting has been mini-
mal [6–8].

Congeners may also exist in a beverage as a result of the
ingredients used during beverage production, in the form of
different classes of compound (i.e., not only alcohols) [9].
Ingredient congeners may often be beverage-specific and
present as targets for detection in biological fluid to determine
consumption of specific alcoholic beverages [8]. To date, the
detection of ingredient congeners present in alcoholic bever-
age has only been explored in some herbal spirits (e.g., euge-
nol, anethole, and menthone) [10–12]. Furthermore, ACA that
targets ingredient congeners may have fewer limitations to
that of the fermentation by-products and can potentially be
utilized in a broader range of medicolegal cases where deter-
mining the source of consumed alcohol is in dispute. There are
no beer ingredient congeners thus far identified as targets for
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ingredient congener ACA, indicating the potential to identify
targets in this common beverage.

Beer is the oldest and most widely consumed alcoholic
beverage; just short of two billion hectoliters were produced in
2012 worldwide [13]. Beer traditionally utilizes the four in-
gredients—water, yeast, malt, and hops—and may contain
other ingredients for preservation or specific flavoring [14,
15]. These ingredients provide up to 800 congeners consisting
of not only alcohols but also aldehydes, esters, histamines,
additives, tannins, phenols, and other organic and inorganic
compounds [2, 14, 16, 17]. Of the range of congeners in beer,
those identified as specific to beer and potential targets as
ingredient congeners for ACA are those derived from the
hop plant.

Traditionally in the boiling phase of beer brewing, the
female cones (strobiles) from the hop plant (Humulus lupulus
L.) are added to the wort (a liquid containing malt-derived
sugars). Initially, hops were used to impart the desired bitter-
ness and aromatic hoppy properties to the beer. It was later
established that hops also stabilizes the beer, including the
foam or head [14, 18, 19] and protects the beer principally
against gram-positive bacteria and/or microbial damage [20,
21]. Dried hops contain approximately 2–17 % of alpha acids
(AA), also known as α-acids or humulones, that consist of
three major analogs (defined as n-, co-, and ad-AA) which are

almost bitterless [16]. However, after the wort containing the
hops is boiled for a prolonged time, the AA molecules are
converted into the intensely bitter isomerised-α-acids (IAA)
with cis and trans configurations (Fig. 1) [22–24]. The wort is
then cooled and yeast is added; following fermentation, the
beer is filtered and packaged into the final product.

Whole extract of the hop cone is also used as a natural
herbal remedy commonly in combination with Valerian
(Valeriana officinalis) for similar complementary properties
as a mild sedative in humans for anxiety, insomnia, nervous-
ness, memory, and mood disorders [25–27]. However, as this
is a whole extract and does not undergo a boiling
(isomerization) process, IAA are not present. Other than for
beer, there are no other known uses for hops that undergo
isomerisation and develop IAA, presenting a specific ingredi-
ent congener for beer.

Six stereoisomers of IAA are produced from the three
predominant AA analogs that isomerise into diasterisomers
[28]. The compounds are structurally very similar, only dif-
fering in the nature of the saturated acyl side chain and the
absolute configuration of one of the chiral centers (Fig. 1). The
IAA are water soluble, tensioactive, have low pKa values of
~3.5 and are responsible for the bitter character of beer and
foam stabilization [16]. International bitterness units (IBU) are
used by the alcohol industry as a measurement of the

cis

R =

-co

α-acids
(AA / Humulones)

wort boiling (isomerisation)

-ad

Iso-α-acids
(IAA / Isohumulones)

trans

-n

Fig. 1 Isomerisation of α-acid to
iso-α-acids in diasteroisomeric
cis and trans forms after boiling
of the wort, including the three
major analogs
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bitterness profile of beer with one unit being approximately
equal to 1 mg/L of total IAA [29]. Beers historically ranged
from 20 to 60 IBU; however, currently, they range from ~6 to
30 IBU with the exception of some craft beers [21]. It is
known that the cis /trans ratios in beer are 68:32 [30]; how-
ever, the trans -IAA are present in the foam in greater propor-
tion than the cis -IAA due to their lower water solubility. This
hydrophobic property also explains the lower half-life of the
trans -IAA (~1 year) compared to the cis -IAA (>5 years) [31]
of which a variety of degradation products are formed [32].
Following the isomerization, minor analogs post-, pre-, and
adpre-AA are also converted into their respective isomers;
however, they are generally regarded as insignificant due to
their relatively low concentrations [33]. Although co-elution
may be problematic particularly with ultraviolet detection
[34], the use of mass spectrometry potentially solves this issue
due to the differences of selection based on molecular weights
and detected ions.

The IAA are prone to becoming light-struck in the presence
of sunlight (near ultraviolet, blue light) and oxygen resulting
in familiar and undesirable “skunky” aroma producing com-
pounds, of which 3-methyl-2-butene-thiol (3-MBT) being the
most offensive [30]. This historically led to beer being bottled
in brown or green, lightproof glass. In recent years, a range of
so-called light-stable “reduced IAA”were developed from the
naturally available IAA, namely rho-IAA (RIAA), tetrahydro-
IAA (TIAA), and, more recently, hexahydro-IAA (HIAA). By
reducing the relatively weak double bonds or carbonyl group
in the side chains of IAA to stronger single bonds as seen with
the reduced IAA, photolytic cleavage is unable to occur on
that side chain and the production of 3-MBT is prevented from
developing (Fig. 2).

This reduction process provides altered intensities of bit-
terness [21]. Coincidently, due to increasing hydrophobicity
of the compounds (in order of RIAA to HIAA to TIAA),
enhanced beer foam stability, appearance, and “cling” are
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Fig. 2 The synthesis of reduced-IAA and properties of increased hydro-
phobicity (i , iii) and photolytic cleavage prevention (ii , iii). The carbonyl
group in the side chain of IAA is reduced with sodium borohydride to
produce rho-IAA. Reduction by hydrogenation of both side chains double

carbon bonds within the IAA produce the tetrahydro-IAA derivative.
Execution of both the sodium borohydride and hydrogenation processes
yields the hexahydro-IAA derivative of IAA
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observed. As 2.4 and 4.2 ppm (for TIAA and HIAA, respec-
tively) have been sufficient to show foam stabilization to that
of the natural IAA; reduced IAA used for the purpose of foam
improvement are added in lower concentrations [35].

The reduced IAA products are available as potassium salts
preparations ready to be added directly to the finished beer
(postfermentation) [21, 36]. Among other non-natural addi-
tives, the non-natural reduced forms of IAA are not allowed in
beers for the German market due to the “Reinheitsgebot” law
stating that only natural hop products, water, malt, and yeast
may be used in the brewing process [37].

The aim of this study was to develop a fully validated
method for the detection of IAA and reduced IAA in human
blood as potential specific ingredient congeners for the con-
firmation of beer consumption using an ultrahigh-
performance liquid chromatography system coupled with a
tandem mass spectrometer (UHPLC-MS/MS). This may also
alleviate some issues and limitations of current methodologies
that detect only fermentation by-product congeners. The de-
tection of reduced IAA in blood may also provide information
on the type of beer consumed, for example, beer within a clear
glass bottle.

Experimental

Chemicals and reagents

Reference standards for DCHA-Iso, ICS-I3 (containing
62.3 % w /w of trans -IAA); DCHA-Rho, ICS-R2 (containing
65.3 % w /w of cis -RIAA); Tetra, ICS-T2 (containing 99.4 %
w /w of TIAA); DCHA-Hexa, ICS-H1 (containing 65.7 % w /
w of cis -HIAA); and ICE-3 (containing 44.64 % w /w of AA)
were obtained from Labor Veritas (Zurich, Switzerland). The
isotope-labeled internal standard (IS) nimodipine-d7 was pur-
chased from PM Separations (Brisbane, Australia). Acetoni-
trile (ACN), methanol, and formic acid were purchased from
Merck (Melbourne, Australia). Ammonium formate was pur-
chased from Sigma Aldrich (Sydney, Australia). All
chemicals were of analytical grade or better and water was
purified using a Milli-Q Ultrapure Water System fromWaters
(Sydney, Australia).

Specimens

Preserved blank blood 10 mL samples (containing 200 mg
sodium fluoride and 30 mg potassium oxalate) for calibration
purposes and validation experiments were obtained from a
local blood bank (Melbourne, Australia). Blood of the volun-
teer in the application to authenticity study was collected in
sterile 5 mL Venosafe blood tubes containing 9 mg sodium
fluoride and 9 mg potassium oxalate purchased from Hazpak
(Melbourne, Australia). Concentrations of the preservatives

are therefore at least 2.25 % of each and blood samples were
stored at −20 °C, sufficient to inhibit bacterial alteration of
ethanol and congeners [38, 39].

Apparatus

The UHPLC-MS/MS system comprised of a Shimadzu MS
8030 quadrupole mass spectrometer (Melbourne, Australia) op-
erated in the electrospray ionization (ESI) in negativemode and a
Shimadzu Nexera UHPLC system (Melbourne, Australia) that
consisted of a degasser, two eluent pumps, a column oven and a
chilled autosampler. For MS data evaluation, Shimadzu Postrun
and Shimadzu Browser Analysis (Melbourne, Australia) soft-
wares were used. GraphPad Prism 5.04 fromGraphPad Software
(San Diego, USA) was used for statistical analysis.

UHPLC conditions

Gradient elution was performed on a Kinetex C18 (3.0×
150 mm, 2.6 μm) column coupled with a SecureGuard C18

Ultra guard column (3.0×10 mm, 2.6 μm), both purchased
from Phenomenex (Melbourne, Australia). The mobile phases
consisted of 50 mmol/L aqueous/ACN (90:10) ammonium
formate pH 2.8 (eluent A) and ACN containing 0.1 % formic
acid (eluent B). The flow rate of the mobile phase was 0.5 mL/
min and was degassed by the integrated Shimadzu Nexera
degasser during use. The gradient was programmed as fol-
lows: 0–0.5 min hold at 50 % eluent B; 0.5–6.0 min eluent B
increasing to 60 %; 6.0–9.5 min eluent B increasing to 75 %;
and 9.5–10 min eluent B hold at 75 %. Before the start of
batch analysis and before each injection, the UHPLC system
was flushed for 2 min (90 % eluent B) and equilibrated at
starting conditions (50 % eluent B) for 3 min. The column
oven was maintained at 30 °C, the autosampler was operated
at 4 °C and the autosampler needle was rinsed before and after
aspiration of the sample using methanol.

MS/MS conditions

The MS data were acquired with the following ESI inlet con-
ditions: nebulizing gas and drying gas were nitrogen at a flow
rate of 3.0 and 12.5 L/min, respectively; the interface voltage
was set to 4.8 kV, desolvation line temperature was 190 °C, and
the heat block temperature was 500 °C. The mass spectrometer
was operated in negative multiple reaction monitoring mode
(MRM)with argon as the collision-induced dissociation gas at a
pressure of 230 kPa; the detector voltage was set to 1.72 kV.

Specific MRM conditions for nimodipine-d7 were auto-
optimized by direct flow injection of 1 μL of a 1 mg/mL
solution in acidic methanol. However, as the IAA and reduced
IAA compounds are only available as a combined mixture of
analogs, each analyte was manually optimized by injecting
10 μL of a 1 mg/mL solution of the respective IAA group in
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acidic methanol onto the column. With the system in Q1 scan
mode, the retention time and a precursor mass (Q1 mass) were
obtained for each analytes. Using product ion scan mode in a
series of repeated injections over a range collision energies
(CE) from 10 to 50 V at increments of 2 V, the three most
abundant product ions and optimal CE for each individual
analyte were obtained. The most abundant product ion was
selected as the quantifier ion and subsequent two ions as
suitable qualifiers. The results of the auto and manual optimi-
zations are summarized in Table 1. All analyte dwell times
were set at 25 ms.

Preparation of stock solutions, control samples and calibration
standards

Individual stock solutions of each IAA group and nimodipine-
d7 were prepared at a concentration of 1 mg/mL using acidic
methanol (0.05 % formic acid) and methanol, respectively.
The working solutions of IAAwere prepared by pooling IAA
stock solutions to make a single 0.1 mg/mL working solution
with subsequent dilutions at the following concentrations:
0.01, 0.001, and 0.0001 mg/mL; using acidic methanol. Stock
and working solutions were stored at −20 °C for a maximum
time frame of 6 and 1 months, respectively.

The calibration standards were prepared using pooled
blank blood spiked with the working solutions to obtain
the final concentrations of 0.001, 0.01, 0.05, 0.15, 0.06, 2,
5, and 10 mg/L. These calibrations provided the levels
required for varying calibration models for each IAA group
(Table 2).

The quality control (QC) samples were prepared using
pooled blank blood spiked with the working solutions to
obtain the final concentrations of 0.1 mg/L (low), 0.8 mg/L
(med), and 6 mg/L (high; Table 2), and were stored at −60 °C
before analysis.

Sample preparation

Briefly, 100 μL of blood underwent protein precipitation
in a 2 mL Eppendorf tube from Eppendorf (Sydney,
Australia) using 200 μL of cold (−20 °C) ACN containing
the IS nimodipine-d7 (0.5 mg/L) for 5 min on a shaker at
2,500 rpm. After a 10-min rest and subsequent centrifuga-
tion at 15,000 rpm for 10 min, the supernatant was
transferred to an autosampler vial and evaporated to dry-
ness under nitrogen using a Ratek dry block heater
DBH10 (Melbourne, Australia) operated at room tempera-
ture. The residue was reconstituted in 50 μL of a mixture
of eluent A and eluent B (60:40, v /v ). Twenty microliters
of the final extract was injected into the UHPLC-MS/MS
system.

Validation

Full validation was performed as per international guidelines
[40, 41]. Although results are reported as the concentration of
the groups (rather than individual analytes), individual
analytes were validated for such parameters as selectivity,
the stabilities and matrix effects, as they each have their own
chemical properties. Accuracy and precision was based on the
calibrationmodel of total area of the analytes consisting in that
group.

Selectivity and crosstalk

Selectivity experiments were carried out using 10 antemortem
and 10 postmortem blood samples obtained by the authors'
laboratory for routine toxicological requirements. In total, the
20 different blood samples were analyzed to demonstrate no
interference with endogenous peaks and targeted ions, includ-
ing potential crosstalk of ions within the MS. An additional
two zero samples (blank sample+IS) were analyzed to check
for the absence of analyte ions in the respective peaks of the
IS. Furthermore, pooled blank blood was spiked with either
trans -IAA, cis-RIAA, TIAA, cis-HIAA, or AA in duplicates
at concentrations of the upper limit of calibration curve 10mg/
L using individual stock solutions to check for the absence of
interference with IS ions. This also ensured there was no
interference between IAA groups as the IAA/AA family of
compounds are structurally similar and include similar
fragmented product ions. Pooled blank blood was also spiked
with a mix of ~350 common therapeutic drugs ranging from
levels 1–10 mg/L to determine any interference with individ-
uals taking medications concurrent to beer consumption.

Extraction efficiencies, matrix effects, and process efficiencies

The extraction efficiencies, matrix effects, and process effi-
ciencies were estimated with a set of three different samples at
two concentrations (low and high QC levels) with five sam-
ples each according to the simplified approach described by
Matuszewski et al. [42]. The IS was estimated concurrently at
a concentration used in the described method. Sample set 1
represented the neat standard, sample set 2 represented blank
matrix spiked after extraction, and sample set 3 consisted of
blank matrix spiked before extraction. Extraction efficiencies
were estimated by comparison of the peak area of the samples
of set 2 to those of set 3. For the matrix effects, the peak area of
the samples of set 2 was compared to those of set 1. For
process efficiencies, the peak area of the samples of set 3
was compared to set 1. All values are reported in percentage.
General acceptability levels of 50 % extraction efficiency or
more were applied. Values over 100 % for matrix effects
indicate ion enhancement, while values below 100 % indicate
ion suppression.
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Table 1 Groups and analytes, retention times (RT) [min], multiple reaction monitoring (MRM) transitions Q1 and Q3 masses [Da], Q1 pre-bias [V],
collision cell energy (CE) [V], and Q3 pre-bias [V], used in LC-ESI-MS/MS

Group Analyte           (RT [min]) Ions
Q1 mass 

[Da]

Q3 mass 

[Da]

Q1 pre-

bias [V]
CE [V]

Q3 pre-

bias [V]

IAA

I1 trans-isocohumulonea (2.70)

I2 cis-isocohumulone (2.95)

Quant 347.30 251.05 12 12 20

Qual 182.05 16 14

Qual 329.10 18 26

I3 trans-isohumulone (3.20)

I4 cis-isohumulonea (3.45)

I5 trans-isoadhumulone (3.75)

I6 cis-isoadhumulonea (4.05)

Quant 360.90 264.95 16 14 22

Qual 195.95 16 24

Qual 291.95 14 22

RIAA

R1 cis-rho-isocohumulone 1 (4.25)

R2 cis-rho-isocohumulone 2 (4.90)

Quant 348.90 251.10 16 16 20

Qual 181.95 16 24

Qual 233.00 20 10

R3 cis-rho-isohumulone 1 (5.55)

R4 cis-rho-isohumulone 2 (5.70)

R5 cis-rho-isoadhumulone 1 (6.30)

R6 cis-rho-isoadhumulone 2 (6.55)

Quant 362.90 265.25 16 16 20

Qual 196.20 16 24

Qual 247.00 18 20

TIAA

T1 trans-tetrahydro-isocohumulone (4.55)

T2 cis-tetrahydro-isocohumulone (4.90)

Quant 350.90 239.05 16 16 14

Qual 253.00 14 20

Qual 235.10 30 18

T3 trans-tetrahydro-isohumulone (5.10)

T4 cis-tetrahydro-isohumulone (5.75)

T5+6 trans+cis-tetrahydro-isoadhumulone (6.50)

Quant 364.90 267.10 16 14 22

Qual 321.10 16 18

Qual 125.00 42 40

HIAA

H1 cis-hexahydro-isocohumulone 1 (6.90)

H2 cis-hexahydro-isocohumulone 2 (7.45)

Quant 353.00 253.00 16 16 20

Qual 235.00 18 18

Qual 209.10 16 16

H3 cis-hexahydro-isohumulone 1 (7.80)

H4 cis-hexahydro-isohumulone 2 (8.45)

H5+6 cis-hexahydro-isoadhumulone 1+2 (9.10)

Quant 367.00 267.10 16 22

Qual 249.00 32 30

Qual 223.05 14 12

IS nimodipine

aResidual analytes from TIAA standard, not quantified

-d7 (4.55)

Quant 424.20 122.10 10 22 14

Qual 92.30 33 12

Qual 301.20 21 23
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Linearity

The calibration model was based on the total area of the
analytes consisting in that group as ratio to the IS area. Blank
blood aliquots were spiked at concentrations given in Table 2
and extracted as described previously to obtain calibration
standards. Replicates (n =6) at each of the eight concentration
levels were analyzed. As the expected concentrations of IAA
in blood are unknown, the calibration model was tiered into
two calibration levels based on the QC to be analyzed. Quality
controls low and medium were analyzed using calibration
standards 1–6 while the high QC was analyzed using the full
(1–8) calibration curve. All groups were visually checked for a
linear or quadratic fit and weighting (none, 1/x or 1/x2). Daily
calibration curves using the same concentrations (single mea-
surements per level) were prepared with each batch of valida-
tion and authentic samples.

Lower limit of quantification

The lower limit of quantification (LLOQ) was defined as the
lowest point of the calibration curve of the method (Table 2)
and fulfilled the requirement of LLOQ, signal-to-noise ratio
≥10:1 for quantifier and qualifier of the lowest abundant peak
in the respective group. Furthermore, it was tested whether the
quantifier/qualifier ratio of the MRM signals was within the
acceptable limits and if there were at least 12 data points
available at this concentration for each analyte of the group.
Limit of detection values were not systematically evaluated
due to the multiple analytes present in each group, a signal-to-
noise ratio ≥3:1 of at least one analyte is sufficient to confirm
detection of the respected group [40, 41].

Processed sample stability

The stability of the processed samples during batch analysis
under the conditions of the described method were estimated.
Quality control samples at low and high concentrations (n =9
of each) were extracted as described previously and resulting
extracts pooled. Aliquots of these pooled extracts at each

concentration level were transferred to autosampler vials and
injected into the UHPLC-MS/MS system and analyzed under
the described method. The time intervals between the analyses
of the QC samples were extended to 3.1 h by the injection of
11 blank samples repeated over a 24.8 h period. Stability of
the extracted analytes was tested by regression analysis plot-
ting absolute peak areas of each analyte at each concentration
versus injection time. The instability of the processed samples
was indicated by a negative slope, significantly different from
zero (P ≤0.05) [41, 43].

Freeze/thaw and bench-top stability

Combined freeze/thaw and bench-top stability were evaluated
by analysis of low and high QC samples (n =6 of each) before
(control samples) and after four and eight freeze/thaw cycles
(stability samples) for evaluation of freeze/thaw stability.
Samples completed in total eight freeze/thaw cycles by un-
dergoing 22 h freezing period (−60 °C) and a thawing period
of 2 h at room temperature to incorporate bench-top stability.
The experiments were carried out together with the accuracy
and precision experiments and the concentrations of the con-
trol and stability samples were calculated via daily calibration
curves. For stability, there are two criteria which have to be
fulfilled: the ratio of means (stability/control) has to be within
90–110 % and the 90 % confidence interval has to be within
80–120 % from the control sample [40].

Accuracy and precision

Low-, medium-, and high-quality control samples were pre-
pared at the previously described concentrations and in dupli-
cate each QC concentration was analyzed over a period of
eight consecutive days using the described method using daily
calibration curves. Accuracy was calculated for each analyte
and bias determined by calculating the percent deviation of the
mean of all calculated concentration values at a specific level
from the respective nominal concentration. Repeatability
(within-day precision) and time-different intermediate preci-
sion were calculated as relative standard deviation (RSD) [44]

Table 2 Concentrations of calibration standards and quality control samples of all studied grouped analytes in milligrams per liter

Group Weightinga Calibration standards Quality controls

1 2 3 4 5 6 7 8 Low Med High

trans-IAA 1/x 0.001 0.01 0.05 0.15 0.6 2 5 10 0.1 0.8 6

cis-RIAA 1/x n/a n/a 0.05 0.15 0.6 2 5 10 0.1 0.8 6

TIAA 1/x2 n/a n/a 0.05 0.15 0.6 2 5 10 0.1 0.8 6

cis-HIAA 1/x2 n/a 0.01 0.05 0.15 0.6 2 5 10 0.1 0.8 6

aWeightingwas used for analysis using calibration standards 1–6 for quantification of samples below 2mg/L. Otherwise noweighting was applied when
analysis using full curve to quantify higher concentrations from 2 to 10 mg/L
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using one-way analysis of variance (ANOVA) with the group-
ing variable “day”. For low and medium concentrations, the
acceptance limit was set to 20 % CV and RSD, respectively,
and 15 % CVand RSD, respectively, for high concentrations.

Application to authentic samples

A normal healthy male volunteer was administered ~570 mL
of West Coast IPA from Green Flash Brewery (San Diego,
USA) described as 95 IBU and therefore assumed that ~55 mg
of total IAA was consumed. The volunteer consumed this
quantity of beer at 7.3 % alcohol by volume in order to obtain
~0.05 blood alcohol concentration, the legal limit in Australia
and many other countries. Blood was sampled prior (zero),
0.5, 2, and 6 h postconsumption where the zero sample acted
as the control and blank blood of the participant.

Results and discussion

Separation and detection

Sample preparation and methods of detection

Historically, the bitter content of beer was estimated by a broad
photometric analysis to provide an IBU rating [45] and has

shown to suffice for the brewing industry to attribute a general
bitterness profile for beers. Currently, the technique predomi-
nately used in routine beer and hop product analysis ensures
consistent testing using a standardized HPLC-UV method by
the European Brewery Convention (EBC method 7.8) [46].
Other analytical techniques utilizing capillary electrophoresis
[47] and HPLC-UV [23, 34] showed improvement; however,
accurate and specific determination of IAA and reduced IAA
content was not possible until the emergence of LC-MS(MS)
[33, 34, 48]. These LC-MS(MS) methods are highly selective
and sufficiently sensitive for the analysis of beer that contain a
relatively high concentration of IAA. Our method describes an
extraction with sufficient recovery to allow for the analysis of
IAA compounds in human blood after consumption of beer. A
typical sample chromatogram acquired in ESI-negative mode
shows the separation of the analytes (Fig. 3). Liquid–liquid
extraction was found to be inappropriate when in combination
with the highly acidic buffers required to improve extraction of
the acidic IAA compounds. The combination would lyse the
red blood cells and cause intracellular matrix to fall into the
extracted sample and interfere with analysis. Protein precipita-
tion was demonstrated as a sufficient clean-up step that did not
degrade the biological matrix or result in a loss of recovery of
the analytes. The extraction was found to be further optimized
with the use of cold (−20 °C) ACN and the supernatant allowed
to rest for 10 min after centrifugation.

Fig. 3 Chromatograph of individual analytes at spiked blood concentra-
tions of 1 mg/L for the trans-IAA, cis-RIAA, TIAA, and cis-HIAA
groups (0.1 mg/L for IS) using the validated LC-MS/MS method

presented. Residual cis-IAA (mainly analyte I2, but also I4 and I6 in
higher concentrations) remain in the trans-IAA reference standard and as
carry-over during production
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Only in recent years have methods (using typically C18

columns) shown near complete separation and selectivity of
individual IAA [33, 34] and reduced IAA analytes [29],
requiring a run time of 20–50 min. After extraction from
blood, our method separated the analytes using a gradient
elution on a core–shell C18 columnwithin 10min. Preliminary
experiments showed increased chromatographic selectivity
and sensitivity using this column with considerably lower
flow rates under high pressure (data not shown). The decrease
of flow rate over the run improved the separation and peak
shape of late eluting compounds. This chromatographic sys-
tem was further optimized by applying a lower pH to eluent A
(preferably at least 1 pH unit below the ~3.5 pKa of IAA) in
order to obtain improved ionization of acidic compounds.
However, phosphate buffers are not compatible with MS
detection and ammonium acetate buffer systems allowing for
relatively low pH ranges were tested with poor chromatogra-
phy results. Although the lowest capacity of the chosen am-
monium formate buffer system is pH 2.8, this pH demonstrat-
ed the best separation of nearly all analytes. The class of IAA
compounds contains two analogs (n- and ad-IAA) with the
same molecular weight and there are structural isomers within
these analogs (cis and trans ; see Figs. 1 and 2). It is therefore
expected that separation difficulties with compounds of relat-
ed chemistries and selectivity issues may be encountered with
isobaric compounds with similar fragmentation. To avoid
misidentifications, chromatographic separation of these iso-
baric compounds needed to be achieved. The determination of
retention times within a batch of analysis compared to the IS
in positive samples was necessary to avoid misidentifications
of isobaric compounds. Some isobaric structural isomers (T5
and T6, as well as H5 and H6) were not baseline separated.
However, as they are present in their respective standards and
in the reduced hop products used, the total area of the com-
bined peaks was sufficient to achieve reasonably accurate
quantification under the described conditions.

Stability

Information from the IAA manufacture Labor Veritas and
EBC indicate that IAA standards are unstable after a day in
methanol but the use of phosphoric acid in methanol for stock
and working solutions was sufficient to stabilize most of the
compounds. However, degradation of trans -IAA in the
DCHA-Iso, ICS-I1 standard has still been demonstrated
[34]. Due to the known deterioration with MS metallic parts
following the continual use of the nonvolatile phosphoric acid,
formic acid was substituted. A 0.05% concentration of formic
acid in methanol was found to stabilize the IAA sufficient for
stock and working solutions to be stored at −20 °C over a 6-
and 1-month period, respectively. As reduced on-column sta-
bility of the analytes was observed with increases in

temperatures (data not shown), the column oven was
maintained at a minimal temperature above ambient (30 °C).

Grouped standards

Due to the unavailability of individual analyte standards and as
each analyte has variable abundance within the respective
group, the LLOQ of the group was restricted to the analyte
with the lowest abundance with a signal-to-noise ratio of 10:1.
However, detection of individual analytes with a signal-to-noise
ratio of 3:1 [40] was sufficient to report beer consumption as
detected. This also proves problematic for the determination of
MRM transitions which resulted in the precursor and product
ions meticulously selected manually by repeated injections of
standards at different conditions described in Table 1. This
review process ensured that all fragment ions were explainable
as possible fragments of the respective chemical structure. To
improve overall sensitivity of IAA compounds, a thorough
source optimization was undertaken improving all groups of
analytes with the IAA group recording the greatest gains. This
reflects the relatively lower LLOQ for this group specifically
and results in better sensitivity for the majority of beer con-
sumption. The dwell times were optimized depending on the
signal response of each individual analyte by repeated injection;
all analytes obtained >30 points across the peaks. Although
there are more theoretical reduced IAA isomers present in
brewing products and reference standards (i.e., the trans iso-
mers of the RIAA and HIAA groups), the extremely low
relative abundance of these analytes did not provide sufficient
detection limits. These analytes were also unable to be detected
at high (10 mg/L) concentrations and would therefore not
interfere with quantification even with large beer consumption.
Although the manufacturer of the IAA standards claim that
residual pre-, post-, and adpost-IAA may be present from the
production process [46], the difference in precursor ions to that
of the scheduled MRMs allows for accurate selectively of
targeted IAA using MS.

Calibration model

As a deuterated derivative of IAA is currently unavailable, the
chemical and structural similarities of various compounds
were examined. Nimodipine-d7 was selected as a suitable IS
for the calibration model. Other techniques have used an
ECHO technique consisting of a shortly followed second
injection containing the IAA group as the IS [33]. However,
a closely followed injection of IS does not compensate for
injection volume variability and is not wholly appropriate
when gradient elution chromatography is undertaken. The
relatively low abundance of R5 only produced a signal-to-
noise ratio of 10:1 at total cis -RAA concentrations of 2 mg/L.
Therefore, the R5 analyte does not contain a peak in Fig. 3 and
validation data using QCs at lower concentrations were also
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unable to be performed. For this reason, it was not used for
calculation of the concentration curve or for any samples. As
mentioned earlier, the calibration models involved two curves
for analysis. The same calibrations standards were used for
quantification, the two curves only differed on whether points
7 and 8 were includedwhen quantifying high-quality controls.
All IAA groups were spiked into all standards, irrespective of
whether the particular group would be included in the calibra-
tion level (i.e., groups cis -RIAA, TIAA, and cis -HIAAwere
not examined at calibration level 1 due to their LLOQ, see
Table 2; however, the groups were still present in the extracted
samples). Antemortem blood was chosen as the matrix for the
calibration standards, matrix effects and quality controls rather
than postmortem blood. Excess blank postmortem blood from
deceased persons is difficult to obtain ethically for assay
calibration purposes and matrix effects studies, whereas ante-
mortem blood was readily available through blood donor
banks.

Validation

The described procedure was validated according to interna-
tionally accepted recommendations [40, 41]. For the detection

of the IAA and reduced IAA, three MRM transitions were
used for each analyte; their use and their respective peak area
ratios enabled unambiguous identification of all IAA and
reduced IAA compounds included in the assay. The selectivity
studies showed no interference or crosstalk in 20 different
clinical and postmortem samples.

Table 3 shows mean values of extraction efficiencies and
matrix effects of the corresponding variation over five differ-
ent blood samples. Datasets in which the variation (minimum
and maximum values in percentage) is greater than 20 %
difference of the mean value are marked in bold type. Overall,
the method showed satisfactory extraction efficiencies for
most analytes; however, variation occurred for many analytes
at low concentrations. Table 3 also shows the mean values of
matrix effects and the corresponding variation over five dif-
ferent blood samples with strong ion enhancement demon-
strated. The described extraction procedure showed no signif-
icant matrix effects over five different blank blood samples in
high concentrations. However, nearly half of the analytes
demonstrated variation in matrix effects at low concentrations.
Matrix effect studies of IS nimodipine-d7 were also performed
at the target concentration with no significant matrix effects
observed over five different blank blood samples with

Table 3 Matrix effects and recoveries in percent [range] of all targets and IS

Analyte Matrix effects Extraction efficiency

QC low QC high QC low QC high

I1 trans-isocohumulone 139 [133–150] 77 [70–85] 75 [63–90] 68 [60–77]

I3 trans-isohumulone 195 [179–207] 84 [79–88] 97 [87–110] 69 [59–78]

I5 trans-isoadhumulone 287 [266–310] 107 [101–114] 78 [47–101] 76 [65–89]

R1 cis-rho-isocohumulone 1 272 [257–297] 143 [133–155] 92 [52–109] 72 [61–85]

R2 cis-rho-isocohumulone 2 313 [254–345] 123 [118–130] 66 [30–97] 71 [61–82]

R3 cis-rho-isohumulone 1 214 [200–226] 98 [95–102] 71 [65–80] 65 [58–73]

R4 cis-rho-isohumulone 2 537 [525–550] 135 [126–143] 86 [57–102] 67 [59–78]

R6 cis-rho-isoadhumulone 2 –b 187 [171–217] –b 68 [53–82]

T1 trans-tetrahydro-isocohumulone 174 [95–232] 128 [122–134] 139 [98–165] 86 [74–96]

T2 cis-tetrahydro-isocohumulone 265 [238–284] 82 [78–89] 100 [83–117] 79 [71–89]

T3 trans-tetrahydro-isohumulone –b 90 [85–95] –b 81 [71–91]

T4 cis-tetrahydro-isohumulone 209 [199–223] 87 [80–94] 121 [75–147] 73 [54–84]

T5+6 tran +cis-tetrahydro-isoadhumulone –b 86 [72–93] –b 83 [72–93]

H1 cis-hexahydro-isocohumulone 1 208 [147–240] 87 [77–95] 117 [98–141] 71 [63–78]

H2 cis-hexahydro-isocohumulone 2 238 [148–341] 102 [92–111] 83 [51–97] 59 [50–69]

H3 cis-hexahydro-isohumulone 1 –b 95 [86–106] –b 63 [53–74]

H4 cis-hexahydro-isohumulone 2 257 [146–277] 105 [96–115] 73 [63–94] 60 [51–71]

H5+6 cis-hexahydro-isoadhumulone 1+2 209 [158–315] 104 [96–115] 116 [97–135] 66 [56–79]

IS nimodipine-d7
a 83 [79–90] 68 [58–76]

Datasets with variations (minimum and maximum value in percent) greater than 20 % difference of the mean value (not acceptable) are marked in bold
type, n =5
a The IS nimodipine-d7 was analyzed at a concentration of 0.1 mg/L during the sample preparation of the described method
bAbundance of analyte relatively low in quality control, subsequent area unattainable
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satisfactory results. The described method demonstrated sat-
isfactory process efficiency of 50 % or more for all analytes.

Linear regression was applied to all studied groups and no
weighting applied when using the full calibration curve for
high QC analysis. As a result of heteroscedasticity that is
commonly encountered for calibrations ranges spanning more
than 1 order of magnitude [40], a weighted model (1/x for

IAA and cis -RIAA, 1/x2 for TIAA, and cis -HIAA; Table 2)
was used for the calibration curve using standards 1–6 for
lower and medium QC analysis. The calibration fit showed a
coefficient of determination of r2>0.95 for all groups and
calibration ranges.

In the freeze/thaw and long-term stability experiments, the
ratio of means (stability versus control samples) was within

Table 4 Accuracy [in percent],
intermediate (time-dependent in-
termediate precision) [in percent
RSD] and repeatability (within-
day precision) [in percent RSD]
of the UHP LC-MS/MS assay for
IAA type groups in blood

Datasets outside required limits
are marked in bold type, n =2
(over 8 consecutive days)

Group Quality control QC LOW (0.1 mg/L) QC MED (0.8 mg/L) QC HIGH (6 mg/L)

trans-IAA Repeatability 7.0 5.8 7.7

Precision 31 .1 17.8 17.2

Accuracy 19.0 5.4 9.2

cis-RIAA Repeatability 7.4 12.7 9.3

Precision 23 .0 12.7 15.4

Accuracy 18.1 0.9 5.6

TIAA Repeatability 5.0 8.0 8.0

Precision 15.9 16.5 17.4

Accuracy 34 .7 12.0 11.4

cis-HIAA Repeatability 9.6 16.5 6.1

Precision 24 .3 27.3 18.7

Accuracy 3.3 10.6 5.7

Fig. 4 Chromatograph of blood taken 30 min after consumption of
~570 mL beer containing ~55 g of IAA (trans and cis) from a volunteer.
The concentration of the trans-IAA (analytes I1, I3, and I5) was ~0.2 mg/
L. The cis-IAA group (analytes I2, I4, and I6) are unable to be quantified
due to the unavailability of a reference standard; however, they do provide

evidence for the consumption of beer. All IAA analytes demonstrate
baseline separation as not to interfere with quantification results. Colored
lines demonstrate quantification ions; black full and dashed lines indicate
the two other MRMs
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90–110 %, whereas the 90 % CIs for stability samples were
within 80–120 % of the respective control means. Stability
issues have demonstrated degradation of the trans-IAA stan-
dard when stored at 20 °C for 24 h without light exposure
[34], potentially problematic for processed sample stability.
However, in the processed sample extracts, the acidic eluent
conditions that the samples were reconstituted with assisted in
sufficiently stabilizing the analytes for over 24 h analytes at
low and high concentrations. Stability was potentially assisted
as the described method utilizes a chilled autosampler for
storage of processed samples at 4 °C.

Accuracy data was within the acceptance interval of ±15 %
(±20% for low andmedium) of the nominal values for all IAA
groups excluding TIAA at low QC concentrations. Within-
day (repeatability) and intermediate precision required limits
of ±15 % RSD (±20 % for low and medium) of which all
repeatability data was within. However, the results summa-
rized in Table 4 demonstrate variability in intermediate preci-
sion for low and high concentrations in most groups when
criteria above are applied. The calibrationmodel incorporating
total peak areas as a single group may induce greater variation
in accuracy and precession results. The synthesis of a deuter-
ated IAA may help alleviate some of the problems. Overall,
the grouped calibration using the described IS provides an
approximate quantification for trans-IAA, cis -RIAA, TIAA,
and cis -HIAA and is a good representative value for the
amount of IAA, RIAA, TIAA, and HIAA, respectively, in
blood postconsumption of beer.

Application to authentic samples

Detection of all IAA analytes were present in the 0.5 and 2.0 h
duplicate bloods at trans -IAA concentrations of ~0.2 (Fig. 4)
and ~0.02 mg/L, respectively, of the volunteer. Blood taken
6 h postconsumption detected the I1 analyte only and there-
fore accurate quantification was not possible. This is most
probably due to the increased sensitivity of this presented
method for that particular analyte, compared to analogs I3
and I5 at the similar concentrations. However, detection of
solely I1 at 6 h demonstrates how detection of individual
analytes is sufficient to show beer consumption. Similarly,
detection of the I2, I4, and I6 analytes of the cis -IAA group
that were not quantified due to unavailability of a reference
standard was also able to confirm beer consumption. Further-
more, should trans isomers undergo a more rapid metabolism
and/or have since degraded at the time of sampling, the cis
isomers have a much longer half-life and may still be used to
indicate beer consumption over a greater detection window.
The detection of beer ingredient congeners in the participant
of the pilot study at a relatively low amount of beer consump-
tion than what might be typical, demonstrates high sensitivity
and consequently, applicability of the method.

Conclusion

The UHPLC-MS/MS assay presented is a suitable procedure
for the separation, detection, and quantification of IAA,
RIAA, TIAA, and HIAA compounds as beer-specific ingre-
dient congeners in blood samples to confirm beer consump-
tion. Validation has proven to be selective, linear, accurate,
and precise for the range of beer ingredient congeners at
concentrations expected to be found in blood. The trans -
IAA were quantified in a volunteer postconsumption of beer
and demonstrates possible applicability for clinical and foren-
sic toxicological casework.
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