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SEPARATION AND QUANTIFICATION OF ALL MAIN HOP ACIDS IN DIFFERENT
HOP CULTIVARS BY MICROEMULSION ELECTROKINETIC CHROMATOGRAPHY
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Microemulsion electrokinetic chromatography has been applied to the analysis of hop acids in extracts
of different hop cultivars. With this new analytical method, the 6 main hop bitter acids are completely
gseparated within 10 minutes. Quantitative analyses of extracts from Saaz, Nugget and Wye Target
cultivars have been compared to those obtained with reversed-phase high-performance liquid chroma-
tography. The cohumulone and colupulone ratios are in good agreement. Microemulsion electrokinetic
chromatography however is much faster and provides, in addition, data for the adhumulone and adlupu-

lone ratios.
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INTRODUCTION

Hop acids can be divided into 2 groups: the a-acids or
humulones and the B-acids or lupulones!!. Each group con-
sists of 3 main constituents, differing in the nature of the acyl
side chain. Cohumulone and colupulone are characterized by
an isobutanoyl side chain, while the others carry an isopen-
tanoyl (normal homologues) or a 2-methylbutanoyl side chain
(ad-homologues). The cohumulone ratio, which expresses
the cohumulone content relative to the total amount of a-
acids, is an important property of a hop extract to predict
its suitability for application in beer brewing®. However, for
chemotaxonomic purposes, further characterization, con-
sidering differences in the Cs-isomers (adhumulone vs. humu-
lone or adlupulone vs. lupulone), is also desirable.

Complete separation of the 6 main hop acids by HPLC is
difficult and leads to long analysis times, between 45 and 60
minutes*!°. Consequently, routine HPLC analysis is gener-
ally limited to the separation of the Cg-substituted species
from the Cs-substituted homologues. Recently, it has been
shown that complete resolution' is possible by Micellar Elec-
trokinetic Chromatography (MEKC) within 10 minutes!.
MEKC belongs to the group of recently developed methods
of capillary electrokinetic analysis. In these methods*!2, free-
solution electrophoresis is performed in a buffer-filled fused
silica capillary with an internal diameter of 50 or 75 um and
an applied voitage of 10 to 30 kV (Fig. 1). Detection, e.g.
by UV absorbance, is performed on-column, so that the
staining step, typical for classical gel electrophoresis, is omit-
ted. The resulting electropherograms are very similar to chro-
matograms and can be directly subjected to quantitative
analysis with electronic integrators. MEKC has been intro-
duced®?® to permit the separation of neutral molecules in an
electric field. To obtain this effect, a charged surfactant,
usually sodium dodecyl sulfate (SDS), is added to the buffer
at a concentration above the critical micelle concentration.
Neutral molecules are partitioned between the aqueous phase
and the charged micellar microphase according to their
hydrophobicity. Through association with the micelles, the
neutral molecules move in a field as if they were charged
and various degrees of association determine apparent elec-
trophoretic mobility differences which lead to separation.
MEKC is in fact a chromatographic modification of elec-
trophoresis.

Hop acids can be separated into the a- and g-fractions by
pure electrophoresis but not into individual species. In the
case of ionic compounds with very similar ionic mobilities,
MEKC can also be applied to improve resolution by superpo-
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sition of electrophoretic and chromatographic separation
principles’>. Encouraging results were obtained with SDS as
the surfactant, however, this analysis requires rigorous pH
control of the separation buffer (within 0.2 units), and loss
of resolution can occur by in-column thermal effects'?.. Sub-
stitution of the surfactant by an oil-water emulsion”-!617,
consisting of SDS, n-heptane and n-butanol in a borax buffer,
leads to considerable improvement of robustness®. By
exploiting the improved resolution that can be obtained with
Microemulsion Electrokinetic Chromatography (MEEKC),
it is now possible to determine the adhumulone and adlupu-
lone content in hop cultivars.

EXPERIMENTAL METHODS

Hops and Hop Extracts

Hop cones (2 g) from 3 cultivars (Saaz, Nugget and Wye
Target), were extracted with 150 ml isooctane under reflux
in a N-atmosphere during 60 minutes. This step was repeated
2 times and, after each extraction, the extract was filtered
over quartz wool. The pooled extracts were concentrated
under reduced pressure (30°C). The concentrate was redis-
solved in HPLC-grade methanol (100 ml) and centrifuged at
3400 g during 5 minutes. The solution was then filtered over
a 0.45 um filter (Acro LC13, Gelman Sciences, Ann Arbor,
MI, USA).

Standardized hop extract was obtained from the Versuchst-
ation Schweizerischer Brauercien (Ziirich, Switzerland).
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Liquid CO, Hop Extract was obtained from Pfizer Brewery
Products (Milwaukee, WS, USA).

HPLC Analysis
HPLC was performed on a 1084B Liquid Chromatograph
(Hewlett-Packard, Palo Alto, CA, USA), equipped with
either a 4.6 mm x 40 mm precolumn and a 4.6 mm Xx
250 mm analytical column, packed with 10 um LiChrosorb
RP-18 (Knauer, Berlin, Germany), or with a 4.0 mm X
11 mm precolumn and a 4.0 mm X 250 mm analytical col-
umn, packed with 5 um Nucleosil 5 C18 Hop (Macherey &
Nagel, Diiren, Germany). In both cases, 20 ul of a hop
extract was injected, separated at 35°C and detected at
280 nm. Following elution systems were used:
® on the 10 um column, flow rate: 2.5 ml/min, eluent A =
5% formic acid in water, eluent B = methanol. Gradient:
0-2 min isocratic 25% B, 2-12 min 25% B to 55% B,
12-37 min 55% B to 95% B, 37-42 min 95% B to 25%
B, 42-45 min isocratic 25% B.
® on the 5 um column, flow rate: 0.9 ml/min, eluent A =
5% formic acid in water, eluent B = 5% acetonitrile in
methanol. Gradient: 0-2 min isocratic 60% B, 2-32 min
60% B to 95% B, 32-37 min isocratic 95% B, 37-45 min
95% B to 60% B.

Capillary Electrokinetic Analysis

Analysis was performed on a Quanta 4000 (Millipore
Corp., Bedford, MA, USA). Fused silica capillaries were
50 pum internal diameter, 375 um external diameter, 60 cm
long, with the detection window at 52.8 cm. All buffer sol-
utions were prepared with deionized water (Milli-Q, Milli-
pore, Bedford, MA, USA) and consisted of 10 mM borax
(pH 9.2), 40 mM SDS, 3% (v/v) n-butanol and 0.3% (v/v)
n-heptane.

The extracts were evaporated and redissolved into a mix-
ture of 20% methanol in the separation buffer. Samples were
introduced hydrodynamically with an elevation of 10 cm and
an injection time of 5 seconds, analyzed with an applied
voltage of 25 kV and detected at 214 nm. Between analyses,
the column was rinsed with the separation buffer for 5
minutes.

A PC workstation with Maxima Software (Version 3.31,
Millipore Corp., Bedford, MA, USA) was used for instru-
ment control and data handling. All areas were corrected
for differences in migration times.

REsuLTs AND Discussion
The Analysis of Hop Extracts

Figure 2 shows the MEEKC analysis of a Liquid CO, Hop
Extract. Special features and considerations on the separation
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Fig. 2. The MEEKC analysis of Liquid CO, Hop Extract. Con-
ditions: sec Experimental Section. 1 = Formamide, 2 = Colupu-
lone, 3 = Cohumulone, 4 = Lupulone, 5 = Adlupulone, 6
= Adhumulone, 7 = Humulone. (Formamide is added as an
electroosmotic flow marker).
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Fi6. 3. The MEEKC analysis of isooctane extracts of different hop
cultivars. Conditions: see Experimental Section. (a) Saaz, (b)
Nugget, (c) Wye Target. 1 = Colupulone, 2 = Cohumulone,

3 = Lupulone, 4 = Adlupulone, 5 = Adhumulone, 6 = Humu-
lone.

mechanism will be discussed elsewhere®. When this relatively
pure extract is dissolved in the separation buffer, typical
peak efficiencies are in the range 280,000-480,000. For the
analysis of the isooctane extracts (Fig. 3), 20% methanol
was included in the sample which degraded the efficiency
to approx. 100,000-240,000, however, without affecting the
resolution critically.

Quantification of Hop Acids by Micreemulsion
Electrokinetic Chromatography

Suitability of MEEKC as a quantitative technique was first
evaluated with a hop extract with certified composition. The
certification gives no separate numbers for adhumulone and
humulone, nor for adlupulone and lupulone, reflecting pre-
sent state of the art with respect to HPLC analysis. However,
in MEEKC, complete separation of all 6 main hop acids
is easily obtained. Figure 4 shows that a very good linear
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Fic. 4. Response versus injected concentration of a standardized
hop extract.
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relationship is observed between the areas and the concen-
tration of hop extract in the sample.

Given- the difficulty to obtain all pure hop compounds,
speculative assumptions are often made about the detector
responses of the individual hop acids. As the MEEKC analy-
sis is performed with anionic species, any experience in this
respect with HPLC is unreliable as in the latter case acid
eluents are used and thus nonionized molecules are meas-
ured. Therefore, the issue of the response factors will be
briefly discussed. First, it must be remarked that comparison
of areas in MEEKC is less straightforward than in HPLC. In
MEEKC, all compounds move with a characteristic velocity
through the column and the detector. Therefore, the inte-
grated signal of a late eluting, slower moving compound
is larger than for a faster moving compound with equal
concentration and response factor. Fortunately, this effect is
easily compensated by dividing the observed area by the
migration time resulting in the so-called corrected area. This
simple procedure, which has been applied to all results in
this report, is essential when areas are compared within an
electropherogram!"'5 or when areas from different analyses
are related to each other®. It also alleviates some problems
that can result from migration time variability?.

When assuming equal responses, the slopes of the cali-
bration lines, as shown in Fig. 4, should reflect the compo-
sition of the measured extract. However, data analysis (Table
1) shows that this assumption leads to an overestimation of
the B-acid content at the expense of the a-acids. Recalculat-
ing the extract composition on a molar basis, which is more
fundamental in relation to spectroscopic problems, even
increases the discrepancy. However, the assumption that
each member of the a-acids or the B-acids has an equal
response seems a workable hypothesis, provided that an
accuracy of more than 1% is not requested. This is accept-
able, especially when considering the effort that would be
required to calibrate with individual hop acids. All results
reported here are based on these within-group area relations.

Characterization of Hop Cultivars

Quantitative MEEKC analysis was applied to 3 different
hop cultivars (3 extracts per cultivar). The economic advan-
tage of the short analysis time and of the miniaturization is
obvious. Single HPLC analysis of all 9 extracts requires
almost 7 hours, just counting analysis time, and produces
nearly half a liter of toxic waste, containing methanol and
traces of acetonitrile. With MEEKC, full triplicate analysis,
including a 5-min rinsing time in between analyses, can be
done in the same time, leaving less than 50 ml of exhausted
buffer.
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For each of the extracts, occurrence ratios have been
determined according to:

Area,
Area,, + Area,y + Area,oma

The ratios, as found by HPLC and MEEKC, are summarized
in Table 2. According to the discussion in the previous sec-
tion, they should be considered as molar ratios rather than
ratios by weight. Although small differences occur, MEEKC
and HPLC results for cohumulone and colupulone ratios
agree rather well. It is difficult to judge whether remaining
discrepancies are due to differences in response factors,
coelution with minor compounds or intrinsic differences in
the quantification capabilities of both techniques. Adhumu-
lone and adlupulone ratios are only available from the
MEEKC analyses as these compounds coelute with humulone
and lupulone respectively in HPLC. In the limited set of
cultivars that is investigated here, all values are very similar.
Although of little discriminating value in this particular case,
the complete resolution, as obtained with MEEKC, may be
useful for other studies.

Because repeated HPLC analyses of the same hop extract
were not available, reproducibility differences between
HPLC and MEEKC are difficult to evaluate. Percentage
relative standard deviations (%rsd) are summarized in Table
3. The %rsd on the listed values (in Table 2) are statistically
not completely comparable for HPLC and MEEKC, as the
MEEKC-data were already averaged. From Table 2 it follows
that there exist no large differences in composition between
the 3 extracts of the same hop cultivar. Therefore, the com-
parison of the %rsd on the 3 cultivars in HPLC and the
%rsd on the triplicate analysis of a single extract in MEEKC
can give some idea about the relative precision in both tech-
niques. The precision of MEEKC and HPLC seems to be
fairly similar for the cohumulone ratios, although MEEKC
performs slightly less for the colupulone ratios, especially
when compared to the 5 um HPLC data. The %rsd for
the adhumulone and adlupulone ratios (MEEKC only) are
generally considerably higher. This must be ascribed to the
low occurrence (typically 5% of total hop acids) of these
compounds.

Ratio, =

CONCLUSIONS

Microemulsion Electrokinetic Chromatography is a valu-
able alternative to HPLC for the separation and quantifi-
cation of the hop acids in hop products. More information
is provided, as the adhomologues are completely separated
from the normal species. Also the reduced analysis time,
only 10 minutes, is an attractive feature. Quantitative results

TABLEI.  Hop acid response factors in MEEKC
% of total % of B % of @
found specified® found specified found specified

Hop acid® Slope® wd Me w M w M
Co-L 8.05 25.4 20.7 19.6 49.1 47.4 48.3 _ _ —_—
Ad-L 1.36 4.3 —_ — 83 —_ — —_ - —_
L 7.00 22.1 — — 2.7 —_ —_— - _ _
AdL + L 8.36 26.3 229 21.0 51.0 52,6 51.7 — — —_
Co-H 4.51 14.2 15.6 17.0 - - - 29.5 217 28.5
Ad-H 2.00 6.3 - - — — — 13.1 — —
H 8.80 27.7 —_ —_— — —_— — 57.5 — _
Ad-H+ H 10.80 34.1 40.8 42.6 —_ - _ 70.6 723 71.5

2L = lupulone (B-acids), H = humulone (a-acids)
bArbitrary units

“The specification gives 11.1% cohumulone, 29.0% adhumulone/humulene, 14.7% colupulone and 16.3% adlupulone/lupulone,

accounting for 71.1% of the material.

dRecalculated as percentage of total hop acid content (by weight)
“Recalculated as percentage of total hop acid content (by molar ratio, MW humulone/adhumulone = 362, MW cohumulone
= 348, MW lupulone/adlupulone = 414, MW colupulone = 400)






