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Abstract
Application of an aroma extract dilution analysis (AEDA) to the volatiles isolated from raspberry fruits by solvent extraction 
and solvent-assisted flavour evaporation (SAFE) resulted in 40 odour-active compounds with flavour dilution (FD) factors 
between 1 and 4096. Among the most potent odorants were violet-like smelling β-ionone (FD factor 4096), fruity smelling 
methyl 3-methylbutanoate (1024), baked-apple-like smelling β-damascenone (1024), raspberry-like smelling raspberry 
ketone (128), and floral, raspberry-like smelling α-ionone (64). These five odorants were subsequently monitored during 
processing of raspberry fruits to freeze-dried fruit foam. Major losses occurred during separation of the pulp from the seeds 
and during the final freeze-drying step. It was shown that the pulp fraction directly adherent to the seeds contained higher 
odorant concentrations than the outer parts of the pulp, thus losses associated with the removal of the seeds can be minimised 
by increasing the efficiency of the separation. Losses associated with the freeze-drying process could be reduced using 
microwave-assisted freeze drying instead of conventional freeze drying. Higher amounts of potato protein and maltodextrin 
used as foaming agent and foam stabiliser, respectively, reduced the odorant recoveries in the dried foams. Only a small part 
of the odorants not recovered in the dried fruit foams was found in the condensate.

Keywords  Raspberry · Rubus idaeus · Aroma extract dilution analysis · Fruit foam · Microwave-assisted freeze drying · 
Odorant

Abbreviations
AEDA	� Aroma extract dilution analysis
CHARM	� Combined hedonic aroma response 

measurement
FD	� Flavour dilution
FFAP	� Free fatty acid phase
FID	� Flame ionisation detector
GC–MS	� Gas chromatography–mass spectrometry
GC–O	� Gas chromatography–olfactometry
HDMF	� 4-Hydroxy-2,5-dimethylfuran-3(2H)-one
RI	� Retention index
SAFE	� Solvent-assisted flavour evaporation

Introduction

A wide variety of commonly consumed foods feature foam 
structures, e.g. bread and other bakery products, breakfast 
cereals, whipped cream and ice cream. The incorporation of 
air bubbles into the food structure reduces the density of the 
product and changes its texture and rheology, resulting in a 
more pleasant mouthfeel and a more attractive visual appear-
ance. In some cases, foam structure can also aid mastication 
and enhance flavour delivery [1, 2].

A special kind of foamed products are dried fruit foams. 
Due to their valuable nutritional properties, nutritionists 
recommend a higher intake of fruit products and particu-
larly berry fruits show a high potential of beneficial effects 
on human health [3]. Therefore, dried fruit foams can be 
a healthy alternative to conventional snack products. Fruit 
foams have already been produced by foam-mat drying from 
an assortment of different fruits, including figs [4], blue-
berry [5], muskmelon [6], cantaloupe [7] and papaya [8]. 
The foam structure allows for an economic and fast dry-
ing process at relatively low temperatures resulting in high-
quality products, which retain most of the fruits’ nutritional 
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quality and are easy to rehydrate [9]. The accelerated dry-
ing of foamed foods can be explained by the rapid heat and 
mass transfer due to the larger inner surface area and the 
decreased resistance caused by the capillary effect of the 
lamellae in the foam [10, 11]. The drying process can be 
further accelerated by microwave heating, which overcomes 
some heat transfer limitations of convective and conduc-
tive heating approaches when applied in oxygen-free and 
low temperature conditions, as is the case with microwave-
assisted freeze drying [11].

 Ozcelik et al. applied microwave-assisted freeze drying 
to foams produced from raspberry (Rubus idaeus) fruit pulp 
and compared drying behaviour and product characteristics 
to the conventional freeze-drying process [12–14]. By incor-
poration of microwave energy to the freeze-drying process, 
the drying time could be drastically decreased. This led to 
improved efficiency and decreased energy consumption 
during the process [12]. The impact of microwave-assisted 
freeze drying on important quality parameters of the dried 
fruit foam like the retention of micronutrients, ascorbic acid 
and anthocyanins as well as texture and colour was shown to 
be comparable to conventional freeze drying [14].

An important aspect that has not been investigated is the 
effect of microwave-assisted freeze drying on the aroma of 
freeze-dried fruit foams. As the food’s sensory character-
istics are the most important criteria consumers base their 
food selection on [15], elucidating the impact of microwave-
assisted freeze drying on sensory properties is essential to 
fully evaluate this emerging technique.

Of all sensory perceptions, olfaction has the most sub-
stantial influence on our overall sensory impression during 
food consumption [16]. Olfactory sensations are caused 
by volatile compounds binding to and activating olfactory 
receptor proteins located in the olfactory epithelium. To be 
odour-active, volatiles must be present in the food in con-
centrations above their specific odour threshold. As a conse-
quence, only a minority of the volatiles present in a specific 
food is odour-active [17]. To distinguish odour-active com-
pounds from the bulk of odourless volatiles in a food, gas 
chromatography–olfactometry (GC–O) and aroma extract 
dilution analysis (AEDA) are valuable tools [16].

First investigations on odour-active compounds in rasp-
berries were conducted in 1957 [18]. 4-(4-Hydroxyphenyl)
butan-2-one was identified as character impact compound in 
raspberries and named raspberry ketone owing to its charac-
teristic raspberry-like odour [19]. Since then, over 200 vola-
tile compounds have been identified in raspberries. How-
ever, only few studies evaluated the influence of individual 
compounds on the overall aroma of raspberries [20]. Larsen 
and Poll [21] related the concentrations of selected odour-
active compounds in ten different raspberry varieties to their 
respective odour thresholds. They found raspberry ketone, 
α-ionone and β-ionone to be the most important compounds 

in raspberry aroma. Geraniol and linalool were shown to be 
of additional relevance in certain varieties.

An activity-guided screening for odour-active com-
pounds in raspberries was performed in two other studies. 
Roberts and Acree [22] applied a combined hedonic aroma 
response measurement (CHARM) analysis to raspberry 
headspace samples. They reported high CHARM values for 
β-damascenone, butane-2,3-dione, sotolon, 1-hexen-3-one, 
1-nonen-3-one, 1-octen-3-one and (3Z)-hex-3-enal. Klesk 
et al. [23] applied an AEDA to a raspberry volatiles isolate 
obtained by solvent extraction and solvent-assisted flavour 
evaporation. High FD factors were reported for β-ionone, 
abhexone, 4-hydroxy-2,5-dimethylfuran-3(2H)-one, 2-ethyl-
4-hydroxy-5-methylfuran-3(2H)-one, and β-damascenone, 
followed by (3Z)-hex-3-enal, acetic acid, ethyl 2-methylbu-
tanoate and methyl hexanoate.

Aaby et al. [24] investigated eight genotypes of red rasp-
berry in parallel by descriptive sensory analysis as well as by 
dynamic headspace GC–MS analysis. Statistical data evalua-
tion revealed that C6-aldehydes and (3Z)-hex-3-en-1-ol posi-
tively correlated with green odour and α- and β-ionone posi-
tively correlated with flowery notes. However, no attempts 
were made to establish causalities.

Given the inconsistency of the data in the literature, the 
first aim of this study was to re-investigate the odour-active 
compounds in raspberries by application of an AEDA [25] to 
the volatiles isolated from the fruits by a mild and artefact-
avoiding approach including solvent extraction and solvent-
assisted flavour evaporation (SAFE) [26]. On the basis of the 
results, major odorants could be selected and their concen-
tration changes during processing of the raspberries to dried 
fruit foam were studied in detail. In particular, the follow-
ing questions were addressed: (1) does microwave-assisted 
freeze drying with its significantly shorter drying times bet-
ter preserve the natural raspberry odorants? (2) do the con-
centrations of foaming agent and foam stabiliser influence 
the recovery of raspberry odorants in the dried fruit foam? 
and (3) can the condensate obtained as a side product after 
both, conventional and microwave-assisted freeze drying, 
be utilized as a source of odorants for the preparation of 
natural flavourings?

Materials and methods

Fruits and further foam ingredients

Frozen raspberry fruits of the variety “Willamette” were 
supplied by Mainfrucht GmbH & Co. KG (Gochsheim, Ger-
many). The frozen material was stored at − 80 °C. Potato 
protein was purchased from Solanic300 (Veendam, the 
Netherlands), Maltodextrin DE 6 was from Nutricia (Erlan-
gen, Germany). Highly (68%–76%) esterified citrus pectin 
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was provided by Herbstreith & Fox (Neuenbürg/Württ, 
Germany).

Reference odorants

Reference odorants 1–4, 6–11, 13, 14, 17–23, 25–27, 29–31, 
33, 36, 37, 39, and 40 were purchased from Merck (Darm-
stadt, Germany). Compounds 24, 35 and 38 were obtained 
from Carl Roth (Karlsruhe, Germany). Compounds 5 and 
28 were purchased from Alfa Aesar (Karlsruhe, Germany). 
Reference compound 32 was a gift from Symrise (Holzmin-
den, Germany). The following reference odorants were syn-
thesised according to literature procedures: 12 [27], 16 [28].

Isotopically substituted odorants

(13C2)-40 [4-(4-hydroxyphenyl)(1,3-13C2)butan-2-one] was 
prepared by crossed aldol condensation of (1,3-13C2)acetone 
with 4-hydroxybenzaldehyde, followed by catalytic hydra-
tion using rhodium as catalyst as described previously for 
the isotopically unmodified compound [29]. The following 
compounds were prepared as described previously: (2H3)-
38 [(3E)-4-[6,6-dimethyl-2-(2H3)methylcyclohex-1-en-
1-yl]but-3-en-2-one] [30] and (2H6)-32 [(2E)-1-[6,6-(2H6)
dimethyl-2-methylcyclohexa-1,3-dien-1-yl]but-2-en-1-one] 
[31]. (2H3)-5 [(2H3)methyl 3-methylbutanoate] was prepared 
from (2H4)methanol and 3-methylbutanoic acid using the 
approach previously described for the synthesis of (2H3)ethyl 
butanoate [32].

Miscellaneous chemicals

Dichloromethane was purchased from VWR (Darm-
stadt, Germany) and freshly distilled through a column 
(120 cm × 5 cm) packed with Raschig rings before use. (2H4)
methanol, 3-methylbutanoic acid, 4-hydroxybenzaldehyde, 
(1,3-13C2)acetone and rhodium on alumina (0.5%) were pur-
chased from Merck.

GC–O/FID system

A gas chromatograph 5160 (Carlo Erba, Hofheim, Germany) 
was equipped with a cold on-column injector, a flame ionisa-
tion detector (FID) and a sniffing port [28]. The fused silica 
column used was either a DB-FFAP, 30 m × 0.32 mm i.d., 
0.25 µm film (Agilent, Waldbronn, Germany) or a ZB-5, 
30 m × 0.25 mm i.d., 0.25 µm film (Phenomenex, Aschaffen-
burg, Germany). Helium was used as carrier gas at 70 kPa 
(DB-FFAP) and 95 kPa (ZB-5) constant pressure. The injec-
tion volume was 1 µl. The initial temperature of the oven was 
40 °C (2 min). The temperature was raised with a gradient of 
6 °C/min up to 230 °C (DB-FFAP) and 240 °C (ZB-5). After 
the main column, the effluent was divided by a deactivated 

Y-shaped glass splitter and transferred via deactivated fused 
silica capillaries (50 cm × 0.25 mm i.d.) to the FID (250 °C) 
and the sniffing port (230 °C). During GC–O analyses, a 
trained panellist placed the nose closely above the sniffing 
port to evaluate the effluent gas stream. Whenever an odour 
could be detected, the retention time was marked on the FID 
chromatogram printed by a recorder and the corresponding 
odour quality was noted. Retention indices (RI) were calcu-
lated for the odour-active compounds from their retention 
times and the retention times of adjacent n-alkanes by linear 
interpolation.

GC–sector field MS system

A HP 5890 Series II gas chromatograph (Hewlett-Pack-
ard, Heilbronn, Germany) was connected to a MAT 95 
sector field mass spectrometer (Finnigan, Bremen, Ger-
many). The fused silica column used was either a DB-
FFAP, 30  m × 0.25  mm i.d., 0.25  µm film or a DB-5, 
30 m × 0.25 mm i.d., 0.25 µm film (both Agilent). Helium 
was used as carrier gas at 1.9 mL/min constant flow. Further 
GC conditions were as described in the GC–O/FID section. 
Mass spectra were recorded either in EI mode (70 eV) with a 
scan range of m/z 35–300 or in CI mode (150 eV) with isob-
utane as reagent gas and a scan range of m/z 85–350. The 
evaluation was performed using Xcalibur software (Thermo 
Scientific, Dreieich, Germany).

GC–ion trap MS system

A gas chromatograph GC 431 (Varian, Darmstadt, Ger-
many) was linked to an ion trap 220-MS mass spectrom-
eter (Varian). The fused silica column used was either a 
DB-FFAP, 30 m × 0.25 mm i.d., 0.25 µm film or a DB-5, 
30 m × 0.25 mm i.d., 0.25 µm film (both Agilent). Helium 
was used as carrier gas at 1 mL/min constant flow. Further 
GC conditions were as described in the GC–O/FID section. 
The mass spectrometer was operated in CI mode with meth-
anol as reagent gas and a scan range of m/z 60–250.

Raspberry pulp and foam preparation

Raspberry pulp and foams were prepared as detailed previ-
ously [12–14, 33]. In brief, frozen raspberries were thawed 
at room temperature and seedless raspberry pulp puree was 
produced using a food mill (GEFU GmbH, Eslohe, Ger-
many) with perforated disks and mesh sizes of 3, 2 and 
1 mm. To the pulp, potato protein consisting of the low 
molecular weight fraction of the potato protease inhibitor 
was added as foaming agent as well as maltodextrin DE 6 
and highly esterified citrus pectin as foam stabilisers. The 
pulp mixture was kept at 20 °C for 30 min and then whipped 
using an Artisan 5KSM150 mixer (KitchenAid, St. Joseph, 
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MI, USA) at a maximum speed of 220 rpm for 10 min at 
20  °C. For both, freeze drying and microwave-assisted 
freeze drying, portions of the pulp mixture (100 g) were 
placed into glass dishes (190 mm diameter) and the samples 
were frozen at − 80 °C for 24 h before drying.

Freeze drying

The freeze-drying process was carried out in a pilot-scale 
freeze dryer Model Gamma 1–20 (Christ, Osterode, Ger-
many). The samples were heated via conductive heating on 
shelves at 30 °C. Chamber pressure was set to 10 Pa and the 
ice condenser temperature was set to − 50 °C. After com-
pletion of the drying process, the dryer was powered off 
and a 12-h dwelling period was commenced for thawing 
the accumulated ice and enabling maximum recovery of the 
evaporated water. The condensate was collected through a 
vane discharge pipe in ~ 96–98% yield.

Microwave‑assisted freeze drying

A pilot-scale microwave freeze dryer Model µVac0150fd 
(Püschner Microwaves, Schwanewede, Germany) was used 
[12]. Microwave energy was produced by a 1000 W mag-
netron at a frequency of 2.45 GHz. The μWaveCAT dryer 
software (Püschner Microwaves) was used for operating 
the drying process automatically. The ice condenser unit 
contained two separate chillers (Dietz, Bremen, Germany). 
Vacuum was applied by a rotary vane pump (Pfeiffer, Asslar, 
Germany) and the condenser was run at − 50 °C. The cham-
ber pressure and the maximum product temperature were set 
to 10 Pa and 30 °C, respectively, to match the parameters 
used in the freeze-drying approach. Collection of the con-
densate was performed as described for the conventional 
freeze-drying process.

Isolation and fractionation of raspberry volatiles

Raspberry fruits (10 g) and dichloromethane (40 mL) were 
homogenised without crushing of the seeds using a stainless 
steel blender. Under ice cooling, sodium sulphate (30 g) was 
added gradually under continuous blending until a homoge-
neous suspension was obtained. This suspension was stirred 
for 90 min and was subsequently filtered through defatted 
cotton wool and sea sand. The residue was rinsed with 
dichloromethane (2 × 20 mL), and the volatiles were isolated 
from the combined organic extracts by SAFE during 30 min 
at 40 °C. The distillate was concentrated to a final volume of 
1 mL, first using a Vigreux column (50 × 1 cm) and subse-
quently a Bemelmans microdistillation device [34].

For fractionation, volatiles from 10 g raspberry fruit 
were isolated using the approach detailed above and the 

SAFE distillate was extracted with aqueous sodium hydro-
gen carbonate solution (0.5 mol/L; 1 × 100 mL, 2 × 50 mL). 
The combined aqueous extracts were washed with dichlo-
romethane (50 mL), acidified (pH 2) with hydrochloric acid 
(16%) and re-extracted with dichloromethane (1 × 100 mL, 
2 × 50 mL). The organic re-extracts were combined, dried 
over anhydrous sodium sulphate and concentrated (1 mL) 
to obtain the acidic volatiles fraction. The acid-free SAFE 
distillate representing the neutral and basic volatiles fraction 
was dried over anhydrous sodium sulphate and concentrated 
(1 mL).

Aroma extract dilution analysis (AEDA)

The concentrated raspberry volatiles isolate (1 mL) was 
subjected to stepwise 1:2 dilutions with dichloromethane 
to receive dilutions of 1:2, 1:4, 1:8, 1:16 etc. Each diluted 
sample was analysed by GC–O using the ZB-5 column. The 
dilution of the extract was continued until no odour-active 
compound was detected during GC–O analysis. Each odor-
ant was assigned a FD factor defined as the dilution factor 
of the highest diluted sample in which the odorant was per-
ceived during GC–O analysis [18].

Quantitation of raspberry odorants

Whole raspberry fruits were homogenised without crush-
ing of the seeds using a stainless steel blender. Dried foam 
was homogenised to a powder using mortar and pestle. Fruit 
pulp, pulp mixture, fresh foam, frozen foam, seed fraction 
and washed seeds were used without further homogenisa-
tion. Isotopically substituted analogues of the target com-
pounds (0.05 µg–1 mg) in dichloromethane (30–250 mL) 
were added as internal standards to the sample material 
(1–50 g). The mixture was blended with sodium sulphate 
(15–150 g) until a homogeneous suspension was obtained. 
This suspension was stirred for 90 min, filtered and the 
filtrate was subjected to SAFE. To condensate samples 
(15–30 mL), isotopically substituted analogues of the target 
compounds (0.1 µg) in dichloromethane (15–50 mL) were 
added as internal standards and the mixture was shaken in 
a separatory funnel. The aqueous phase was shaken with 
two more portions of dichloromethane (15–50 mL). The 
organic extracts were combined, dried over anhydrous 
sodium sulphate and subjected to SAFE. For quantitation 
of raspberry ketone, the SAFE distillate was shaken with 
aqueous sodium hydrogen carbonate solution (0.5 mol/L; 
2 × 30 mL). The combined aqueous extracts were washed 
with dichloromethane (30 mL), acidified (pH 2) with hydro-
chloric acid (16%) and the target compound was re-extracted 
with dichloromethane (2 × 30 mL). The organic re-extracts 
were combined, dried over anhydrous sodium sulphate and 
concentrated (1 mL) to obtain the acidic volatiles fraction. 
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For the quantitation of all other compounds, the SAFE distil-
late was concentrated (0.2–1 mL) without further separation.

Aliquots of the concentrated isolates were analysed by 
GC–MS using either the DB-5 column (raspberry ketone) or 
the DB-FFAP column (β-ionone, α-ionone, β-damascenone 
and methyl 3-methylbutanoate). Peak areas correspond-
ing to analyte and internal standard were obtained from 
the extracted ions chromatograms using the quantifier ions 
detailed in Online Resource 1, Table S1. The concentration 
of each target compound in the samples was then calculated 
from the area counts of the analyte peak, the area counts of 
the standard peak, the amount of sample material and the 
amount of standard added by employing a calibration line 
equation previously obtained from the analysis of analyte/
standard mixtures in known concentrations. Calibration line 
equations are detailed in Online Resource 1, Table S1.

Results and discussion

Screening raspberry volatiles for odour‑active 
compounds

Performing AEDA of the raspberry volatiles isolate obtained 
by solvent extraction and SAFE resulted in the detection 
of 40 odour-active compounds with FD factors between 1 
and 4096. A comparison of the retention indices and odour 
qualities of the compounds with data from different data-
bases [35, 36] was used as a first step towards structure elu-
cidation. If a match with the database occurred, authentic 
reference compounds were analysed by GC–O in parallel 
to the raspberry volatiles isolate for confirmation. This was 
done on two separation systems of different polarity (DB-5, 
FFAP). Final structure verification was achieved by GC–MS 
analysis. To avoid coelution, the raspberry volatiles isolate 
was fractionated by acid–base extraction into an acidic vola-
tiles fraction and a neutral–basic volatiles fraction. The rasp-
berry odorants were localised in the fractions by GC–O and 
the fractions were then analysed by GC–MS in EI and CI 
mode on both separation systems and in parallel to the refer-
ence compounds. This approach allowed for the structural 
identification of 38 of the 40 odorants (Table 1).

High FD factors were obtained for floral, violet-like 
smelling β-ionone (38; FD factor 4096), fruity smelling 
methyl 3-methylbutanoate (5; 1024), baked apple-like smell-
ing β-damascenone (32; 1024), clove-like smelling eugenol 
(31; 128), peach-like smelling δ-decalactone (39; 128), rasp-
berry-like smelling raspberry ketone (40; 128), and floral, 
raspberry-like smelling α-ionone (35; 64). 3-(Methylsulfa-
nyl)propanal, geraniol, and octanoic acid showed FD factors 
of 32 and ethyl 3-methylbutanoate, 4-hydroxy-2,5-dimeth-
ylfuran-3(2H)-one (HDMF), linalool, 2,3-diethyl-5-meth-
ylpyrazine and 3-phenylpropanoic acid showed FD factors 

of 16. For all other 25 compounds lower FD factors (1–8) 
were obtained.

In agreement with our results, high FD factors for 
β-damascenone (FD factor 512), α-ionone (2048) and 
β-ionone (2048) had also been reported in the study of Klesk 
et al. [23]. In addition, β-damascenone had shown the high-
est CHARM value in the research of Roberts and Acree 
[21]. By contrast, to raspberry ketone, although considered 
the character impact compound of raspberries [18, 19, 21], 
rather low FD factors/CHARM values had been attributed in 
previous activity-guided screenings [22, 23]. δ-Decalactone 
had also been detected as odour-active compound by Klesk 
et al. [23], but its FD factor was rather low. Despite its high 
FD factor of 1024 in the current study, methyl 3-methylbu-
tanoate (5) has not been reported as raspberry volatile so 
far. Of all 38 compounds identified as raspberry odorants 
in our study, 23 have previously been reported as raspberry 
volatiles [21–24, 37–45], whereas 15 have yet been unknown 
in raspberries. Besides methyl 3-methylbutanoate, the latter 
included ethyl 3-methylbutanoate (8; FD 16), 2,3-diethyl-
5-methylpyrazine (22; FD 16), 3-phenylpropanoic acid (30; 
FD 16), pentane-2,3-dione (3; FD 8) and further ten volatiles 
with rather low FD factors in the range of 1–4.

On the basis of the results obtained from the AEDA and 
the data previously published on odour-active volatiles in 
raspberries, the following five compounds were selected 
to study concentration changes during processing of the 
fruits to dried foam: raspberry ketone, β-ionone, α-ionone, 
β-damascenone and methyl 3-methylbutanoate.

Odorant recoveries during processing of fruit 
to dried foam

Raspberry fruits were separated into a seed fraction and a 
seedless pulp. To the latter, 5% potato protein was added as 
foaming agent and 15% maltodextrin as well as 2.5% pec-
tin were added as foam stabilisers. This recipe was chosen, 
because it had shown favourable technical characteristics 
in previous studies [12, 14]. The mixture was foamed, the 
foam was frozen and finally dried by microwave-assisted 
freeze drying. Raspberry ketone, β-ionone, α-ionone, 
β-damascenone and methyl 3-methylbutanoate were quan-
titated in the whole raspberry fruits used as starting mate-
rial, the intermediate products fruit pulp, pulp mixture, fresh 
foam, frozen foam, and the final product, the dried foam.

Figure 1 shows a clear decrease in all raspberry odor-
ants during processing. A major decrease could be observed 
in the first processing step, the removal of the seeds. This 
decrease clearly exceeded the percentage of the seed frac-
tion which was only 20% of the starting material by weight. 
The loss of odorants, however, ranged between 40% for 
β-damascenone and 77% for methyl 3-methylbutanoate. 
Potential reasons for these disproportionately high losses 
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Table 1   Odour-active volatiles detected in the raspberry volatiles isolate

a Each odorant was identified by comparing its RIs on two GC capillaries of different polarity (FFAP, DB-5), its mass spectrum obtained by GC–
MS, as well as its odour quality as perceived at the sniffing port during GC–O with data obtained from authentic reference compounds analysed 
in parallel
b Odour quality as perceived at the sniffing port during GC–O
c References reporting the compound in raspberries before
d 4-Hydroxy-2,5-dimethylfuran-3(2H)-one
e No retention index could be determined because of the high retention of the odorant on the FFAP column

No Odoranta Odour qualityb RI FD factor Reported earlierc

DB-5 FFAP

1 Butane-2,3-dione Buttery 616 997 4 [22, 23, 42]
2 Acetic acid Vinegar 624 1444 4 [23, 24, 37, 39, 41, 42, 44]
3 Pentane-2,3-dione Buttery 703 1063 8
4 3-Hydroxybutan-2-one Buttery 720 1277 8 [37, 39, 42–45]
5 Methyl 3-methylbutanoate Fruity 779 1030 1024
6 (3Z)-Hex-3-enal Green 806 1140 8 [22–24, 45]
7 Butanoic acid Cheesy, sweaty 825 1617 1 [23, 39, 41, 42]
8 Ethyl 3-methylbutanoate Fruity 857 1060 16
9 3-Methylbutanoic acid Cheesy, sweaty 864 1657 4 [41, 42]
10 (3Z)-Hex-3-en-1-ol Green, grassy 870 1336 4 [23, 24, 37, 39–45]
11 3-(Methylsulfanyl)propanal Cooked potato 913 1445 32 [23]
12 2-Acetyl-1-pyrroline Roasty, popcorn 927 1331 2
13 Ethyl 2-methylpentanoate Fruity 940 1108 2
14 Propyl 2-methylbutanoate Fruity 951 1137 4
15 Unknown Fruity 975 4
16 (5Z)-Octa-1,5-dien-3-one Metallic 980 1376 4
17 Ethyl hexanoate Fruity 994 1227 8 [22, 23, 41, 42]
18 HDMFd Sweet, caramel 1074 2026 16 [22, 23, 39, 41]
19 3-Isopropyl-2-methoxypyrazine Earthy 1098 1417 1
20 (3Z)-Non-3-enal Cucumber 1096 1492 2
21 Linalool Citrusy 1100 1527 16 [23, 37–42, 44, 45]
22 2,3-Diethyl-5-methylpyrazine Earthy 1148 1475 16
23 3-Butyl-2-methoxypyrazine Earthy 1164 1488 1
24 Geraniol Floral, rose 1252 1840 32 [23, 37, 39–42, 44, 45]
25 2-Methoxyphenol Smoky, gammon 1084 1858 2
26 Phenylacetic acid Honey 1252 2561 1 [23]
27 γ-Octalactone Coconut 1254 1916 1 [39, 42, 45]
28 δ-Octalactone Peach 1281 1968 2 [23, 39–42]
29 2-Aminoacetophenone Foxy 1304 2229 2
30 3-Phenylpropanoic acid Floral, sweet 1336 2633 16
31 Eugenol Clove 1352 2181 128 [23, 39, 41]
32 β-Damascenone Baked Apple 1382 1815 1024 [22, 23, 37, 38, 44, 45]
33 Vanillin Vanilla 1417 2583 8 [22, 23, 39, 41]
34 Unknown Peach 1404 2
35 α-Ionone Floral, raspberry 1425 1842 64 [23, 24, 37–40, 42–45]
36 Octanoic acid Musty 1281 2054 32 [39, 41, 42]
37 γ-Decalactone Peach 1471 2141 2
38 β-Ionone Floral, violet 1488 1930 4096 [22–24, 37–40, 42–45]
39 δ-Decalactone Peach 1500 2200 128 [23, 37, 39–42, 44, 45]
40 Raspberry ketone Raspberry 1551 – e 128 [22, 23, 39, 41]
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include (1) evaporation of odorants into the ambient air, (2) 
presence of a major fraction of the odorants in the seeds 
and not in the pulp, and (3) presence of a major fraction of 
the odorants in the part of the pulp directly adherent to the 
seeds. Hypothesis 1 was supported by the fact that the high-
est loss was found for methyl 3-methylbutanoate, the odor-
ant with the lowest boiling point (~ 116 °C), but high losses 
were also observed for the other four odorants, all of which 
show rather high boiling points (β-damascenone: ~ 276 °C, 
β-ionone: ~ 269  °C, α-ionone: ~ 238  °C, raspberry 
ketone: ~ 292 °C). This suggested that the boiling point was 
at least not the only parameter contributing to the losses. 
Hypothesis 2 could be excluded, because the seeds do not 
exhibit the typical raspberry aroma and also because the 
seeds were not crushed during homogenisation of the fruits 
and the short contact time during solvent extraction did not 
suggest an efficient extraction of volatiles from the intact 
seeds. Thus, an unequal distribution between the outer parts 
of the pulp and the pulp fraction directly adherent to the 
seeds as depicted in hypothesis 3 might have been the cru-
cial point.

Another processing step that consistently caused major 
losses in all five odorants was the drying of the frozen foam. 
During microwave-assisted freeze drying, the odorant con-
centrations decreased by 50–75%. Losses in this step were 
to be expected since freeze drying can be considered as a 
vacuum steam distillation process. This raised the question 
whether the odorants lost during microwave-assisted freeze 
drying could be recovered in the condensate and this fraction 
could be further used, e.g. as odorant source for the prepara-
tion of natural flavourings.

In summary, the losses during processing of raspberry 
fruits to dried fruit foam resulted in recoveries in the final 
product that ranged only between 10% (methyl 3-methylbu-
tanoate) and 23% (β-damascenone).

Odorant losses during preparation of seedless pulp

To substantiate our hypothesis on odorant losses with the 
seed fraction, a separate experiment was conducted in which 
raspberry fruits were processed into a seed fraction and a 
seedless pulp. From a part of the seed fraction, the seeds 
were isolated by washing with water. Raspberry ketone, 
β-ionone, α-ionone, β-damascenone and methyl 3-methylbu-
tanoate were quantitated in the whole raspberry fruits used 
as starting material, in the pulp obtained in 80% yield, in 
the 20% fraction containing the seeds and the adherent pulp 
as well as in the seeds (8%) from which the adherent pulp 
(12%) was washed off.

Figure 2 shows total recoveries of the five odorants rang-
ing between 73% for methyl 3-methylbutanoate and 105% 

Fig. 1   Recoveries of odorants during processing of raspberries to 
dried fruit foam; details are provided in Online Resource 1, Table S2
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for α-ionone. In the washed seeds, the recovery of all five 
odorants was < 1% and was thus not displayed in Fig. 2. Data 
confirmed a higher concentration of all five odorants in the 
seed fraction than in the seedless pulp. Despite the fact that 
the seed fraction amounted only to 20% of the whole fruits, it 
contained a percentage of 26–58% of the odorants, whereas 
the percentage of the odorants recovered in the 80% of the 
seedless pulp ranged only between 33% for methyl 3-meth-
ylbutanoate and 54% for β-ionone. Results thus confirmed 
that the important raspberry odorants raspberry ketone, 
β-ionone, α-ionone, β-damascenone and methyl 3-meth-
ylbutanoate are enriched in the fruit pulp close to the seeds 
and depleted in the outer parts of the drupelets, explaining 
the high losses depicted in Fig. 1 for the first processing 
step. Results suggested that during industrial processing the 
efficient separation of the pulp from the seeds is crucial to 
obtain a highly flavoured pulp product.

Odorant recoveries in dried foam and condensate

To clarify whether the losses of odorants observed dur-
ing the drying process (cf. Figure 1, last processing step) 
could be explained by a transfer to the condensate, a pulp 
mixture prepared as described above was processed to 
dried fruit foam. Raspberry ketone, β-ionone, α-ionone, 
β-damascenone and methyl 3-methylbutanoate were quan-
titated in the pulp mixture used as starting material, in the 

dried fruit foam and in the condensate obtained during the 
drying process. To further evaluate the microwave-assisted 
freeze-drying approach, conventional freeze drying was 
applied to all samples in parallel as a reference method.

Figure 3 shows total recoveries of the five odorants after 
microwave-assisted freeze drying between 20% for rasp-
berry ketone and 81% for α-ionone. Thus, a major fraction 
of the odorants is neither recovered in the dried foam nor 
in the condensate and is probably lost with the exhaust of 
the vacuum pump. After conventional freeze drying, most 
recoveries were lower than after microwave-assisted freeze 
drying and ranged between 5% for raspberry ketone and 48% 
for α-ionone. Recoveries of the five odorants in the dried 
fruit foam after microwave-assisted freeze drying in refer-
ence to the pulp mixture were in the same range as reported 
in Fig. 1, however with some deviations. In detail, recover-
ies were raspberry ketone 19% (Fig. 1: 13%), β-ionone 40% 
(29%), α-ionone 66% (38%), β-damascenone 22% (37%) 
and methyl 3-methylbutanoate 19% (35%). Recoveries of 
the five odorants in the dried fruit foam after conventional 
freeze drying were lower than after microwave-assisted 
freeze drying for raspberry ketone, β-ionone, α-ionone and 
β-damascenone, only for methyl 3-methylbutanoate results 
were reverse. Better recoveries after microwave-assisted 
freeze drying might be associated with the significantly 
higher drying rates and thus shorter drying times [12]. Inde-
pendent of the applied drying method, only minor parts of 
the odorants were recovered in the condensate fractions. 
This percentage ranged from 1% (raspberry ketone) to 19% 
(β-damascenone after conventional freeze drying). To sum 
it up, (1) microwave-assisted freeze drying showed better 
recoveries in the dried fruit foam for the majority of odor-
ants investigated than conventional freeze drying and (2) the 
recoveries in the condensate were too low to consider it as a 
source of odorants for the preparation of natural flavourings.

Influence of maltodextrin and potato protein 
content on odorant recoveries after freeze drying

It has been shown in previous studies that the concentrations 
of foaming agents and foam stabilisers have a vital impact 
on foam stability, bubble size distribution and overrun of 
fresh foams [33], on the drying time and drying rate dur-
ing fruit foam drying [12], on the ascorbic acid and antho-
cyanin recovery in dried foams as well as on the structure 
of dried foams [14]. To study whether foaming agent and 
foam stabiliser concentration do also influence the recov-
eries of odorants after freeze drying, the recipe previously 
used in our study was varied using different amounts of 
maltodextrin and potato protein in the pulp mixture. As 
previous studies had shown that the combination of certain 
recipes with microwave-assisted freeze drying can result in Fig. 2   Recoveries of raspberry odorants in fruit pulp and seed frac-

tion; details are provided in Online Resource 1, Table S3
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the formation of hot spots [12], only conventional freeze 
drying was applied.

In a first set of experiments, maltodextrin concentra-
tions of 5 and 30% were tested, while the potato protein 
concentration was kept at 5%. Raspberry ketone, β-ionone, 
α-ionone, β-damascenone and methyl 3-methylbutanoate 
were quantitated in the pulp mixtures used as starting 
material, in the dried fruit foams obtained by conventional 

freeze drying and in the condensates obtained during 
the drying process. Results are depicted in Fig. 4. Data 
revealed a clear tendency towards lower recoveries with 
increasing maltodextrin concentration for the ionones and 
β-damascenone, whereas no clear trend could be observed 
in the case of raspberry ketone and methyl 3-methylbu-
tanoate. Results further confirmed low recoveries in the 
condensates, particularly for raspberry ketone.

Fig. 3   Recoveries of raspberry odorants in dried foam and condensate: comparison of freeze drying (FD) and microwave-assisted freeze drying 
(MWFD); details are provided in Online Resource 1, Tables S4 and S5

Fig. 4   Recoveries of raspberry odorants in dried foam and condensate: influence of maltodextrin (MD) content in the pulp mixture; details are 
provided in Online Resource 1, Tables S5, S6 and S7
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In the second set of experiments, potato protein concen-
trations of 2.5, 7.5 and 10% were additionally tested while 
the maltodextrin concentration was kept at 15%. Raspberry 
ketone, β-ionone, α-ionone, β-damascenone and methyl 
3-methylbutanoate were quantitated in the pulp mixtures, 
in the dried fruit foams obtained by conventional freeze dry-
ing and in the condensates obtained during the drying pro-
cess. Results are depicted in Fig. 5. Data revealed a tendency 
towards lower recoveries in the dried foam with increasing 
potato protein concentration for raspberry ketone, β-ionone, 
α-ionone and β-damascenone. However, the values obtained 
for β-ionone, α-ionone, β-damascenone and the sample with 
10% potato protein did not fit into this scheme nor did the 
results obtained for methyl 3-methylbutanoate. Higher odor-
ant recoveries in foams with lower potato protein concen-
tration might be associated with the shorter drying times 
observed for these recipes [12]. An increased overrun in the 
fresh foams might also promote the odorant losses due to 
an increased inner surface area. Similar to the results of the 
first set of experiments with varied maltodextrin concentra-
tion, recoveries in the condensates were low and particularly 
raspberry ketone was virtually absent.

Conclusions 

Processing of raspberries to freeze-dried fruit foam leads 
to major losses of important odorants. Critical processing 
steps are the separation of the seeds from the pulp and the 
drying process. As the pulp fraction directly adherent to 
the seeds contains higher odorant concentrations, efficient 

separation of pulp and seeds is crucial for good odorant 
recoveries. During foam drying, microwave-assisted freeze 
drying preserves the natural raspberry odorants better than 
conventional freeze drying. Higher amounts of maltodex-
trin and potato protein in the pulp mixture lead to lower 
odorant recoveries in the freeze-dried foams, thus their 
concentration should be limited to the technologically 
required minimum. The amounts of the odorants recov-
ered in the condensate obtained as a side product after 
both microwave-assisted and conventional freeze drying 
processes were too low to consider the distillates a suitable 
source of natural flavourings.
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