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Abstract Filamentous fungi have been used since centuries in the production of
food by means of solid substrate fermentation (SSF). The most applied SSF
involving fungi is the cultivation of mushrooms, e.g., on tree stumps or sawdust,
for human consumption. However, filamentous fungi are also key players during
manufacturing of several processed foods, like mold cheese, tempeh, soy sauce, and
sake. In addition to their nutritive values, these foods are widely consumed due to
their pleasant flavors. Based on the potentials of filamentous fungi to grow on solid
substrates and to produce valuable aroma compounds, in recent decades, several
studies concentrated on the production of aroma compounds with SSF, turning
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cheap agricultural wastes into valuable flavors. In this review, we focus on the
presentation of common analytical methods for volatile substances and highlight
various applications of SSF of filamentous fungi dealing with the production of
aroma compounds.
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Abbreviations

6-PP 6-Pentyl-a-pyrone

AAO Aryl alcohol oxidase(s)

ADA Aroma dilution analysis
AEDA  Aroma extract dilution analysis
CAR Carboxen

DHS Dynamic headspace

DM Dry matter

DVB Divinylbenzene

FD Flavor dilution factor
FID Flame ionization detector
GC Gas chromatography

HS Headspace

LLE Liquid-liquid extraction
MS Mass spectrometer

O Olfactometry

OAV Odor activity value

ODP Olfactory detection port

PA Polyacrylate

PDMS  Polydimethylsiloxane

PEG Polyethylene glycol

SAFE  Solvent-assisted flavor evaporation
SBSE  Stir bar sorptive extraction

SmF Submerged fermentation
SPME  Solid-phase microextraction
SSF Solid substrate fermentation
TD Thermal desorption

vVOC Volatile organic compound(s)

1 Aroma Profile Analysis

The analysis of aroma active compounds in food started in the 1960s with
the possibility to separate complex aroma mixtures by means of capillary gas
chromatography (GC) (reviewed in [1]). With this analytical method, new
possibilities arose to determine the volatile composition of a sample. Nevertheless,
the impact of each volatile organic compound (VOC) on the human nose still
remained unknown until GC-olfactometry (GC-O) entered the aroma research.
GC-O enables the correlation between a VOC and its perception using the human
nose as a detector [1-3]. In most cases, the outlet of the GC capillary column is
installed into a column flow splitter. The column flow splitter possesses two outlets
directing the gas flow into a destructive detector (e.g., flame ionization detector
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Fig. 1 GC-MS-O equipped with an autosampler and an ODP (highlighted)

(FID) or mass spectrometer (MS)) and into a nondestructive olfactory detection port
(ODP) (Fig. 1). With this equipment, it is possible to directly assign an odor
impression to an MS spectrum or FID peak, respectively [3, 4].

1.1 Methods for Volatile Organic Compound Extraction

Prior to the GC analysis, VOC have to be extracted from the analyte’s matrix.
Among others, this can be food, a plant, or a microbial culture, and the method of
extraction depends on the matrix as well as on the VOC to be analyzed.

1.1.1 Solvent Extraction

Several extraction methods for aroma analysis exist, each having different pros
and cons. This makes the decision for an optimal analytical method difficult.
Continuous extraction of volatile organic compounds from a solid matrix using a
Soxhlet extractor followed by a concentration of the extract is a basic method for
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gaining an aroma extract. In 1964, Likens and Nickerson improved this method by
inventing an apparatus for simultaneous solvent extraction and distillation, reducing
the thermal load on the sample [5]. Nevertheless, elevated temperatures during
distillation and extraction may lead to artefact formation. Thermal stress during
extraction can be overcome by using a liquid-liquid extraction (LLE). Generally, the
solid matrix is dispersed in an aqueous phase and extracted exhaustively using
an organic solvent. For an efficient extraction and the subsequent analysis, different
properties of the solvent including polarity, density, solubility, and potential
reactivity regarding the analytes have to be taken into account [5]. The disadvantage
of LLE is the often occurring concurrent extraction of nonvolatile compounds
resulting in difficulties during GC analysis. This disadvantage as well as thermal
stress can be reduced to a minimum by applying the solvent-assisted flavor
evaporation (SAFE) method. The core part of this procedure is the SAFE distillation
unit [6], which is evacuated by a high vacuum pump. The distillation starts by
dropping the sample extract into the evaporation flask. The immediately formed
vapor is transported into the distillation head, where nonvolatile compounds are
trapped. Volatile compounds condense in a sample collection flask, which is cooled
in a Dewar using liquid nitrogen [6]. Nonetheless, the demand for environment-
friendly as well as more easy and fast extraction methods led to the development of
solvent-free procedures.

1.1.2 Dynamic Headspace

One of the first dynamic headspace (DHS) systems was developed in the 1970s to
establish a routine procedure for volatile extraction and analysis by means of
GC [7]. DHS involves passing a defined flow of (inert) gas through a container
holding the sample. The VOC inside the container are carried by the steady gas flow
into a sorbent, a cryogenic container, or a solvent, where they are trapped
[8]. When the gas flow is led through a liquid sample, the method is also referred
to as “purge and trap” [9]. DHS can be conducted in a circular system by using a
closed-looped stripping apparatus, where the extraction gas flows in a closed
circuit [10, 11]. The sample might be heated, stirred, or supplemented with salts to
increase the volatility of the analytes [9, 12]. With DHS, exhaustive extraction of the
sample is possible, since the analytes are permanently removed from the headspace
(HS), and therefore no equilibrium between the matrix and the gas phase is
established [13]. In addition to the necessity to elicit the right gas flowrate, the
extraction time and temperature as well as the type of sorbent in the trap are crucial
parameters. Various trapping materials are commercially available, including acti-
vated charcoal, poly(2,6-diphenyl-p-phenylene oxide) (Tenax®), silica-based mate-
rials (Chromosorb®), carbon molecular sieves (Carboxen®), and graphitized carbon
(Carbotrap™). Traps containing different types of sorbents are used frequently in
order to achieve the extraction of a wider range of substances [14]. Depending on the
sorbent applied, desorption of the VOC can be performed with a solvent or thermally
in the GC [15]. For thermal desorption (TD) applications, Tenax® is often used due
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Fig. 2 Scheme of a laboratory installation for DHS during SSF of a fungus. MFC mass flow
controller

to its high thermostability, its low water adsorption capacity, and its low bleed
characteristic [8, 15, 16]. Nonetheless, Tenax® has some disadvantages: e.g., it has
only a small surface area, resulting in a low adsorption capacity, and it is limited to
the extraction of more nonpolar analytes because of its low affinity for polar
compounds [17].

Generally, DHS is an important extraction method for volatile compounds since it
reduces or even eliminates the need of solvents. It offers the possibility of multiple
trapping approaches as well as the usage of various sorbent materials [18]. During
solid substrate fermentation (SSF), DHS is applied in our laboratory to extract VOC
produced during the cultivation of filamentous fungi (Fig. 2).

1.1.3 Microextraction Methods SPME and SBSE

Further options for the extraction of volatile compounds comprise solid-phase
microextraction (SPME) and stir bar sorptive extraction (SBSE) [19]. SPME was
presented to the scientific world in the early 1990s as a new possibility to perform
sample extractions in a more environment-friendly way [20]. SPME is a
non-exhaustive extraction technique in which a fiber coated with sorbent materials
is exposed to the sample [20, 21]. Commercial SPME fibers often consist of fused-
silica as a carrier modified with different absorbent or adsorbent materials, including
polydimethylsiloxane (PDMS), polyethylene glycol (PEG), polyacrylate
(PA), divinylbenzene (DVB), carboxen (CAR), as well as combinations thereof
[22-24]. This diversity of available coatings makes SPME the method of choice in
a broad range of applications, such as in the food [25], aroma [26], medical [27],
environmental [28], or bioanalytical [29] sector. Extraction can be performed in the
HS by incubating the fiber in the vapor phase above the sample (Fig. 3) or by direct
immersion of the fiber into the matrix [30].

The benefits of SPME compared to LLE are the absence of solvents, the higher
sensitivity, the demand for less sample material, and a faster and convenient
handling [19, 20]. Furthermore, the entire extraction process at a specific



temperature for a given period can be conducted automatically by using GC systems
equipped with multipurpose autosamplers (Fig. 4). Nonetheless, SPME suffers from
drawbacks regarding the stability of the fiber and coating, the capacity for analytes,
and the durability in organic solvents [23, 31]. It is worth mentioning that new
materials for SPME fibers and coatings are on the rise, reducing the aforesaid
problems [22, 32].

SBSE was developed around 20 years ago as a new microextraction method
[33]. For SBSE, a magnetic stir bar, covered with a layer of sorbent material,
usually PDMS [34], is used. In contrast to SPME, the coating is 50-250 times
thicker, resulting in a higher capacity and sensitivity [35]. Extraction can be
performed in the HS above a sample or, more common, in an aqueous sample by
stirring the sample under controlled conditions [36]. The extraction process is
followed by the desorption of the analytes which can be accomplished thermally
or by rinsing the stir bar with a solvent [37]. In most SBSE GC applications, the TD
is preferred due to easier handling. TD is usually conducted at a temperature range
of 150-300°C. Compared to SPME, desorption time can be quite long, up to
15 min, due to the thicker coating of the stir bar. In this case, compounds
might desorb too slowly, leading to insufficient chromatographic separation of
the analytes. To ensure an adequate analysis, cryofocusing of the substances in
the GC inlet is necessary [37]. Cryotrapping enables quantitative transfer of the
analytes (with considerable increase in sensitivity) and minimizes chromatographic
peak width [38]. Besides the need for special equipment, during the early days of
































































































































