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A B S T R A C T   

Traditional hot air drying of asparagus is known to lead to a powder with a poor aroma profile. We here 
concentrated asparagus juice into asparagus concentrate (21.7% w/w) and spray-dried it with maltodextrin 
DE12 as carrier agent to improve the volatile profiles of asparagus powder and to valorise fresh asparagus side- 
streams. We performed headspace GC-MS with untargeted metabolomics to assess the overall metabolite profile 
of the spray-dried asparagus powders and identified 70 volatile compounds. The maltodextrin content was 
positively correlated to the retention of an asparagus key odorant 1-octen-3-ol, as well as other alcohols and 
aldehydes. Nevertheless, drying conditions had limited effect on the volatile retention of the powders. Moreover, 
higher outlet temperatures increase the presence of volatiles that were formed during drying, such as 3-methyl
thio-propanal. From our analyses, it was further found that an increased concentration of maltodextrin was 
correlated to a lower moisture content, a higher glass transition temperature (Tg) and a narrower size distribution 
of the spray-dried powders. The Tg of all powders was described with the Gordon-Taylor equation for multi
component mixtures, and we found a minimum weight fraction of 0.67 (w/dw) maltodextrin required to obtain 
glassy asparagus powder for storing at ambient conditions.   

1. Introduction 

Asparagus (Asparagus officinalis) is a popular vegetable consumed all 
over the world. The production of asparagus comprised 9.1 million tons 
globally in 2018 (Knoema, 2019). While the green form is most com
mon, the white form is appreciated by its consumers because of its 
structure and flavour profile. White asparagus flavour has been the topic 
of several studies in the past (Tressl, Holzer, & Apetz, 1977, ; Ulrich 
et al., 2001), which has led to the identification of some key aroma 
components in cooked asparagus (Pegiou et al., 2019). 

After harvesting, approximately one-third of the lower part of the 
white asparagus spear is cut off because of its woody texture and to 
standardize the length of the spears for the market (Zhang et al., 2014). 
A significant waste stream is thus generated, which could potentially be 
utilised as a food ingredient, for example in the form of asparagus 
powder for instant soups. Conventionally, commercial asparagus pow
der is made by air-drying (i.e. tray drying) small pieces of asparagus 

spear followed by milling (Karam et al., 2016; Nindo et al., 2003). 
However, the drying process alters the volatile profile of asparagus 
powder. Some aroma compounds of asparagus are lost during drying, 
whereas some other asparagus key odorants can be formed upon drying, 
including sulphur-containing compounds such as dimethyl sulphide 
(Nijhuis et al., 1998; Ulrich et al., 2001). Ideally, the formation of those 
key odorants should be suppressed during drying of asparagus powder to 
prevent aroma loss upon storage. To ensure flavour stability, artificial 
flavouring agents are added to the asparagus powders. These flavouring 
agents may not fit in a formulation targeted to be perceived as natural 
and healthy by consumers (Bearth et al., 2014; Eiser et al., 2002; Shim 
et al., 2011). Therefore, to obtain asparagus powders with better aroma 
profile, new drying strategies need to be developed. These strategies 
include the selection of a drying method as well as the optimisation of 
this drying method. 

Spray drying has been widely used to encapsulate flavour com
pounds in vegetable powders (Verma & Vir Singh, 2015). Thus, 
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asparagus powder with improved flavour profile may be obtained by 
using spray drying (Siccama et al., 2019). More specifically, asparagus 
juice can be pressed and concentrated from the side stream and then 
spray-dried to produce asparagus powder. However, direct spray drying 
of this concentrate is problematic due to stickiness issues leading to 
fouling in the drying chamber. This is because asparagus concentrate is 
rich in small sugars that have a low glass transition temperature (Tg). 
Hence, the addition of carrier agents with a high Tg, e.g. maltodextrins 
with a low dextrose equivalent (DE), to the concentrate can be used to 
avoid fouling and to improve powder quality (Verma & Vir Singh, 2015). 

During spray drying, the liquid feed is atomized into small droplets 
and exposed to hot air. Initially, the drying is externally limited, but an 
internal moisture gradient evolves when the surface of the droplet rea
ches a critical moisture concentration. After this, a semi-permeable 
“skin” is formed on the droplet surface, which allows further removal 
of water but hinders the release of larger volatile aroma compounds 
(Coumans et al., 1994). Loss of volatile compounds mainly occurs before 
this “skin” is formed, i.e. during the constant drying rate period (Thijs
sen, 1971). Hence, a shorter constant rate period is favourable for aroma 
retention during spray drying. Specifically, addition of hydrolysed 
starches (i.e. maltodextrins) can encapsulate flavours by faster skin 
formation and increase the Tg of the mixture (Madene et al., 2006; 
Zuidam & Heinrich, 2010). Besides, adding high molecular weight 
carrier agents could reduce the diffusion of flavour compounds from 
within the drying matrix to the droplet surface until the semi-permeable 
skin is formed (Anandharamakrishnan & Padma Ishwarya, 2015). In 
general, carriers with low viscosity at high solids content such as 
maltodextrin are desired, because it allows for relative higher concen
trations (Reineccius, 2004). 

Furthermore, the drying conditions (e.g. inlet temperature) influence 
volatile retention during spray drying. For example, a higher inlet 
temperature may improve aroma retention because it shortens the 
constant rate period (Coumans et al., 1994; Reineccius, 2004). Never
theless, a too high inlet temperature can lead to worse aroma retention 
by inducing excessive bubble formation and surface cracks (King, 1995). 

Thus, both carrier choice and drying conditions affect the volatile 
profile of spray-dried powders. In this study we employ mass 
spectrometry-based metabolomics, being an emerging technique for the 
characterization of volatile profiles in foods (Diez-Simon et al., 2019). 
To the best of our knowledge, the combination of spray drying experi
ments and gas chromatography-mass spectrometry (GC-MS) analysis of 
the overall volatile profile of spray-dried powders following a metab
olomics approach has not been reported before. Therefore, we here aim 
to assess the volatile profile and the retention of key volatiles in 
spray-dried asparagus concentrate as influenced by the addition of 
maltodextrin DE12 and drying conditions. Maltodextrin DE12 was 
selected since Bangs and Reineccius (1982) found that the overall 
retention of twelve volatile compounds was maximised for maltodex
trins with DE 10–15. In brief, asparagus juice was extracted from a white 
asparagus waste stream (i.e. bottom of the spears), concentrated with 
reverse osmosis and mixed with maltodextrin DE12 at different solids 
ratios. Subsequently, the solutions were spray-dried at different inlet 
and outlet temperature combinations. The powders were evaluated in 
terms of physical properties (i.e. moisture content, Tg, particle size 
distribution and particle morphology) and their volatile profile. The 
volatile profiles were analysed by headspace solid-phase micro
extraction (HS-SPME), followed by gas chromatography-mass spec
trometry (GC–MS). 

2. Materials & methods 

2.1. Sample preparation 

Raw fresh asparagus cut-offs (Asparagus officinalis) were kindly 
provided by Teboza BV (Helden, the Netherlands). Concentrated 
asparagus juice was prepared from these asparagus cut-offs by 

Wageningen Food Biobased Research (Wageningen, the Netherlands). 
Specifically, asparagus juice was pressed and centrifuged to remove any 
fibres. The juice was concentrated to a factor of 5.6 with reverse osmosis 
into a final dry matter content of 21.7% w/w. The sugar composition of 
the asparagus concentrate consists of 78 mg/ml fructose, 72 mg/ml 
glucose and 8 mg/ml sucrose, which was determined with high- 
performance liquid chromatography (HPLC) using a Shodex KS-802 
8.0 × 300 (mm) column. The column was operated at 50 ◦C and con
nected to a refractive index detector (Shodex RI-501). Milli-Q water was 
used as eluent with a flow rate of 1 ml/min. The concentrate was ali
quoted into test tubes and stored at − 20 ◦C before the experiments. For 
every experiment, a new tube was taken from the freezer and the 
concentrate was defrosted in the fridge at 4 ◦C for 18–20 h. 

Maltodextrin DE12 (MD12, Roquette, France) was added to the 
concentrated asparagus juice to formulate the mixtures for the spray 
drying experiments shown in Table 1. The mass ratios between aspar
agus solids and maltodextrin in the mixtures were adjusted to 2:1, 1:1 
and 1:2, respectively. In addition, one sample with a 1:2 ratio was 
diluted to obtain the same total solids content as the 1:1 ratio sample. 
This sample will be referred to as 1:2*. Pure concentrated asparagus 
juice was used as a reference sample (i.e., 1:0). All the samples were 
stirred at room temperature at 400 rpm for 1 h before each spray drying 
experiment. 

2.2. Spray drying experiment 

The maltodextrin-asparagus concentrate mixtures were spray-dried 
with a Model B-290 mini spray dryer (BÜCHI Labortechnik AG, Fla
wil, Switzerland). The aspirator rate was 90% which corresponded to an 
airflow of 35 m3/h. To investigate the effect of the maltodextrin con
centration on the properties of spray-dried powders, samples (1:0, 2:1, 
1:1 and 1:2) were dried under the same conditions, i.e., the inlet air 
temperature (Tin) was 160 ◦C and the outlet air temperature (Tout) was 
90–95 ◦C. The speed of the peristaltic pump was adjusted to 3–10.5 ml 
feed/min to ensure the desired outlet air temperature. In addition, the 
sample with a ratio of 1:1 was dried in two inlet/outlet combination 
experiments (i.e., Tin/Tout = 180 ◦C/90 ◦C and 180 ◦C/105 ◦C), to 
investigate the effect of drying conditions. For both combinations, the 
feed rate was adjusted to reach the desired Tout. For every condition (i.e. 
ratio and drying condition), three independent spray drying experi
ments were performed and the asparagus powders were collected at the 
outlet of the spray dryer for further analysis. 

2.3. Moisture content 

Spray-dried powder (~0.5 g) was placed in a hot air oven (Binder, 
Tuttlingen, Germany) to determine its moisture content. The powder 
was weighed before and after drying at 105 ◦C overnight, and the 
moisture content of the powder was calculated on total basis. Mea
surements were carried out in triplicate. 

Table 1 
Overview of the experimental design for spray drying of asparagus juice 
concentrate and maltodextrin mixtures.   

Sample 
Sample composition Drying condition 

Asparagus 
solids (w/w) 

Maltodextrin 
(w/w) 

Total 
solids (w/ 
w) 

Inlet 
(◦C) 

Outlet 
(◦C) 

1:0 22 0 22 160 90–95 
2:1 20 10 29 160 90–95 
1:1 18 18 36 160 90–95 
1:2 15 30 45 160 90–95 
1:2* 12 24 36 160 90–95 
1:1 18 18 36 180 105 
1:1 18 18 36 180 90  
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2.4. Glass transition temperature (Tg) 

The Tg of the spray-dried powders was determined using differential 
scanning calorimetry (DSC) (DSC-250, TA Instruments, New Castle, 
England). In addition, the Tg of asparagus concentrate was determined 
after pre-drying the concentrate in a climate chamber (Memmert, Ger
many) at 25 ◦C and relative humidity of 10% for 24 h. Samples of about 
5 mg were weighed in aluminium Tzero pans which were then her
metically sealed. Temperature ramp measurements were carried out at a 
rate of 10 ◦C/min, and the temperature range was set between − 60 ◦C 
and 140 ◦C depending on the moisture content of the sample. The DSC 
thermograms were analysed using Trios software (TA Instruments, New 
Castle, England). The Tg was determined from the midpoint, which was 
based on the inflection of the endothermic shift due to glass transition, i. 
e. the peak of the derivative. After the temperature ramp measurements, 
a hole was punched in the lid of the pans and the moisture content of the 
sample was determined by drying the samples overnight at 105 ◦C. All 
measurements were in duplicate and the mean values of the measured 
results were reported. 

2.5. Particle size distribution and morphology 

The particle size distribution of the spray-dried powders was 
measured using a Mastersizer 3000 analyser (Malvern Inc, Worcester
shire, UK) with the dry powder disperser Aero S. The particle size dis
tribution was determined with the Mastersizer 3000 software and 
presented on a volume basis. Dried particles were visualised using 
scanning electron microscopy (SEM). The powders were attached to 
SEM stubs using carbon adhesive tabs, sputter-coated with gold under 
vacuum, and examined using a Neoscope JCM-7000 (JEOL, USA). SEM 
was carried out at 10 kV with a magnification of x1600. 

2.6. Preparation of liquid samples 

Before headspace analysis of the spray-dried powders, the influence 
of maltodextrin on the gas/liquid-equilibrium in liquid samples was 
evaluated. Samples were prepared by dissolving maltodextrin DE12 in 
water at different concentrations, followed by mixing of the maltodex
trin solutions with concentrated asparagus juice. The resulting mixtures 
contained maltodextrin concentrations of 0, 15, 25, 34 and 44%. The pH 
of all mixtures was measured. The pH-values obtained were the same for 
all mixtures, thus pH could not influence the gas/liquid partition coef
ficient in this study. All samples contained the same amount of aspar
agus solids, i.e. 30 mg, and had similar total weight. The samples were 
stored at − 80 ◦C before analysis of volatile compounds. The volatile 
compounds were measured according to the method described in section 
2.7.2. 

2.7. Headspace analysis of volatile compounds 

2.7.1. Sample preparation for concentrate, mix and spray-dried powder 
Volatile compounds in the defrosted asparagus concentrate, 

maltodextrin-asparagus concentrate mixtures and spray-dried asparagus 
powders were analysed by GC-MS. Samples were weighed (mass in mg) 
based on equation (1), i.e. all the samples contained 30 mg dry weight of 
asparagus solids. 

mass=
30

Xs Xa(db)
(1)  

Where Xs (kg solids/kg total) is the total solids content of the sample 
determined via moisture content analysis. Xa(db) (kg asparagus solids/kg 
solids) is the fraction of asparagus solids in the solids content of the 
sample, which can be derived from the mass ratio between asparagus 
solids and maltodextrin. For example, Xa of 2:1 ratio equals 0.67. For a 
2:1 ratio dry sample with a moisture content of 10 %w/w (i.e., Xs =

0.90), the sample weight for GC-MS analysis was 50 mg. 
In addition, quality controls (QCs) were prepared from a mix of the 

spray-dried powders, except for the 1:0 ratio since there was too little 
sample. All samples were transferred to 10 ml glass vials which were 
subsequently stored at − 80 ◦C until experimentation. Before analysis, 
EDTA and CaCl2 were added to the samples giving a final concentration 
of 50 mM and 5 M, respectively. In the case of liquid samples (asparagus 
concentrate, mix) solid CaCl2 was added first and subsequently the 
EDTA solution to a final volume of 1 ml. In the case of the dry samples 
(spray-dried powders), a saturated solution of 50 mM EDTA – 5M CaCl2 
was added to a final volume of 1 ml. 

2.8. Headspace analysis 

Volatile compounds were extracted from the headspace using solid- 
phase microextraction (SPME). A PDMS/DVB/CAR (Poly
dimethylsiloxane/Divinylbenzene/Carboxen) 50/30 μm diameter, 1 cm 
length (Supelco, PA, USA) fibre was used. The samples were incubated at 
50 ◦C for 15 min with agitation. Subsequently, volatiles were trapped by 
exposing the fibre to the headspace of the vial for 15 min at 50 ◦C 
without agitation. The fibre was then thermally desorbed in the injector 
containing an empty glass liner (1 mm ID) (CIS4, Gerstel, Germany) at 
250 ◦C for 2 min with a helium flow of 1 ml/min onto the GC column, in 
splitless mode. Sample handling was fully automated using a Gerstel 
MPS-2 autosampler using Gerstel MAESTRO software version 3.2. 
Analysis of the trapped volatiles was carried out on an Agilent GC7890A 
coupled to a 5975C quadrupole mass spectrometer. The column used 
was a Zebron ZB-5MSplus with dimensions 30 m × 0.25 mm x 1.00 μm 
(Phenomenex). The GC oven temperature was programmed starting at 
45 ◦C for 2 min, then increased at a rate of 8 ◦C/min to 250 ◦C and then 
at a rate of 15 ◦C/min to 280 ◦C and maintained at 280 ◦C for 3 min. The 
carrier gas was helium, at a constant flow rate of 1 ml/min. The column 
effluent was ionised by electron impact at 70 eV, in the scan range m/z 
33–330. The interface temperature was set to 280 ◦C. The retention 
indices (RIs) were calculated based on a series of n-alkanes (C6–C21) 
injected at the same conditions as the samples. 

GC-MS raw data were processed using an untargeted metabolomics 
workflow. MetAlign software was used for baseline correction and 
alignment of the mass signals (S/N > 3) (Lommen, 2009). Mass spectra 
were reconstructed to potential clusters using MSClust (Tikunov et al., 
2012). Metabolites were putatively identified by matching the obtained 
mass spectra and RIs with those in commercial and in-house libraries (e. 
g. NIST17). The level of identification given to the detected compounds 
follows the guidelines of the Metabolomics Standards Initiative (Sumner 
et al., 2007). Compounds with level 4 of identification are characterised 
as ‘unknowns’ and further investigation is required for their identifica
tion. Before the statistical analysis, zero values in the processed data 
were randomised around the limit of detection as determined by Met
Align. Subsequently, SIMCA 15.0.2. (Umetrics, Sartorius Stedim Data 
Analytics AB, Umeå, Sweden) was used to perform principal component 
analysis (PCA) after log 10 transformation and Pareto scaling. 

2.9. Volatile retention 

All mixes and respective spray-dried powder were analysed with 
SPME-GCMS. The volatile retention of each independent sample was 
calculated based on the ratio of the spray-dried powder with the cor
responding mix (Eq. (2)). The retention was reported as the average 
retention of the triplicates with standard deviations. 

retention (%) =
Peak intensity(spray− dried)

Peak intensity(mix)
⋅100 (2) 

The spray-dried powders were reconstituted to the same maltodex
trin concentration as the mix for the headspace analysis, therefore we 
could safely assume the partition coefficients for the volatiles were 
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similar. 

2.10. Statistical analysis 

All experiments were conducted at least in duplicate and results were 
presented as mean ± standard deviations. One-way analysis of variance 
(ANOVA) and Tukey’s HSD post hoc test were performed, and p ≤ 0.05 
meant the difference between groups was statistically significant. In the 
case of unequal variances, the Games-Howell post hoc test was used. All 
statistical analyses were performed with SPSS Statistics (SPSS 25; IBM, 
USA). 

3. Results and discussion 

3.1. Physical properties 

3.1.1. Moisture content 
Moisture contents were measured for the different spray-dried 

powders (Table 2). The moisture content of powder dried from a 2:1 
asparagus solids to maltodextrin ratio was found to be higher than that 
of the 1:2 ratio sample. By increasing the amount of maltodextrin before 
drying, the total solids content is necessarily increased. Both the 
maltodextrin concentration and the total solid content of the feed so
lution were expected to affect the properties of the spray-dried aspar
agus powder. To separate these effects, the 1:2* sample was also 
analysed, which was diluted with water to give a similar total solids 
content as the 1:1 ratio sample. 

Diluting the sample from 45 to 36% w/w initial dry matter, i.e. 1:2 
and 1:2*, did not significantly affect the residual moisture content of the 
obtained powders (see Table 2). It can be argued that the 1:2 and 1:2* 
samples should follow a similar drying curve, in which mostly the 
constant rate period will be longer for the diluted concentrate. Never
theless, the equilibrium moisture constant is the same for these powders. 

Spray drying of the 1:1 and the 1:2* samples with the same initial dry 
matter (i.e. 36 %w/w) however resulted in a significant difference in 
residual moisture content. When maltodextrin is added, the hygro
scopicity of the solids is affected, which influences the residual moisture 
content. These observations are in line with the study of Grabowski et al. 
(2006), who investigated the influence of varying maltodextrin-matrix 
ratios in spray drying of sweet potato puree. An increased maltodex
trin concentration in their feed resulted in lower residual moisture 
contents, even at low maltodextrin concentrations (0, 10 and 20% on 
dry basis). Furthermore, the drying conditions influence the residual 
moisture content in the powder. Higher inlet air temperatures and 
smaller temperature differences between the inlet and outlet air ΔT 
(Tin-Tout) generally result in powders with lower moisture content 
(Reineccius, 2004). The residual moisture content of the powders 

spray-dried at 180/105 (Tin/Tout) seems somewhat lower compared to 
180/90 (Table 2), however, this difference was not statistically 
significant. 

3.1.2. Glass transition temperature 
The formation of glassy powder particles is necessary to effectively 

encapsulate volatile compounds, to avoid fouling in the equipment and 
to obtain a free-flowing powder (Roos, 2010). Therefore, the glass 
transition temperatures of the different spray-dried powders were 
measured (Table 2). The Tg of a powder is influenced by both its solids 
composition and its moisture content, and it is difficult to decouple 
those. With larger moisture content or less maltodextrin, lower Tg values 
are found. The Tg values of the 1:1 ratio powders spray-dried at different 
conditions were not significantly different. This was expected because 
the composition of those samples was the same and the residual mois
ture content in the powders was similar. 

The effects of solid composition and residual moisture content on the 
Tg were evaluated with the Couchman-Karasz equation for multicom
ponent mixtures (Eq. (3)), previously described by Bhandari & Howes 
(1999). 

Tg =
XwCp,w Tg,w + XmCp,mTg,m + XaCp,aTg,a

XwCp,w + XmCp,m + XaCp,a
(3)  

Where Xw, Xm and Xa are the weight fractions of water, maltodextrin and 
asparagus solids on wet basis. Δcp,w, Δcp,m and Δcp,a represent the heat 
capacity change at glass transition of water, maltodextrin and asparagus 
solids, respectively. Tg,w, Tg,m and Tg,a are the glass transition temper
atures of water (138 K), maltodextrin DE12 and the asparagus solids, 
respectively. 

Equation (3) can be rewritten to Equation (4) with k1 equals Δcp,m/ 
Δcp,w and k2 equals Δcp,a/Δcp,w, which is often referred to as the 
Gordon-Taylor equation: 

Tg =
XwTg,w + k1XmTg,m + k2XaTg,a

Xw + k1Xm + k2Xa
(4) 

Two coefficients k2 and Tg,a were estimated based on Gordon-Taylor 
equation (Eq. (4)) using experimental data, whereas other parameter 
values were obtained from literature. Specifically, for water a Δcp,w 
value of 1.91 kJ kg− 1⋅K− 1 was used and for maltodextrin a Δcp,m value of 
0.425 kJ kg− 1⋅K− 1 (Siemons et al., 2020). The anhydrous Tg of malto
dextrin DE12 (Tg,m) was 426 K (153 ◦C) (Siemons et al., 2020). 

We obtained a good fit (R2 = 0.95) and estimated a Tg,a of 32 ◦C and a 
k2 of 0.48 (Fig. 1). The Tg,a can be roughly related to its composition as 
described in the Materials and Methods, i.e. fructose (10 ◦C), glucose 
(36 ◦C) and sucrose (67 ◦C) (Roos, 1993). The Δcp,a of 0.91 kJ kg− 1⋅K− 1 

was derived from the k2 value and is slightly higher than reported values 
for mono- and disaccharides, e.g. fructose (0.75–0.84 kJ kg− 1⋅K− 1), 
glucose (0.63–0.88 kJ kg− 1⋅K− 1) and sucrose (0.60–0.77 kJ kg− 1⋅K− 1) 
(Roos, 1993). 

Concerning storage, it is desired to obtain a powder in the glassy 
state at ambient temperatures (Roos, 2010). When the powder shifts 
from a glassy to a rubbery state, undesired effects may occur, such as 
sticking, agglomeration and volatile loss (Bonazzi & Dumoulin, 2011). 
Based on our findings, only the samples prepared with asparagus solids 
to maltodextrin ratios of 1:2 or asparagus weight fraction ≤0.33 (Fig. 1) 
reached a sufficiently high Tg to be stored at ambient conditions. This 
model could potentially be used to estimate the Tg of asparagus powder 
in future when other carrier agents are used. 

3.1.3. Particle size distribution 
The particle size distribution of all powders was analysed (Fig. 2A). 

Larger powder particle sizes (100–2000 μm) can be explained by un
desired agglomeration. Specifically, agglomeration was observed for the 
2:1 ratio of asparagus solids to maltodextrin powder. This sample also 
had the highest residual moisture content (15.0% w/w), which 

Table 2 
Effects of asparagus solids to maltodextrin ratio and spray drying conditions on 
the moisture content and the glass transition temperature of the asparagus 
powder.  

Solids ratio 
Asparagus: 
MD12 

Tin/Tout 

(◦C/◦C) 
Residual moisture 
content (% w/w) 

Glass transition 
temperature (◦C) 

1:0 160/90-95 20.00** – 
2:1 160/90-95 15.03 ± 0.15a 4.18 ± 0.76a 

1:1 160/90-95 8.91 ± 0.24b 28.07 ± 0.24b 

1:2 160/90-95 5.24 ± 0.17c 44.47 ± 14.14abc 

1:2* 160/90-95 5.49 ± 0.51c 55.01 ± 0.11c 

1:1 180/105 8.84 ± 0.18b 28.61 ± 0.73b 

1:1 180/90 9.33 ± 0.22b 24.10 ± 1.17b 

Note: The values followed by different lowercase letters (a–c) within a column 
are significantly different at p ≤ 0.05. * The 1:2* samples were diluted to obtain 
a similar total solids content before spray drying as the 1:1 ratio. ** The sample 
quantity was too low to analyse the moisture content; therefore an estimated 
value is reported. 
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Fig. 1. (A) The glass transition temperature of 
spray-dried asparagus concentrate as a function of 
the mass fraction of asparagus (dry basis). The 
experimental data is fitted with the Couchman- 
Karasz equation for multicomponent mixtures 
(dotted lines) for different residual moisture con
tents (0. 5, 10, 15% w/w). Residual moisture con
tents of the experimental data can be found in 
Table 1. For the data point with asparagus weight 
fraction of 0, Tg value of a spray-dried maltodextrin 
solution (30% w/w) without asparagus concentrate 
was reported. For the data point with asparagus 
weight fraction of 1, Tg value of liquid asparagus 
concentrate that was pre-dried in a climate chamber 
at 10% RH was reported. (B) The parity plot of the 
experimental and the calculated values of Tg based 
on the model.   

Fig. 2. (A) Particle size distribution of spray-dried 
asparagus powders with different asparagus solids 
to maltodextrin ratios dried at Tin/Tout of 160/90. 
The 1:2* samples were diluted to obtain a similar 
total solids content before spray drying as the 1:1 
ratio. (B) Powder morphology of spray-dried 
asparagus powders with asparagus solids to malto
dextrin ratios 2:1 (B1), 1:1 (B2), 1:2 (B3) and 1:2* 
(B4). The 1:2* samples were diluted to obtain a 
similar total solids content before spray drying as 
the 1:1 ratio. All powders were spray-dried at 160/ 
90 (Tin/Tout). Bar = 10 μm.   
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stimulated agglomeration of the powder particles. A slight shift towards 
larger particle sizes can be observed with an increase in maltodextrin 
content. The highest peaks of the 2:1 ratio, 1:1 ratio and 1:2 ratio 
samples were found to correspond to a particle size of ca. 8 μm, 10 μm 
and 15 μm, respectively. This increase in average particle size may be 

explained by the generation of larger droplets during atomization due to 
the increase of the feed viscosity with the addition of maltodextrin 
(Bangs & Reineccius, 1982; Reineccius, 2004). 

The results of the 1:1 ratio dried at different inlet and outlet tem
perature combinations were found to be similar (data not shown), 

Fig. 3. (A) Score plot of the volatile profiles of the spray-dried samples prepared with maltodextrin. The score plot is based on 70 volatiles. The colours indicate the 
ratio of asparagus solids to maltodextrin. The samples were spray-dried at Tin/Tout of 160/90, unless stated otherwise. (B) The loading plot corresponding to the PCA 
score plot. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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indicating no significant effect of drying conditions on particle size 
distribution in this study. 

3.1.4. Morphology 
Different particle morphologies such as smooth round and dented 

particles were observed for the spray-dried powders (Fig. 2B). Similar 
dented structures for MD12 were previously observed by Both et al. 
(2018) and Siemons et al. (2020). For the 2:1 ratio of asparagus solids to 
maltodextrin (Fig. 2-B1), only small spherical particles with a smooth 
surface were present in the powder. It is suggested that the high con
centration of small sugars from the asparagus concentrate allows more 
shrinkage of the droplets which results in smoother and more spherical 
particles. This is also in agreement with Paramita et al. (2010) who 
observed that replacement of maltodextrin DE 11 by trehalose also 
provided smoother particles. 

The influence of the different spray drying conditions on the 
morphology appeared to be minor (data not shown). All powders had 
both smooth and dented particles and the particle sizes appear similar 
based on the SEM images. 

3.2. Analysis of asparagus aroma compounds 

To study the influence of maltodextrin on the volatile compounds 
after spray drying, first the overall volatile profiles of asparagus 
concentrate samples before and after spray drying were compared. 
Processing of the GC-MS raw data and manual filtering of system arte
facts resulted in a list of 70 compounds that were further analysed. 
Identification was focused on the known key asparagus volatiles from 
literature (Pegiou et al., 2019). 

Principal components analysis (PCA) was performed to obtain a 
general overview of the samples and how their volatiles composition 
differ. PCA on all the samples showed that PC1 separates the spray-dried 
powder and the concentrate/mix before drying, indicating a clear dif
ference in the volatile profiles (Supplementary data, Figure A1). The 
QCs consisting of a mix of spray-dried powders were analysed to 
determine technical variability. The QCs group together in the PCA plot, 
indicating a low technical variation of the measurements. To get a better 
view of the difference between the powders, PCA was performed on all 
the spray-dried powder samples with and without maltodextrin (Sup
plementary data, Figure A2). The first two PCs explain 48% and 19.6% 
of the total variation, respectively. The variation on PC1 can be attrib
uted to the different ratios of maltodextrin used. This is more obvious 
from Fig. 3A, where the PCA was performed on the spray-dried powders 
containing the different concentrations of maltodextrin. Here the first 
PC explains 38.4% of the variation between powder samples. The black 
arrow indicates that spray-dried powders with higher maltodextrin 
concentrations move towards the negative x-axis. 

The loading plot (Fig. 3B) shows that the influence of maltodextrin 
concentration on the retention of aromas is dependent on their molec
ular properties. Focusing on the PC1, we can see that mainly alcohols 
and aldehydes were higher present with higher concentrations of 
maltodextrin. Sulphur-containing volatile compounds (S-compounds) 
were higher present with lower maltodextrin concentrations, while 
carboxylic acids, ethers and furans were not significantly affected by the 
maltodextrin concentration. 

Among these 70 compounds, some compounds were previously 
identified as asparagus aromas including 3-methylthio-propanal, 1- 
octen-3-ol, 1-pentanol, octanal and dimethyl sulphide (Tressl, Holzer, & 
Apetz, 1977; Ulrich et al., 2001). Some of these compounds, such as 
1-octen-3-ol and octanal, are present in the asparagus concentrate and 
we aim to retain those during spray drying. Other compounds, e.g. 
dimethyl sulphide and 3-methylthio-propanal, are formed upon drying. 
For the latter category, higher peak intensity values were found with less 
or no maltodextrin. Most of the compounds in the spray-dried samples 
are positively correlated with the increasing concentration of malto
dextrin (data not shown), which suggests that maltodextrin is effective 

as a carrier agent. The aromas already present in asparagus as well as the 
aromas that are generated during asparagus processing can be of great 
importance to the final aroma and taste of the powder (Pegiou et al., 
2019). 

3.2.1. Effect of maltodextrin on 1-octen-3-ol in mixtures 
One volatile compound was selected for an in-depth analysis, 1- 

octen-3-ol. This alcohol is a key aroma in cooked asparagus conferring 
an earthy and mushroom-like aroma and is present in the raw asparagus 
as well (Pegiou et al., 2019). 1-Octen-3-ol is formed via oxidative 
degradation of linoleic acid, which involves the transformation of hy
droperoxides into the volatile 1-octen-3-ol facilitated by cleaving en
zymes (Assaf et al., 1997; Tressl, Holzer, & Apetz, 1977). 1-Octen-3-ol 
was present in the asparagus concentrate at relatively high concentra
tion, indicating that the oxidative degradation might have been initiated 
during the pressing and concentration of the concentrate. 

The influence of maltodextrin solutions on the partitioning of vola
tile compounds between the gas/liquid phases has been investigated 
before. Chung and Villota (1990) found that the concentration of 
butanol in the gas phase decreased when the maltodextrin content was 
increased. They suggested that maltodextrin forms aggregates with hy
drophobic portions on the inside and these hydrophobic portions 
interact with butanol and other hydrophobic compounds. Jouquand 
et al. (2004) also stated that the retention of aroma compounds by 
maltodextrin is linked to the hydrophobicity of aroma compounds. In 
our study, we evaluated the effect of maltodextrin on the partition co
efficient of 1-octen-3-ol by analysing the headspace of mixtures with 
equal amounts of 1-octen-3-ol and different maltodextrin concentra
tions. The results (Fig. 4A) indicate an inverse correlation between the 
measured 1-octen-3-ol in the headspace and the concentration of 
maltodextrin in the liquid phase. This inverse correlation is explained by 
the relative hydrophobicity of 1-octen-3-ol, i.e. log P = 2.5, and there
fore enabled its complexation by maltodextrin. 

3.2.2. Effect of maltodextrin on retention of 1-octen-3-ol in spray-dried 
powder 

The detected peak intensities of 1-octen-3-ol in the mixes before 
drying and in the spray-dried powders are shown in Fig. 4B. The peak 
intensities in the mix were found to decrease for the higher ratios of 
maltodextrin, this could be explained by the effect of maltodextrin on 
the gas-liquid partition coefficient as discussed previously. 

The peak intensities of 1-octen-3-ol were lower after spray drying, 
indicating that 1-octen-3-ol was partially lost during drying. Without 
maltodextrin (1:0) only a small amount of 1-octen-3-ol could still be 
detected after drying. Higher concentrations of maltodextrin increased 
the detection of 1-octen-3-ol. This suggests that maltodextrin DE12 re
tains part of the 1-octen-3-ol during spray drying, which may be 
explained by the reduction of the constant rate period. For the samples 
that were prepared with 1:2 ratios, the diluted samples (triangles) have 
slightly lower peak intensity after drying. The encapsulation of 1-octen- 
3-ol may have been decreased by the lower initial solids content. 

To discuss the role of maltodextrin on aroma retention, we calculated 
the retention of 1-octen-3-ol based on the ratio of the peak intensities of 
the mix and the corresponding spray-dried powder. The retention of 1- 
octen-3-ol increases with higher concentrations of maltodextrin 
(Fig. 4C). This is in line with the results by Bangs and Reineccius (1982), 
who evaluated the retention of twelve organic flavour compounds, 
including 1-octen-3-ol, in a model system with maltodextrin DE10. The 
overall retention increased from 23 to 80% when the maltodextrin 
concentration was increased from 32% w/w to 50% w/w. We observe 
similar trends (Fig. 4C) for two other major alcohols in white asparagus, 
namely 1-pentanol and 1-hexanol (Tressl, Holzer, & Apetz, 1977). To a 
smaller extent the retention of heptanal, an aldehyde previously detec
ted in green asparagus juice (Chen et al., 2015), benefitted from an in
crease in maltodextrin. 

J.W. Siccama et al.                                                                                                                                                                                                                             



LWT 142 (2021) 111058

8

3.2.3. Effect of drying conditions 
Three combinations of inlet and outlet temperatures were applied 

during spray drying of 1:1 ratio mixtures. In Fig. 5 the abundance pro
files of several compounds have been plotted. Some of the compounds in 
the asparagus concentrate we would like to retain during drying (e.g. 1- 
octen-3-ol). Other compounds were not present in the concentrate and 
were only formed upon drying (e.g. dimethyl sulphide, 2-methylpropa
nal, 3-methylbutanal and 3-methylthio-propanal). 

For 1-octen-3-ol, the influence of the drying conditions tested in this 
study had a minor influence on the measured abundance profiles. For 
dimethyl sulphide, there was no significant influence of inlet/outlet 

temperature combinations on the abundance. For 2-methylpropanal, 3- 
methylbutanal and 3-methylthio-propanal, however, the temperature 
combination of 180/105 resulted in larger headspace concentration 
compared to 160/90 and 180/90. These high values after drying at 180/ 
105 can be related to the high outlet temperature inducing formation of 
these components. Ideally, we aim to minimise the formation of volatile 
compounds during drying. Volatiles that are formed during drying might 
get lost during storage due to package permeability, consequently, 
flavour stability will be reduced. Instead, these volatiles should be 
formed while the consumer prepares the food product. 

Fig. 4. (A) The peak intensity of 1-octen-3-ol 
measured by SPME in asparagus concentrate pre
pared with different maltodextrin concentrations 
(results from two independent experiments were 
shown). (B) The peak intensity profiles of 1-octen-3- 
ol before (white circles) and after spray drying (grey 
circles) for asparagus concentrate prepared with 
different asparagus solids to maltodextrin ratios. 
The triangles indicate the samples 1:2*, which were 
diluted with water to give a similar initial solids 
content as the 1:1 ratio sample. All samples were 
spray-dried at Tin/Tout of 160/90. The error bars 
represent the standard deviation of the experi
mental data (n = 3). (C) The retention after drying 
of 1-octen-3-ol, 1-pentanol and 1-hexanol. The 
dashed line is drawn to guide the eye for 1-octen-3- 
ol. The samples were prepared with different 
asparagus solids to maltodextrin ratios and spray- 
dried at Tin/Tout of 160/90. The retention of the 
volatile compounds was calculated based on the 
peak intensities of the mix before drying and the 
spray-dried powder. The error bars represent the 
standard deviation of the experimental data (n = 3).   
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4. Conclusions 

The influence of maltodextrin concentration and drying conditions 
on the physical properties and aroma retention of spray-dried asparagus 
was studied. Increasing maltodextrin concentration resulted in spray- 
dried powders with a lower moisture content, higher Tg and less unde
sired agglomeration. A ternary Gordon-Taylor equation reasonably 
described the effects of the composition of multicomponent mixtures 
and residual moisture content on the Tg of asparagus powder. The drying 
conditions tested in this study had a minor effect on the physical prop
erties of asparagus powder. Moreover, maltodextrin concentration in 
carrier formulations influenced the retention of a key flavour compound 
1-octen-3-ol. Increasing maltodextrin concentration increased the 
retention of 1-octen-3-ol, as well as other alcohols and an aldehyde. 
Nevertheless, the drying conditions studied did not have a significant 
influence on volatile retention. Interestingly, higher outlet air temper
ature resulted in a higher amount of several asparagus volatiles that 
were formed during drying. To minimise the formation of these com
pounds, but also to still have enough drying capacity and avoid fouling 
issues, the outlet temperature should not be too high, preferably not 
above 90 ◦C. 

In conclusion, this study showed that maltodextrin can be used to 
yield maximum volatile retention after spray drying of asparagus 
concentrate. This is because firstly aroma compounds can form a com
plex with maltodextrin, and secondly, a shorter constant rate period and 
fast skin formation during drying could hinder evaporation of aromas 
when increasing maltodextrin concentration. 
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