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ABSTRACT
Capturing the dynamic volatilome of frozen matrices during phase transitions remains an analytical challenge, typically requir-
ing invasive sampling. This study employs proton transfer reaction time-of-flight mass spectrometry (PTR-ToF-MS) as a rapid, 
noninvasive technique that directly samples headspace volatiles without preconcentration to efficiently monitor four peach-
related aroma compounds (isoamyl acetate, 3-hexenyl acetate, linalool, and furaneol) from frozen to melted ice cream. The 
samples vary in stabilizer composition, including a control (no stabilizer), single-gum, binary, and ternary blends. Monitoring 
occurred in the frozen state (incubation for 1 min at 4°C) and after melting (incubation for 20 min at 30°C). Results demonstrate 
that all stabilizer blends attenuated volatile release (average reduction in total aroma release of 40.39%) compared with the con-
trol, although statistically significant formulation effects were compound dependent and were not observed for furaneol. The 
magnitude of suppression was dependent on both stabilizer composition and the physicochemical properties of the aroma com-
pounds. Notably, individual aroma compounds displayed differential release patterns across formulations; isoamyl acetate gener-
ally showed a more pronounced release than cis-3-hexenyl acetate in specific stabilized formulations (LGK and LAK). Stabilizers 
that consistently suppressed peach-related volatiles also demonstrated reduced total odor activity values. These results validate 
PTR-ToF-MS as an effective tool for monitoring the volatilome of frozen matrices and tracking aroma release during melting, 
illustrating how stabilizer selection can be optimized for aroma delivery in ice cream.

1   |   Introduction

Ice cream is a complex multiphase colloidal system composed of 
ice crystals, air bubbles, fat droplets, and a concentrated unfro-
zen aqueous phase [1]. This intricate microstructure influences 
flavor delivery through physicochemical interactions among 
phases and dynamic changes during oral consumption [2, 3]. As 
ice cream is eaten, it undergoes a phase transition from semisolid 
to liquid due to warming and dilution with saliva, which alters 
the partitioning and release of volatile compounds (VOCs) [4].

Ice cream flavor and aroma release are primarily driven by fat 
content and its solid-to-liquid profile, with additional modula-
tion arising from protein-aroma interactions. Although aroma 
perception evolves throughout consumption as the food matrix 
warms and mixes with saliva, early-stage volatile release has 
been shown to be strongly associated with overall aroma delivery 
[5]. Aroma release is a key driver of sensory perception and con-
sumer acceptance, as the intensity and timing of aroma delivery 
strongly shape the consumption experience [5, 6]. Consequently, 
understanding how structural features of ice cream, including 
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the presence of stabilizers, modulate aroma release is critical 
for optimizing flavor and overall product quality. However, de-
spite the well-established role of stabilizers in controlling tex-
ture attributes and melting resistance, their specific influence 
on aroma release dynamics during frozen-to-melted transitions 
remains insufficiently characterized.

Stabilizers increase mix viscosity by binding to water, thereby 
limiting crystal growth and delaying the occurrence of graini-
ness during storage. When used in blends, stabilizers offer syn-
ergistic effects, leading to smoother texture, improved meltdown 
resistance, and overall product stability throughout shelf life 
[7, 8]. Among the most commonly used stabilizers are galacto-
mannans, such as locust bean gum (L) and guar gum (G), which 
have a β-(1 → 4)-linked mannose backbone. These polysaccha-
rides differ in their degree of galactose substitution, expressed 
as the mannose-to-galactose (M/G) ratio [9]. A lower M/G ratio, 
as found in guar gum, promotes greater polymer–water inter-
actions and hydration, whereas a higher M/G ratio, character-
istic of locust bean gum, favors polymer-polymer associations 
and network formation. Consequently, the M/G ratio influences 
the balance between thickening and structuring effects, affect-
ing water mobility, ice crystal stability, and the resistance of ice 
cream to structural collapse during melting [10].

Beyond their texturizing properties, hydrocolloids significantly 
influence VOCs diffusion and partition among the phases (fat-
air-unfrozen serum) [11, 12]. Understanding the mechanisms by 
which stabilizers modify aroma release is therefore critical for 
designing formulations that maximize aroma perception with-
out compromising texture. Previous research has shown that 
stabilizers can affect volatile release in two principal ways: (i) 
by increasing the viscosity of the matrix, which slows aroma 
compound diffusion, and (ii) by forming molecular interactions 
such as hydrogen bonding, encapsulation, complexation, or ad-
sorption that selectively bind or entrap aroma molecules [13, 14]. 
The net effect varies widely with the type and concentration of 
the stabilizer, as well as with the physicochemical properties of 
the volatiles themselves, particularly their molecular weight, po-
larity, and hydrophobicity [15].

Moreover, temperature-dependent factors become especially 
relevant in ice cream, where freezing, melting, and phase tran-
sitions during consumption further complicate volatile behav-
ior. A higher fraction of ice crystals reduces aroma mobility, 
while partial melting in the mouth rapidly increases the rate at 
which VOCs diffuse into the headspace [16]. Studies on stabi-
lizer effects in dairy-based systems consistently highlight the 
dual importance of both viscosity and molecular interactions 
in shaping aroma release [14, 17]. For instance, small variations 
in guar gum concentration (on the order of 0.02% to 0.8% w/w) 
can significantly alter diffusion rates [14], while high sugar or 
polysaccharide contents (e.g., sucrose above 20%–25% w/w), 
strongly suppress or delay volatile release, due to thermody-
namic partitioning and compound–matrix interaction [18]. 
Additionally, thermodynamic and kinetic analyses underscore 
how compound-specific binding affinities, fat crystallization, 
and interfacial behaviors modulate aroma release [19, 20].

Predominantly, headspace solid-phase microextraction 
coupled with gas chromatography mass spectrometry 

(HS-SPME-GC-MS) and related GC-MS methods have been 
applied to ice cream matrices, varying in stabilizer type, fat 
level, and source, and often protein content [21–24]. Studies 
manipulating fat levels and sources (e.g., milk fat vs. vegetable 
fat) have demonstrated that low-fat formulations release higher 
headspace concentrations of hydrophobic volatiles compared 
with high-fat analogs and that fat replacers, such as whey pro-
tein or maltodextrin, further alter volatile profiles by modify-
ing the matrix microstructure  [5]. Investigations of stabilizer 
blends have shown that stronger hydrocolloid networks retard 
the release of small and highly VOCs, with HS-SPME-GC-MS 
revealing distinct headspace profiles for each stabilizer type 
[25]. While GC-MS remains the gold standard for the qualita-
tive and quantitative analysis of food volatiles, its inherent time 
requirements and sample preparation steps make it less suitable 
for high-throughput screening or real-time monitoring of frozen 
matrices.

In this context, alternative approaches are increasingly neces-
sary, featuring rapid profiling of large sample sets or dynamic 
studies relevant to industrial applications. Proton transfer reac-
tion time-of-flight mass spectrometry (PTR-ToF-MS) is partic-
ularly well suited for tracking volatile release in real time. This 
technique combines soft ionization with direct, solvent-free 
headspace sampling, eliminating the need for preconcentration 
or chromatography and largely preserving protonated molecular 
ions while minimizing fragmentation [26]. By providing rapid, 
real-time measurements, it enables monitoring of melting dy-
namics through the continuous tracking of headspace volatiles 
at different temperatures and states (i.e., from frozen to melted). 
Therefore, this technique can help to characterize potential dif-
ferences in VOCs released by different hydrocolloids in a com-
plex food system, such as ice cream.

To the authors' knowledge, this study marks the first applica-
tion of PTR-ToF-MS to investigate aroma release in ice cream 
as a function of stabilizer blends. By comparing stabilizers used 
as single ingredients, binary and ternary blends, and a conven-
tional industry standard, we tracked VOCs profiles across both 
the frozen and melted states of the ice cream. A peach aroma for-
mulation was selected as an ideal model system for this purpose, 
as its key constituent compounds, isoamyl acetate, cis-3-hexenyl 
acetate, linalool, and furaneol, exhibit a wide range of volatility, 
polarity, and hydrophobicity; their differences in release dynam-
ics provide an opportunity to investigate how hydrocolloid net-
works selectively modulate the release of esters, terpenoids, and 
furanones during melting.

2   |   Materials and Methods

2.1   |   Standard Solutions

Pure compounds (≥ 99% purity, Sigma-Aldrich) of 4-hydroxy-2,5
-dimethylfuran-3-(2H)-one, linalool, cis-3-hexenyl acetate, and 
isoamyl acetate were purchased from Sigma-Aldrich Trading 
Co. Ltd. (Milan, Italy) to identify the fragmentation patterns of 
each compound during the PTR-ToF-MS headspace analysis. 
Stock solutions (100 ppm) of each aroma compound were first 
prepared in ethanol (≥ 99%, Sigma-Aldrich). Working solutions 
of 1 and 50 ppm were obtained by diluting the stock solution in 
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distilled water, except 4-hydroxy-2,5-dimethylfuran-3-(2H)-
one, whose stock solution was prepared in Milli-Q water.

2.2   |   Ice Cream Formulation

Twelve different ice cream formulations were produced by 
adding 63.4% demineralized water, 11% skimmed milk pow-
der, 11% sugar, 7.5% coconut oil, 4.5% glucose syrup 39DE, 2% 
sunflower oil, 0.32% emulsifiers, and 0.28% stabilizers. Detailed 
information on stabilizer blends is shown in Table 1. For aroma-
containing formulations, a peach aroma mixture was incorpo-
rated at 0.5% (w/w), resulting in final concentrations of 0.0045% 
4-hydroxy-2,5-dimethylfuran-3-(2H)-one, 0.0025% isoamyl 
acetate, 0.0020% linalool, and 0.0015% cis-3-hexenyl acetate. 
All the ingredients were obtained from the industrial partner 
(Soremartec S.r.l., Alba, Italy).

Different formulations were produced by only varying stabilizer 
combinations. These included a control sample without stabi-
lizers with peach aroma (NSF) and without peach aroma (NS), 
along with samples containing single, binary, andternary mixes, 
each mix being both aroma-containing (_F) and without aroma 
(_N). The stabilizers evaluated were guar gum, locust bean 
gum, xanthan gum, alginate, and kappa carrageenan. The for-
mulations were designed to evaluate (i) single-gum systems, to 
isolate individual stabilizer effects; (ii) selected binary blends, to 
emphasize synergy with alginate, a more innovative ingredient 
for ice cream; and (iii) ternary blends resembling a commercial 
ice cream stabilizer system.

2.3   |   Ice Cream Preparation

The ice cream mixes were prepared by manually blending the 
dry ingredients (sugar and stabilizers) thoroughly to ensure 
uniform dispersion [1]. This dry mix was slowly added to the 
milk base with continuous stirring on a cooktop over medium 

heat. The remaining ingredients were added at temperatures 
appropriate for their solubility, ranging from 20°C to 50°C. The 
mixture was then pasteurized at 80°C for 30 s and homogenized 
using an Ultra-Turax homogenizer (IKA, Staufen, Germany) 
operating at maximum speed (25 000 rpm) for 30 s. After homog-
enization, the mix was cooled to 4°C on an ice bath and aged 
in the fridge (4°C) overnight to allow stabilizer hydration and 
mix stabilization. For aroma-containing samples, the peach 
aroma compounds (Table  2) were added to the aged mix at a 
concentration of 0.5% (w/w), with gentle stirring to ensure even 
distribution. The ice cream mix was frozen and aerated in a 
batch freezer (Domo DO9O66I, Belgium) at −5°C for 20 min; the 
final temperature of −25°C was held for the final 10 min. The 
semisolid ice cream was packed into 400-mL airtight containers 
and hardened at −20°C for 7 days to achieve the final ice cream 
structure.

2.4   |   PTR-ToF-MS Analysis

2.4.1   |   Sample Preparation

For the ice cream samples prepared in triplicates, 1.75 ± 0.25 g of 
each formulation (both aroma-containing and without aroma) 
were weighed into 20 mL GC vials and stored overnight at 
–20°C, empty vials followed the same storage treatment and 
were used as blanks. Headspace measurements were performed 
sequentially at two distinct points: first, immediately after ex-
traction from the cold storage to capture the frozen state, and 
second, following a 20-min incubation at 30°C to capture the 
melted state.

2.4.2   |   Sample Measurement

VOCs were measured using a proton transfer reaction time-
of-flight mass spectrometer (PTR-ToF-MS 8000; IONICON 
Analytik, Innsbruck, Austria) coupled to an adapted 

TABLE 1    |    Detailed ice cream formulatio, ingredient percentages and stabilizer blend composition.

Ingredient Amount (%) Blend of stabilizers Composition (%)

Stabilizers 0.28 Control (NS) —

Alginate (A) 0.28%

Guar (G) 0.28%

Locust bean (L) 0.28%

Xanthan (X) 0.28%

Alginate + guar (AG) 0.14% each

Alginate + xanthan (AX) 0.14% each

Guar + xanthan (GX) 0.14% each

(A) + (G) + kappa carrageenan (K) 0.13% A + 0.13% G + 0.01% K

(A) + (L) + kappa carrageenan (K) 0.13% A + 0.13% L + 0.01% K

(A) + (X) + kappa carrageenan (K) 0.13% A + 0.13% X + 0.01% K

(L) + (G) + kappa carrageenan (K) 0.13% L + 0.13% G + 0.01% K
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multipurpose autosampler (MPS Multipurpose Sampler, 
GERSTEL, Mülheim an der Ruhr, Germany) and a static head-
space module (IONICON Analytik, Innsbruck, Austria). The in-
strument was operated at a drift tube temperature of 110°C, with 
a drift voltage of 620 V, and a drift pressure of 2.8 mbar, result-
ing in an E/N ratio of 128 Townsend (Td), with E corresponding 
to the electric field strength and N to the gas number density 
(1 Td = 10−17 Vcm2). A small aliquot of the headspace was trans-
ferred through a heated inlet (110°C) at a flow rate of 90 sccm.

Sample vials were placed in an autosampler equipped with 
temperature-controlled coolers. Standards (1.5 mL in GC vials) 
were equilibrated at 20°C for 20 min, whereas ice cream samples 
underwent two sequential equilibrations, first at 4°C for 1 min 
(capturing the frozen ice cream headspace), then after 20 min at 
30°C (capturing the melted state). To minimize carryover, the 
2.5-mL syringe was flushed with 150 sccm of nitrogen (N2) for 
30 s prior to each headspace withdrawal. Then, 1.5 mL of equil-
ibrated headspace was withdrawn at a speed of 500 μL s−1. The 
withdrawn headspace was injected into the headspace (HS) 
module over ~25 s at 100 μL s−1, resulting in a ~16-fold dilution. 
During SHS analysis, zero air flowed at 90 sccm to maintain sta-
ble conditions. Mass spectra were acquired at 1 spectrum per 
second, providing a mass resolution of at least 4000 M/ΔM, sen-
sitivity (> 10 cps ppbV−1), and LOD (< 100 pptv at 1 spectrum per 
second) [31].

2.4.3   |   Data Extraction and Processing

PTR-ToF-MS data were processed using in-house software 
developed in MATLAB (MathWorks, Natick, Massachusetts, 
USA), using the procedure described elsewhere [32] for internal 

calibration, noise reduction, baseline correction, and concen-
tration calculations. Absolute headspace VOC concentrations 
(ppbV) were calculated from the mass peak intensities accord-
ing to the equation by Lindinger et  al., assuming a constant 
reaction rate coefficient of 2 × 10−9 cm3 s−1. This approach may 
introduce a systematic error of less than 30% for each com-
pound's estimated concentration, yet it provides a robust esti-
mate of VOC levels for comparative purposes [33]. The data 
extraction of PTR-ToF-MS spectra resulted in 240 mass peaks 
for H3O+. From these, only m/z signals showing intensities sig-
nificantly higher than the blanks (p < 0.01) were retained [34]. 
Additionally, aroma-containing and no-aroma ice cream were 
compared with identify m/z signals attributed to added peach 
aroma; a total of 11 m/z signals molecules were kept for further 
statistical analysis. Pure standards of each target compound 
were analyzed using the same headspace preparation protocol 
as the ice cream samples to validate the selected mass peaks.

2.4.4   |   Data Analysis

Univariate statistical analyses were performed to the four 
target peach compounds. For each compound, the summed 
intensities of the protonated molecular ion and the major 
fragment ion was used to quantify the signal: isoamyl acetate 
(m/z 131.107 + 71.086), linalool (m/z 155.143 + 137.133), cis-
3-hexenyl acetate (m/z 143.107 + 83.086), and furaneol (m/z 
129.055 + 111.044). For each compound, the summed signal 
(ppbV) obtained from three replicates per sample was ana-
lyzed by one-way ANOVA with Sample as a fixed factor. When 
ANOVA was significant (p < 0.05), pairwise differences among 
samples were evaluated using Tukey's HSD post hoc test, and 
compact-letter groupings were added to barplots.

TABLE 2    |    Physicochemical properties of the peach aroma compound. Measured ion masses and relative intensities (values in parentheses are 
normalized percentages [27]).

Molecule Formula LogP

Vapor 
pressure 

(Pa at 25°C)
BP 

(°C)
ODT 

(μg kg−1)
MW 

(g mol−1)
Protonated 
ions (m/z)

Fragments 
(m/z)

Cis-3-hexenyl 
acetate

C8H14O2 2.83 162.5 75 7.8a 142.2 143.107(21) 101.096(1), 
83.086(82), 
61.017(5), 

43.018(100)

Isoamyl acetate C7H14O2 2.25 746.6 142 1.6b 130.18 131.107(66) 71.086(100), 
61.017(11), 
43.018(51)

Linalool C10H18O 2.97 12.1 198 4a 154.25 155.143(0.04) 137.133(100), 
121.065(0.01)

4-Hydroxy-2,5-
dimethyl-3-(2H)-
furanone

C6H8O3 0.95 4.3 216 160c 128.13 129.055(78) 111.044(100)

γ-Undecalactone C11H20O2 3.3 0.4 297 7.2d 184.28 ND ND

γ-Decalactone C10H18O2 2.7 1.2 266 24.8d 170.25 ND ND

δ-Decalactone C10H18O2 2.5 1.1 281 36.8d 170.25 ND ND

Note: LogP and molecular weight (MW) values were retrieved from the PubChem database. Boiling point (BP) values at 760.00 mmHg and vapor pressure at mmHg 
were obtained from the database of The Good Scents Company, a factor of 133.3223684 was used to convert mmHg to Pa. Odor threshold (ODT) values were obtained 
from literature: a,b,c,d [28–30]. ND stands for not detected.
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A principal component analysis (PCA) was performed on 
the autoscaled intensities of the 11 selected mass peaks (m/z 
43.018, 61.017, 71.086, 83.086, 101.069, 111.044, 129.055, 
131.107, 137.133, 143.107, 155.143) at 1 (4°C) and 20 min (30°C). 
The resulting scores and loadings were visualized as a biplot 
with group ellipses representing sample groupings according 
to sampling time (1 vs. 20 min) and aroma condition (with vs. 
without added aroma). Because PCA was intended to capture 
the overall multivariate aroma pattern rather than test single-
compound differences, the set of m/z variables used for PCA 
was broader than that used for ANOVA. In this sense, the sta-
tistical strategy includes the identification and sum of (i) pro-
tonated molecular ions of the peach aroma compounds and 
(ii) major fragments based on the injection profile of the pure 
standard solutions. This was done to increase signal inten-
sity and have a better estimation of the total release for each 
compound.

Odor activity values (OAVs) were calculated for the key peach 
aroma compounds: hexenyl acetate, isoamyl acetate, lin-
alool, and furaneol. The calculation was based on the formula 
OAV = C ∕OT [35], where each compound concentration (C) is 
divided by its orthonasal detection threshold (OT), using the-
oretical threshold values reported in aqueous media (Table 2). 
The OAVs of each key peach aroma compound were summed 
to obtain a total OAV for each sample. On these values, one-way 
ANOVA, followed by Tukey's HSD post hoc test for pairwise 
comparisons, with results shown as barplots ± SD and letter 
annotations.

All statistical analyses were carried out in R (version 4.0.2) with 
packages such as tidyverse, emmeans, multcompView, factoextra, 
and ggplot2.

3   |   Results and Discussion

3.1   |   Mass Selection and Fragment Identification

PTR-ToF-MS is known for its soft ionization, which minimizes 
analyte fragmentation compared with electron impact tech-
niques, thereby simplifying mass spectra and improving iden-
tification. However, fragmentation can still occur, especially 
for compounds like alcohols, aldehydes, and esters [36]. For 
this reason, the initial phase of this study focused on identify-
ing and characterizing VOCs within the peach aroma by ana-
lyzing pure standard compounds. The target mass peaks and 
their identified fragments are shown in Table 2, together with 
their physicochemical properties. These properties are partic-
ularly relevant for interpreting differences in aroma release 
observed later in the study. In particular, physicochemical 
properties (e.g., vapor pressure, boiling point [Bp], molecular 
weight [Mw], and n-octanol–water partition coefficient [LogP 
value]). Together, these molecular features govern diffusion 
within the matrix and determine the compound's gas/solution 
partitioning.

For each compound, the expected m/z ratio of the proton-
ated molecule [M + H]+ and its main fragment ions obtained 
from the most common fragmentation pathways under proton 
transfer conditions were reviewed via literature and online 

databases [27, 36–38]. For esters, the primary fragmentation 
pathway involves cleavage of the alkyl–oxygen bond in the 
ester group [R–O–C(=O)–CH3] along with the formation of 
characteristic acylium cations (e.g., CH3CO+, m/z 43) [39]. 
These fragmentation hypotheses were validated by perform-
ing PTR-ToF-MS measurements on standard solutions of each 
compound. Table  2 shows that isoamyl acetate produced a 
dominant protonated molecular ion at m/z 131.107 together 
with a characteristic fragment at m/z 71.086, resulting from 
cleavage of the ester bond. Similarly, cis-3-hexenyl acetate 
exhibited a protonated molecular ion at m/z 143.107 and a 
fragment ion at m/z 83 corresponding to the loss of acetate, 
consistent with previous PTR-ToF-MS studies of ester com-
pounds [28]. Linalool exhibited a protonated molecular ion 
at m/z 155.143 and the fragment at m/z 137, probably due to 
dehydration [27]. For furaneol, the principal fragment was ob-
served at m/z 111.044, suggesting dehydration or neutral loss 
reactions from the protonated molecule [40]. The combination 
of protonated molecular ions and their characteristic frag-
ments provided a reliable basis for compound identification 
and for interpreting stabilizer aroma retention results.

The aroma compounds investigated in this study were chosen 
to reproduce a commercially relevant peach flavor used in in-
dustrial ice cream and exhibited a range of physicochemical 
properties (Table  2). Because ice cream contains a substantial 
fat fraction, compounds with higher LogP values are expected 
to partition preferentially into the fat phase, reducing their 
concentration in the aqueous phase and limiting their release 
into the headspace. For example, cis-3-hexenyl acetate shows a 
higher hydrophobicity than furaneol (LogP = 2.8 vs. 0.95) and 
therefore furaneol should likely be more abundant in the gas 
phase. However, a higher concentration of cis-3-hexenyl acetate 
was measured, due to its lower boiling point and higher vapor 
pressure when compared with furaneol (BP = 75°C, LogP = 2.8, 
VP = 162.5 Pa vs. BP = 216°C, LogP = 0.95, VP = 4.3). These pa-
rameters are useful for interpreting the PTR-ToF-MS signals and 
the differences in volatile release observed in the subsequent re-
sults (Figure 1).

Linalool and isoamyl acetate exhibit relatively similar hydropho-
bicity and molecular weight (LogP = 2.97 and 2.25; MW = 154.25 
and 130.18 g mol−1) but differ in volatility-related properties. 
Isoamyl acetate has a lower boiling point and higher vapor pres-
sure (BP = 142°C and VP = 746.6 Pa) than linalool (BP = 198°C 
and VP = 12.1 Pa). These physicochemical differences influence 
the balance between retention within the ice cream matrix and 
transfer to the gas phase. The higher vapor pressure of isoamyl 
acetate increases its tendency to partition into the headspace, 
resulting in a greater measured concentration despite its com-
parable hydrophobicity to linalool. A previous study by Savary 
et al., investigated aroma retention in acacia gum solutions by 
measuring gas–liquid partition coefficients using HS-GC with a 
flame ionization detector and the phase ratio variation method, 
showed that lower boiling point, smaller, and more mobile mol-
ecules readily populate the headspace in pure aqueous solution, 
as observed with isoamyl acetate (Figure 1).

Heavier and less volatile VOCs are less readily released in 
the headspace and detected by PTR-ToF-MS [26]. This reason 
could explain why the lactones part of the peach aroma mix 

 10969888c, 2026, 8, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jm

s.70092 by Flavia G
asperi - U

niversita D
i T

rento , W
iley O

nline L
ibrary on [07/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense
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(δ-decalactone, γ-decalactone, and γ-undecalactone) were not 
detected in either the ice cream headspace or standard solu-
tions (Table 2) and therefore not considered. In addition, these 
lactones are more hydrophobic (LogP = 2.5–3.3) than isoamyl 
acetate (LogP = 2.25), which may further promote their par-
titioning into the fat phase and reduce their release into the 
headspace. Consequently, only a fraction partitions into the 
gas phase, often producing signals close to or below the de-
tection limit of PTR-ToF-MS. Furthermore, medium-mass 
lactones experience adsorption losses on inlet lines. These an-
alytical challenges have been previously reported, particularly 
for relatively low-volatility compounds in the 150–200 m/z 
range and for molecules prone to fragmentation or surface 
losses during sampling and ionization [41]. For this reason, 

lactones are frequently analyzed using preconcentration tech-
niques such as HS-SPME-GC-MS. This approach enhances 
extraction efficiency from the food matrix and concentrates 
the volatile analytes prior to chromatographic separation, 
thereby enabling the detection of trace-level compounds in 
the headspace [42].

3.2   |   Effects of Stabilizers

The interplay between hydrocolloids and VOCs is important 
for understanding differences in aroma perception of complex 
food matrices such as ice cream. To elucidate these interac-
tions, headspace concentrations (ppbV) of key peach aroma 

FIGURE 1    |    Release of target VOCs from the melted ice cream matrix: Linalool (m/z 155.143 and its fragment 137.133), isoamyl acetate (m/z 
131.107 and its fragment 71.086), cis-3-hexenyl acetate (m/z 143.107 and its fragment 83.086), and furaneol (m/z 129.055 and its fragment 111.044). 
Samples are colored by group: red, control (no stabilizer); olive green (one stabilizer); blue (two stabilizers); and purple (three stabilizers). Data were 
analyzed using one-way ANOVA. Significant effects of formulation were observed for linalool, isoamyl acetate, and cis-3-hexenyl acetate (p < 0.001), 
whereas furaneol did not show significant differences (p = 0.27). Different letters above the bars indicate significant differences between formula-
tions (Tukey's HSD post hoc test, p < 0.05). Panels without letter designations (furaneol) indicate the absence of statistically significant differences 
across samples.
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compounds were monitored across various ice creams that var-
ied in the stabilizer blend present.

The measurements obtained in the frozen state (1 min at 4°C) 
were intentionally excluded from this compound-by-compound 
comparison because in the frozen state, the ice crystal network 
and viscous unfrozen phase trap and restrict volatile diffusion, 
yielding uniformily low headspace concentration across all for-
mulations. Upon phase transition, the results obtained from 
the melted ice cream are shown in Figure  1. The retention of 
peach aroma volatiles differed significantly among hydrocolloid 
blends across three out of the four target ions: isoamyl acetate 
(m/z 131.107 + 71.086), linalool (m/z 155.143 + 137.133), cis-3-
hexenyl acetate (m/z 143.107 + 83.086), except for furaneol (m/z 
129.055 + 111.044). The control (NS) exhibited the highest vola-
tile release, particularly for isoamyl acetate, indicating minimal 
retention in the absence of hydrocolloids.

Among the individual stabilizers, L showed the strongest reten-
tion, with significantly lower release (p value < 0.05) compared 
with blends like LGK, LAK, GAK, and NS for cis-3-hexenyl 
acetate; L was also significantly lower than LGK and NS for 
linalool. The magnitude of the stabilizer effect varied among 
aroma compounds; cis-3-hexenyl acetate showed the largest dif-
ferences between formulations, particularly for the LGK blend. 
In contrast, furaneol release was not significantly affected by 
stabilizer compositions (p value = 0.27), and no significant pair-
wise differences among formulations were detected. Stabilizer-
induced retention is not uniform across all aroma compounds, 
with more volatile esters exhibiting greater sensitivity to matrix 
modifications than furaneol under the evaluated conditions.

The differences in aroma release observed in Figure 1 can also 
be related to the physicochemical properties of the analyzed 
molecules (Table 2). The selected aroma compounds exhibited 
distinct hydrophobicity and volatility, which influenced their 
partitioning between the matrix and the headspace. For exam-
ple, cis-3-hexenyl acetate and isoamyl acetate have moderate 
LogP values (2.83 and 2.25) and relatively low boiling points 
(75°C and 142°C), which favor their transfer into the headspace. 
In contrast, furaneol has a much lower LogP value (0.95) and 
a higher boiling point (216°C), indicating higher polarity but 
lower volatility; these characteristics likely contributed to the 
absence of significant differences in furaneol release among the 
samples.

Aroma release in ice cream is influenced by the partitioning of 
VOCs among the fat, aqueous, and gas phases, as well as by in-
teractions with stabilizers. Hydrocolloids, as hydrophilic poly-
saccharide macromolecules, modulate aroma release through 
two mechanisms: increasing the serum-phase viscosity, which 
inversely relates to aroma diffusion, and direct interactions with 
aroma molecules via adsorption, entrapment, encapsulation, and 
hydrogen bonds [43]. Conversely, more hydrophilic compounds 
with lower LogP < 3 values, such as certain aldehydes, diffuse 
out more readily. Our data for isoamyl acetate (LogP = 2.25) are 
consistent with this behavior, showing relatively low retention. 
Importantly, such differential retention not only modifies the 
overall intensity of aroma release but can also shift the quali-
tative perception of the flavor profile, because aroma percep-
tion arises from the balance of multiple volatiles with distinct 

odor notes. In this way, hydrocolloids may indirectly change 
not just how strong a peach aroma is perceived, but also which 
descriptors (e.g., fruity, floral, and green) dominate the sensory 
experience.

For most single-, binary-, and ternary-stabilizer blends, the re-
lease of most aroma molecules is similar in concentration, apart 
from the blend LGK. Previous research has shown that under 
static headspace, aroma release is dominated by molecular dif-
fusion, which is inversely related to the continuous-phase vis-
cosity [13]. Another study focused on simple models has justified 
retention based on polysaccharide-aroma binding, investigating 
galactomannan structure where variations in their M/G ratios 
of locust bean gum and guar gum will lead to influences on 
volatile retention, mainly due to enhanced hydrophobic intra-
molecular and intermolecular clustering around their galactose-
rich regions [44]. However, no significant differences in aroma 
release were observed between the individual locust bean gum 
and guar gum formulations in the present study. Therefore, the 
observed retention patterns cannot be attributed solely to differ-
ences in galactomannan structure and are likely influenced by 
the broader matrix composition and interactions among hydro-
colloids when complex foods are investigated.

The synergistic network effect in the triple-gum blends com-
bines (i) electrostatic gelation via k-carrageenan anionic sulfates 
crosslinked to k-casein, (ii) the viscosity generated by galac-
tomannans, and (iii) hydrophobic binding sites. This matrix, 
characterized by a more ordered, porous structure, affords both 
diffusion and aroma entrapment, yielding the observed results 
on intermediate release for LGK and LAK. The common use of 
the blend containing locust + guar and kappa carrageenan for 
commercial formulations reflects its ability to form a product 
with high aroma release.

Overall, these results confirm that hydrocolloids alter volatile 
release in a compound-dependent manner, driven by differences 
in aroma compound hydrophobicity and the specific interac-
tions between each aroma compound and the complex polymer 
matrix formed by the hydrocolloids. Moreover, the mechanical 
character of the polysaccharide network in the unfrozen phase 
(rigidity vs. flexibility) directly influences ice cream texture: 
flexible polysaccharides (e.g., locust bean) form softer, more fla-
vorful ice cream, whereas rigid gums (e.g., xanthan) yield firmer 
and less flavorful ice creams [45].

3.3   |   Overview of Aroma Release Profiles

Differences in the release patterns of individual aroma com-
pounds across stabilizer formulations likely result from the com-
bined effects of stabilizer network properties (viscosity, binding 
sites, and gel structure) and the physicochemical characteristics 
of the aroma molecules. To capture these overall variations, 
PCA was performed to explore the volatile profiles of different 
ice creams both in the frozen and melted states, as well as to dis-
criminate between flavored and unflavored formulations.

PCA was performed on the autoscaled data from the two sam-
pling points (1 min at 4°C and 20 min at 30°C) across aroma-
containing (_F) and aroma-free  (_N) ice cream samples 
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(Figure 2). The analysis was conducted on the individual repli-
cate measurements (n = 3 per stabilizer group); m/z considered 
were 43.018, 61.017, 71.086, 83.086, 101.069, 111.044, 129.055, 
131.107, 137.133, 143.107, 155.143. The first two principal com-
ponents explained a large portion of the total variance of 94.7%, 
revealing four distinct ellipses. Along PC1, the peach aroma-
containing samples are distributed predominantly on the pos-
itive side, whereas the aroma-free ice creams cluster on the 
negative side. PC2 showed some minor subgrouping likely re-
flecting differences in stabilizer type.

The tight clustering and minimal overlap among these groups 
underscore that both the recipe (aroma vs. aroma-free) and the 
time-temperature conditions (1 min at 4°C vs. 20 min at 30°C) 
impart clear, measurable differences in the VOCs profile. In 
contrast, the aroma-free samples at 1 (1_N) and 20 min (20_N) 
nearly coincide because, without added peach esters and alco-
hols, their headspace is lacks peach-derived volatiles.

Our results demonstrate that temperature and matrix compo-
sition together govern volatile release in ice cream, and PTR-
ToF-MS is key to unraveling these dynamics in real time. In the 
frozen state, aroma release is expected to be strongly suppressed 
as a rigid ice network and high serum viscosity inhibit aroma 
diffusion; PTR-ToF-MS captures this suppression quantitatively 
by showing low headspace signals in the frozen state. As melt-
ing progresses, ice crystals melt, and the serum-phase viscosity 
reduces. Simultaneously, the increase in temperature enhances 
the aroma compounds' partitioning into the headspace, tracked 

by PTR-ToF-MS, which records the burst of key m/z signals at 
20 min. Furthermore, hydrocolloids and other stabilizers form 
three-dimensional networks that can bind or entrap aroma 
molecules [13]. Due to the multiphase system of ice cream, the 
mechanism underlying aroma retention cannot be fully isolated. 
Further studies using simplified serum-phase model systems 
could help clarify the relative contributions of stabilizers to the 
aroma–matrix interactions.

The real-time capabilities of PTR-ToF-MS's enable in vitro mon-
itoring of these volatile dynamics within the complex ice cream 
matrix, validating both suppression in the frozen state and rapid 
release upon melting. While in  vitro instrumental measure-
ments of VOCs release are fundamental, their direct impact on 
sensory perception is rather complex, given the influence of nu-
merous individual physiological and psychological factors [46]. 
To better estimate the potential sensory impact assessment of the 
total peach aroma (Figure 3), OAV were calculated and summed 
based on the key aroma compounds of the melted sample head-
space: cis-3-hexenyl acetate (m/z 143.107 + 83.086), isoamyl ace-
tate (m/z 131.107 + 71.086), linalool (m/z 155.143 + 137.133), and 
furaneol (m/z 129.055 + 111.044).

Interestingly, while the LGK and LAK samples showed compar-
atively higher increases in the m/z during the analysis of iso-
amyl acetate and cis-3-hexenyl acetate (Figure  1), their OAVs 
in the melted state (Figure 3) followed the same trend, ranking 
among the highest stabilizer blends; their values remained gen-
erally lower than the nonstabilized control (NS). This suggests 

FIGURE 2    |    PCA score plot of autoscaled PTR-MS data showing individual replicates to obtain within-sample variability. Colors indicate the 
sampling time and flavor condition: 1_F (green), 1_N (orange), 20_F (blue), and 20_N (pink), where F denotes flavored and N denotes nonflavored 
formulations. Symbol shapes distinguish between the three stabilizer groups (1, circles; 2, triangles; 3, squares). The flavored control (NSF) is repre-
sented by a red cross (X), whereas the nonflavored control is represented by a red asterisk (*), both measured at 20 min. Ellipses represent the disper-
sion of samples within each time (1 or 20 min)/flavored (_F or _N). Three replicates are shown for each stabilizer blend.
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that LGK and LAK may be particularly relevant blends, where 
certain stabilizer combinations may better preserve aroma avail-
ability despite the generally suppressive effects of the stabilizers 
on volatile release. These results highlight the value of consid-
ering both in vitro aroma release and OAV predictions, and they 
underscore the importance of validating instrumental findings 
against dynamic sensory evaluation to fully understand aroma 
delivery in ice cream.

Such partial agreement between volatile release and OAV pre-
dictions mirrors observations in other complex food matrices, 
where instrumental measurements capture trends but do not 
fully explain sensory outcomes. For example, Arancibia et  al. 
[47] showed that thickeners and fat content in dairy desserts 
significantly altered both in  vivo release and perceived inten-
sity, with trends not always matching absolute release values. 
Likewise, Hort [48] reported that increased viscosity reduced 
perceived aroma intensity even when volatile concentrations 
remained unchanged, underscoring the modulatory role of tex-
ture. More broadly, Le Quéré and Schoumacker [49] highlighted 
that flavor perception is a dynamic process shaped by volatile re-
lease patterns, oral processing, and retro-nasal transport, mak-
ing it necessary to pair PTR-ToF-MS with in vivo analysis (nose 
space) with sensory time-intensity methods.

Future work should focus on how textural differences impact 
aroma diffusion and perception. First, employ simplified model 
systems to isolate the effect of hydrocolloids on aroma release. 
Building on this, integrate time-intensity sensory testing (e.g., 
nose-space PTR-ToF-MS coupled with dynamic sensory evalu-
ation) to map how PTR-ToF-MS signals and OAV correspond to 

the temporal evolution of aroma perception during consump-
tion. Finally, because literature odor thresholds often derive 
from aqueous systems, determining threshold values within the 
milk matrix will refine OAV calculations and improve sensory 
predictions for complex milk-based foods.

4   |   Conclusion

This study demonstrates that both temperature-driven melt-
ing and hydrocolloid composition are critical factors governing 
the release of aroma volatiles from ice cream. By using rapid, 
noninvasive PTR-ToF-MS on frozen samples, we quantified 
how aroma signals are suppressed under a rigid ice network 
and the rapid release of VOCs as melting opens diffusion path-
ways. The results further demonstrate that stabilizer composi-
tion modulated aroma release in a compound-specific manner. 
Specifically, the LGK and LAK blends exhibited higher volatile 
release than other systems, suggesting that the matrix structures 
formed by these hydrocolloid combinations were less effective at 
retaining aroma compounds when melted. Although the under-
lying mechanism was not directly investigated, differences in 
serum-phase organization, volatile partitioning, and hydrocol-
loid–aroma interactions may have contributed to the observed 
release patterns.

The OAV provided an estimate of the potential sensory im-
pact, showing that, in terms of aroma perception, there should 
be significant changes by varying the hydrocolloid. These 
observations were consistent with the instrumental in  vitro 
results, which showed enhanced release of specific VOCs in 

FIGURE 3    |    Total odor activity values (OAVs) across different ice cream formulations varying in stabilizer blend. Bars represent the mean OAVs 
calculated as the sum of individual OAVs for cis-3-hexenyl acetate, isoamyl acetate, linalool, and furaneol, with error bars indicating the stan-
dard deviation. Different letters indicate statistically significant differences, one-way ANOVA (p < 0.05) followed by Tukey's HSD post hoc pairwise 
comparisons.
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formulations such as LGK and LAK. Overall, the findings 
highlight an important effect of stabilizers in modulating 
aroma delivery during melting. These findings also highlight 
the need for complementary sensory evaluation to better link 
instrumental VOCs release with aroma perception. In ad-
dition, the ODT values used for OAV calculations are often 
derived from aqueous systems, and when analyzing complex 
food systems, determining the odor threshold values directly 
in milk-based matrices could improve the accuracy of sensory 
predictions in ice cream.

Funding

This work is financially supported by the Italian Ministry of University 
and Research (MUR) under the National Recovery and Resilience Plan 
(PNRR) funded by the European Union NextGenerationEU with indus-
trial cofunding from Soremartec Ferrero Group.

Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

References

1. H. D. Goff and R. W. Hartel, The Ice Cream Industry (Springer, 2013), 
https://​doi.​org/​10.​1007/​978-​1-​4614-​6096-​1.

2. S. Ghosh, D. G. Peterson, and J. N. Coupland, “Effects of Droplet 
Crystallization and Melting on the Aroma Release Properties of a Model 
Oil-in-Water Emulsion,” Journal of Agricultural and Food Chemistry 54 
(2006): 1829–1837, https://​doi.​org/​10.​1021/​jf052​262w.

3. S. Odake, J. P. Roozen, and J. J. Burger, “Effect of Saliva Dilution on 
the Release of Diacetyl and 2-Heptanone From Cream Style Dressings,” 
Die Nahrung 42 (1998): 385–391, https://​doi.​org/​10.​1002/​(sici)​1521-​
3803(199812)​42:​06<​>​3.0.​co;​2-​b.​199812.​391.

4. C. Salles, M. C. Chagnon, G. Feron, et  al., “In-Mouth Mechanisms 
Leading to Flavor Release and Perception,” Critical Reviews in Food Sci-
ence and Nutrition 51 (2011): 67–90, https://​doi.​org/​10.​1080/​10408​39090​
3044693.

5. C. Ayed, S. I. F. S. SaraMartins, A. M. Williamson, and E. Guichard, 
“Understanding Fat, Proteins and Saliva Impact on Aroma Release 
From Flavoured Ice Creams,” Food Chemistry 267 (2018): 132–139, 
https://​doi.​org/​10.​1016/j.​foodc​hem.​2017.​10.​127.

6. L. Hyvönen, M. Linna, H. Tuorila, and G. Dijksterhuis, “Perception of 
Melting and Flavor Release of Ice Cream Containing Different Types and 
Contents of Fat,” Journal of Dairy Science 86, no. 4 (2003): 1130–1138, 
https://​doi.​org/​10.​3168/​jds.​S0022​-​0302(03)​73695​–​9.

7. M. Bahramparvar and M. Mazaheri Tehrani, “Application and Func-
tions of Stabilizers in Ice Cream,” Food Reviews International 27, no. 4 
(2011): 389–407, https://​doi.​org/​10.​1080/​87559​129.​2011.​563399.

8. T. Maity, A. Saxena, and P. S. Raju, “Use of Hydrocolloids as Cryo-
protectant for Frozen Foods,” Critical Reviews in Food Science and Nu-
trition 58, no. 3 (2018): 420–435, https://​doi.​org/​10.​1080/​10408​398.​2016.​
1182892.

9. H. D. Goff, D. Ferdinando, and C. Schorsch, “Fluorescence Micros-
copy to Study Galactomannan Structure in Frozen Sucrose and Milk 
Protein Solutions,” Food Hydrocolloids 13, no. 4 (1999): 353–362, https://​
doi.​org/​10.​1016/​S0268​-​005X(99)​00017​-​X.

10. J. P. Doyle, P. Giannouli, E. J. Martin, M. Brooks, and E. R. Morris, 
“Effect of Sugars, Galactose Content and Chainlength on Freeze–Thaw 
Gelation of Galactomannans,” Carbohydrate Polymers 64, no. 3 (2006): 
391–401, https://​doi.​org/​10.​1016/j.​carbp​ol.​2005.​12.​019.

11. E. Bylaite, Ž. Ilgūnaitė, A. S. Meyer, and J. Adler-Nissen, “Influence 
of λ-Carrageenan on the Release of Systematic Series of Volatile Flavor 
Compounds From Viscous Food Model Systems,” Journal of Agricul-
tural and Food Chemistry 52, no. 11 (2004): 3542–3549, https://​doi.​org/​
10.​1021/​jf035​4996.

12. H. Gan, Aroma—Matrix Interaction in Food: An APCI Approach,” 
(PhD Thesis (University of Nottingham, 2015).

13. E. Bylaite, J. Adler-Nissen, and A. S. Meyer, “Effect of Xanthan on 
Flavor Release From Thickened Viscous Food Model Systems,” Journal 
of Agricultural and Food Chemistry 53, no. 9 (2005): 3577–3583, https://​
doi.​org/​10.​1021/​jf048​111v.

14. D. D. Roberts, J. S. Elmore, K. R. Langley, and J. Bakker, “Effects 
of Sucrose, Guar Gum, and Carboxymethylcellulose on the Release of 
Volatile Flavor Compounds Under Dynamic Conditions,” Journal of Ag-
ricultural and Food Chemistry 44, no. 5 (1996): 1321–1326, https://​doi.​
org/​10.​1021/​jf950​567c.

15. A. M. Seuvre, E. Philippe, S. Rochard, and A. Voilley, “Retention of 
Aroma Compounds in Food Matrices of Similar Rheological Behaviour 
and Different Compositions,” Food Chemistry 96, no. 1 (2006): 104–114, 
https://​doi.​org/​10.​1016/j.​foodc​hem.​2005.​02.​014.

16. D. Champion, H. Hervet, and G. Blond, “Comparison Between Two 
Methods to Measure Translational Diffusion of a Small Molecule at 
Subzero Temperature,” Journal of Agricultural and Food Chemistry 43, 
no. 11 (1995): 2887–2891, https://​doi.​org/​10.​1021/​jf000​59a022.

17. D. J. Cook, R. S. T. Linforth, and A. J. Taylor, “Effects of Hydrocol-
loid Thickeners on the Perception of Savory Flavors,” Journal of Agricul-
tural and Food Chemistry 51, no. 10 (2003): 3067–3072, https://​doi.​org/​
10.​1021/​jf021​1581.

18. E. Guichard, S. Issanchou, A. Descourvieres, and P. Etievant, “Pectin 
Concentration, Molecular Weight and Degree of Esterification: Influ-
ence on Volatile Composition and Sensory Characteristics of Strawberry 
Jam,” Journal of Food Science 56, no. 6 (1991): 1621–1627, https://​doi.​
org/​10.​1111/j.​1365-​2621.​1991.​tb086​56.​x.

19. B. Rega, E. Guichard, and A. Voilley, “Flavour Release From Pectin 
Gels: Effect of Texture, Molecular Interactions and Aroma Compounds 
Diffusion,” Sciences des Aliments 22, no. 3 (2002): 235, https://​doi.​org/​
10.​3166/​sda.​22.​235-​248.

20. S. M. van Ruth, G. de Vries, M. Geary, and P. Giannouli, “Influence 
of Composition and Structure of Oil-in-Water Emulsions on Retention 
of Aroma Compounds,” Journal of the Science of Food and Agriculture 
82, no. 9 (2002): 1028–1035, https://​doi.​org/​10.​1002/​jsfa.​1137.

21. M. Aydın, N. Özdemir, and İ. Gün, “Effect of Classical and Molecular 
Production Techniques on Physical Properties and Volatile Compounds 
of Berry Ice-Creams,” Food Science and Technology International 29, no. 
2 (2023): 138–150, https://​doi.​org/​10.​1177/​10820​13222​1092368.

22. H. Bekiroglu, H. Goktas, D. Karaibrahim, F. Bozkurt, and O. Sagdic, 
“Determination of Rheological, Melting and Sensorial Properties and 
Volatile Compounds of Vegan Ice Cream Produced With Fresh and Dried 
Walnut Milk,” International Journal of Gastronomy and Food Science 28 
(2022): 100521, https://​doi.​org/​10.​1016/j.​ijgfs.​2022.​100521.

23. R. Sacchi, N. Caporaso, G. A. Squadrilli, et al., “Sensory Profile, Bio-
phenolic and Volatile Compounds of an Artisanal Ice Cream (‘Gelato’) 
Functionalised Using Extra Virgin Olive Oil,” International Journal 
of Gastronomy and Food Science 18 (2019): 100173, https://​doi.​org/​10.​
1016/j.​ijgfs.​2019.​100173.

24. W. M. Welty, R. T. Marshall, I. U. Grün, and M. R. Ellersieck, “Ef-
fects of Milk Fat, Cocoa Butter, or Selected Fat Replacers on Flavor Vol-
atiles of Chocolate Ice Cream,” Journal of Dairy Science 84, no. 1 (2001): 
21–30, https://​doi.​org/​10.​3168/​jds.​S0022​-​0302(01)​74447​–​5.

25. Z. Y. Yang, Y. G. Fan, M. Xu, et al., “Effects of Xanthan and Sugar 
on the Release of Aroma Compounds in Model Solution,” Flavour and 
Fragrance Journal 32, no. 2 (2017): 112–118, https://​doi.​org/​10.​1002/​
ffj.​3360.

 10969888c, 2026, 8, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jm

s.70092 by Flavia G
asperi - U

niversita D
i T

rento , W
iley O

nline L
ibrary on [07/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/978-1-4614-6096-1
https://doi.org/10.1021/jf052262w
https://doi.org/10.1002/(sici)1521-3803(199812)42:06%3C%3E3.0.co;2-b.199812.391
https://doi.org/10.1002/(sici)1521-3803(199812)42:06%3C%3E3.0.co;2-b.199812.391
https://doi.org/10.1080/10408390903044693
https://doi.org/10.1080/10408390903044693
https://doi.org/10.1016/j.foodchem.2017.10.127
https://doi.org/10.3168/jds.S0022-0302(03)73695%969
https://doi.org/10.1080/87559129.2011.563399
https://doi.org/10.1080/10408398.2016.1182892
https://doi.org/10.1080/10408398.2016.1182892
https://doi.org/10.1016/S0268-005X(99)00017-X
https://doi.org/10.1016/S0268-005X(99)00017-X
https://doi.org/10.1016/j.carbpol.2005.12.019
https://doi.org/10.1021/jf0354996
https://doi.org/10.1021/jf0354996
https://doi.org/10.1021/jf048111v
https://doi.org/10.1021/jf048111v
https://doi.org/10.1021/jf950567c
https://doi.org/10.1021/jf950567c
https://doi.org/10.1016/j.foodchem.2005.02.014
https://doi.org/10.1021/jf00059a022
https://doi.org/10.1021/jf0211581
https://doi.org/10.1021/jf0211581
https://doi.org/10.1111/j.1365-2621.1991.tb08656.x
https://doi.org/10.1111/j.1365-2621.1991.tb08656.x
https://doi.org/10.3166/sda.22.235-248
https://doi.org/10.3166/sda.22.235-248
https://doi.org/10.1002/jsfa.1137
https://doi.org/10.1177/10820132221092368
https://doi.org/10.1016/j.ijgfs.2022.100521
https://doi.org/10.1016/j.ijgfs.2019.100173
https://doi.org/10.1016/j.ijgfs.2019.100173
https://doi.org/10.3168/jds.S0022-0302(01)74447%965
https://doi.org/10.1002/ffj.3360
https://doi.org/10.1002/ffj.3360


11 of 11Journal of Mass Spectrometry, 2026

26. A. M. Ellis and C. A. Mayhew, Proton Transfer Reaction Mass Spec-
trometry: Principles and Applications (John Wiley & Sons Ltd, 2014).

27. A. Tani, “Fragmentation and Reaction Rate Constants of Terpenoids 
Determined by Proton Transfer Reaction-Mass Spectrometry,” Envi-
ronmental Control in Biology 51, no. 1 (2013): 23–29, https://​doi.​org/​10.​
2525/​ecb.​51.​23.

28. E. Aprea, F. Biasioli, T. D. Märk, and F. Gasperi, “PTR-MS Study of 
Esters in Water and Water/Ethanol Solutions: Fragmentation Patterns 
and Partition Coefficients,” International Journal of Mass Spectrometry 
262, no. 1 (2007): 114–121, https://​doi.​org/​10.​1016/j.​ijms.​2006.​10.​016.

29. I. Blank and L. B. Fay, “Formation of 4-Hydroxy-2,5-Dimethyl-3(2H)
-Furanone and 4-Hydroxy-2(or 5)-Ethyl-5(or 2)-Methyl-3(2H)-Furanone 
Through Maillard Reaction Based on Pentose Sugars,” Journal of Agri-
cultural and Food Chemistry 3, no. 2 (1996): 531–536, https://​doi.​org/​10.​
1021/​jf950​439o.

30. J. C. Zhu, X. Y. Chen, Y. W. Ni, and Z. B. Xiao, “Investigation of 
Lactone Chiral Enantiomers and Their Contribution to the Aroma of 
Longjing Tea by Odor Activity Value and S-Curve,” Journal of Agricul-
tural and Food Chemistry 71, no. 17 (2023): 6691–6698, https://​doi.​org/​
10.​1021/​acs.​jafc.​3c00860.

31. M. Mazzucotelli, B. Farneti, I. Khomenko, et al., “Proton Transfer 
Reaction Mass Spectrometry: A Green Alternative for Food Volatilome 
Profiling,” Green Analytical Chemistry 3 (2022): 100041, https://​doi.​org/​
10.​1016/j.​greeac.​2022.​100041.

32. L. Cappellin, F. Biasioli, P. M. Granitto, et al., “On Data Analysis in 
PTR-ToF-MS: From Raw Spectra to Data Mining,” Sensors and Actu-
ators B: Chemical 155, no. 1 (2011): 183–190, https://​doi.​org/​10.​1016/j.​
snb.​2010.​11.​044.

33. W. Lindinger, A. Hansel, and A. Jordan, “On-Line Monitoring 
of Volatile Organic Compounds at pptv Levels by Means of Proton-
Transfer-Reaction Mass Spectrometry (PTR-MS) Medical Applications, 
Food Control and Environmental Research,” International Journal of 
Mass Spectrometry and Ion Processes 173, no. 3 (1998): 191–241, https://​
doi.​org/​10.​1016/​S0168​-​1176(97)​00281​-​4.

34. L. Cappellin, T. Karl, M. Probst, et al., “On Quantitative Determi-
nation of Volatile Organic Compound Concentrations Using Proton 
Transfer Reaction Time-of-Flight Mass Spectrometry,” Environmental 
Science and Technology 46, no. 4 (2012): 2283–2290, https://​doi.​org/​10.​
1021/​es203​985t.

35. J. Zhu and Z. Xiao, “Characterization of the Major Odor-Active 
Compounds in Dry Jujube Cultivars by Application of Gas Chromatog-
raphy–Olfactometry and Odor Activity Value,” Journal of Agricultural 
and Food Chemistry 66, no. 29 (2018): 7722–7734, https://​doi.​org/​10.​
1021/​acs.​jafc.​8b01366.

36. K. Buhr, S. van Ruth, and C. Delahunty, “Analysis of Volatile Fla-
vour Compounds by Proton Transfer Reaction-Mass Spectrometry: 
Fragmentation Patterns and Discrimination Between Isobaric and Iso-
meric Compounds,” International Journal of Mass Spectrometry 221, no. 
1 (2002): 1–7, https://​doi.​org/​10.​1016/​S1387​-​3806(02)​00896​-​5.

37. R. Fall, T. Karl, A. Hansel, A. Jordan, and W. Lindinger, “Volatile 
Organic Compounds Emitted After Leaf Wounding: On-Line Analysis 
by Proton-Transfer-Reaction Mass Spectrometry,” Journal of Geophysi-
cal Research: Atmospheres 104, no. D13 (1999): 15963–15974, https://​doi.​
org/​10.​1029/​1999J​D900144.

38. R. Roberts, I. Khomenko, G. T. Eyres, et  al., “Online Monitor-
ing of Higher Alcohols and Esters Throughout Beer Fermentation by 
Commercial Saccharomyces cerevisiae and Saccharomyces pastorianus 
Yeast,” Journal of Mass Spectrometry 58, no. 10 (2023): e4959, https://​
doi.​org/​10.​1002/​jms.​4959.

39. P. Gao, Q. Jiang, Y. Xu, F. Yang, P. Yu, and W. Xia, “Aroma Profiles of 
Commercial Chinese Traditional Fermented Fish (Suan Yu) in Western 
Hunan: GC-MS, Odor Activity Value and Sensory Evaluation by Partial 

Least Squares Regression,” International Journal of Food Properties 23, 
no. 1 (2020): 213–226, https://​doi.​org/​10.​1080/​10942​912.​2020.​1716790.

40. L. B. Fay, T. Huynh-Ba, and I. Blank, “Study of the Fragmentation 
of 3(2H)-Furanones by Mass Spectrometry,” Journal of Agricultural and 
Food Chemistry 3, no. 2H (1997): 4057–4064, https://​doi.​org/​10.​1021/​
jf970​2306.

41. E. Sémon, G. Arvisenet, E. Guichard, and J. L. Le Quéré, “Modified 
Proton Transfer Reaction Mass Spectrometry (PTR-ToF-MS) Operating 
Conditions for In Vitro and In Vivo Analysis of Wine Aroma,” Journal 
of Mass Spectrometry 53, no. 1 (2018): 65–77, https://​doi.​org/​10.​1002/​
jms.​4036.

42. S. J. Pérez-Olivero, M. L. Pérez-Pont, J. E. Conde, and J. P. Pérez-
Trujillo, “Determination of Lactones in Wines by Headspace Solid-
Phase Microextraction and Gas Chromatography Coupled With Mass 
Spectrometry,” Journal of Analytical Methods in Chemistry 2014, no. 1 
(2014): 863019, https://​doi.​org/​10.​1155/​2014/​863019.

43. G. Savary, N. Hucher, O. Petibon, and M. Grisel, “Study of Interac-
tions Between Aroma Compounds and Acacia Gum Using Headspace 
Measurements,” Food Hydrocolloids 37 (2014): 1–6, https://​doi.​org/​10.​
1016/j.​foodh​yd.​2013.​10.​026.

44. Y. Aguni, C. Jouquand, C. Malhiac, and M. Grisel, “Using of Volatile 
Release Measurements to Understand Polysaccharide Molecular Inter-
actions: An Example With Guar Gum Study,” Macromolecular Sympo-
sia 251, no. 1 (2007): 96–102, https://​doi.​org/​10.​1002/​masy.​20075​0513.

45. X. Liu, G. Sala, and E. Scholten, “Role of Polysaccharide Structure 
in the Rheological, Physical and Sensory Properties of Low-Fat Ice 
Cream,” Current Research in Food Science 7 (2023): 100531, https://​doi.​
org/​10.​1016/j.​crfs.​2023.​100531.

46. M. Demarcke, C. Amelynck, N. Schoon, et al., “Laboratory Studies 
in Support of the Detection of Biogenic Unsaturated Alcohols by Proton 
Transfer Reaction-Mass Spectrometry,” International Journal of Mass 
Spectrometry 290, no. 1 (2010): 14–21, https://​doi.​org/​10.​1016/j.​ijms.​
2009.​11.​005.

47. C. Arancibia, C. Castro, L. Jublot, E. Costell, and S. Bayarri, “Colour, 
Rheology, Flavour Release and Sensory Perception of Dairy Desserts. 
Influence of Thickener and Fat Content,” LWT—Food Science and Tech-
nology 62 (2015): 408–416, https://​doi.​org/​10.​1016/j.​lwt.​2014.​08.​024.

48. J. Hort, “The Role of Fat in Flavor Perception: Effect of Partition and 
Viscosity in Model Emulsions,” Journal of Agricultural and Food Chem-
istry 23 (2006): 8862–8868, https://​doi.​org/​10.​1021/​jf061​537k.

49. J. L. Le Quéré and R. Schoumacker, “Dynamic Instrumental and 
Sensory Methods Used to Link Aroma Release and Aroma Percep-
tion: A Review,” Molecules (Basel, Switzerland) 28, no. 17 (2023): 6308, 
https://​doi.​org/​10.​3390/​molec​ules2​8176308.

 10969888c, 2026, 8, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jm

s.70092 by Flavia G
asperi - U

niversita D
i T

rento , W
iley O

nline L
ibrary on [07/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.2525/ecb.51.23
https://doi.org/10.2525/ecb.51.23
https://doi.org/10.1016/j.ijms.2006.10.016
https://doi.org/10.1021/jf950439o
https://doi.org/10.1021/jf950439o
https://doi.org/10.1021/acs.jafc.3c00860
https://doi.org/10.1021/acs.jafc.3c00860
https://doi.org/10.1016/j.greeac.2022.100041
https://doi.org/10.1016/j.greeac.2022.100041
https://doi.org/10.1016/j.snb.2010.11.044
https://doi.org/10.1016/j.snb.2010.11.044
https://doi.org/10.1016/S0168-1176(97)00281-4
https://doi.org/10.1016/S0168-1176(97)00281-4
https://doi.org/10.1021/es203985t
https://doi.org/10.1021/es203985t
https://doi.org/10.1021/acs.jafc.8b01366
https://doi.org/10.1021/acs.jafc.8b01366
https://doi.org/10.1016/S1387-3806(02)00896-5
https://doi.org/10.1029/1999JD900144
https://doi.org/10.1029/1999JD900144
https://doi.org/10.1002/jms.4959
https://doi.org/10.1002/jms.4959
https://doi.org/10.1080/10942912.2020.1716790
https://doi.org/10.1021/jf9702306
https://doi.org/10.1021/jf9702306
https://doi.org/10.1002/jms.4036
https://doi.org/10.1002/jms.4036
https://doi.org/10.1155/2014/863019
https://doi.org/10.1016/j.foodhyd.2013.10.026
https://doi.org/10.1016/j.foodhyd.2013.10.026
https://doi.org/10.1002/masy.200750513
https://doi.org/10.1016/j.crfs.2023.100531
https://doi.org/10.1016/j.crfs.2023.100531
https://doi.org/10.1016/j.ijms.2009.11.005
https://doi.org/10.1016/j.ijms.2009.11.005
https://doi.org/10.1016/j.lwt.2014.08.024
https://doi.org/10.1021/jf061537k
https://doi.org/10.3390/molecules28176308

	Evaluating Stabilizers Effects on Aroma Release Dynamics in Ice Cream: A PTR-ToF-MS Analysis
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Standard Solutions
	2.2   |   Ice Cream Formulation
	2.3   |   Ice Cream Preparation
	2.4   |   PTR-ToF-MS Analysis
	2.4.1   |   Sample Preparation
	2.4.2   |   Sample Measurement
	2.4.3   |   Data Extraction and Processing
	2.4.4   |   Data Analysis


	3   |   Results and Discussion
	3.1   |   Mass Selection and Fragment Identification
	3.2   |   Effects of Stabilizers
	3.3   |   Overview of Aroma Release Profiles

	4   |   Conclusion
	Funding
	Data Availability Statement
	References


