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ABSTRACT 16 

Over the past decade, advanced analytical techniques have been utilized to examine volatile organic 17 

compounds (VOCs) in eggs. These VOCs offer valuable insights into factors such as freshness, fertility, 18 

the presence of cracks, embryo sex, and breed. In our study, we assessed three mass spectrometry-based 19 

systems (headspace sorptive extraction gas chromatography-mass spectrometry; HSSE-GC-MS, proton 20 

transfer reaction time-of-flight-mass spectrometry; PTR-TOF-MS; and selected ion flow tube mass 21 

spectrometry; SIFT-MS) to analyze and identify VOCs present in intact hatching eggs from three distinct 22 

breeds (Dekalb white layer, Shaver brown layer, and Ross 308 broiler). The eggs were sampled on 23 

incubation days 2 and 8, to identify VOCs that distinguish breeds irrespective of incubation day. VOC 24 

measurements were conducted on 15 eggs per breed by placing them together with PDMS-coated stir bars 25 

inside inert Teflon® air sampling bags. After an accumulation period of 2 hours, the headspace was analyzed 26 

using PTR-TOF-MS and SIFT-MS, while the VOCs adsorbed onto the stir bars were analyzed using GC-27 

MS for additional compound identification. Partial least squares discriminant analysis (PLS-DA) models 28 

were constructed for breed differentiation, and variable selection was performed. As a result, 111 VOCs 29 

were identified using HSSE-GC-MS, with alcohols and esters being the most abundant. The PLS-DA 30 

models demonstrated the efficacy of breed discrimination, with the HSSE-GC-MS and the PTR-TOF-MS 31 

exhibiting the highest balanced accuracy of 95.5% using a reduced set of 11 VOCs and 5 product ion 32 

masses, respectively. The SIFT-MS model had a balanced accuracy of 92.8% with a reduced set of 11 33 

product ion masses. Furthermore, complementarity was observed between HSSE-GC-MS, which primarily 34 

selected higher molecular weight VOCs, and PTR-TOF-MS and SIFT-MS. A higher correlation was found 35 

for compound abundances between the HSSE-GC-MS and the PTR-TOF-MS relative to the SIFT-MS, 36 

indicating that the PTR-TOF-MS was better suited to quantify specific compounds identified by the HSSE-37 

GC-MS. Finally, the findings support the presence of VOCs originating from both synthetic and natural 38 

sources, highlighting the ability of the VOC analysis systems to non-destructively perform quality control 39 

and reveal differences in management practices or biological information encoded in eggs.  40 
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1. Introduction 63 

In the last decade, research has been performed on studying egg volatile organic compounds (VOCs) using 64 

advanced analytical techniques. More specifically, it has been observed that these VOCs from intact eggs 65 

can provide information related to fertility (Webster et al., 2015; Xiang et al., 2018), freshness (Liu & Tu, 66 

2012; Yongwei et al., 2009), nutritional value (Hua et al., 2021; Zhang et al., 2022), the presence of cracks 67 

(Cheng et al., 2010), sex (Borras et al., 2023; Costanzo et al., 2016; Webster et al., 2015; Xiang et al., 2022), 68 

and breed origin (Xiang, Jin, et al., 2019). The origin of egg VOCs can be subdivided into three distinct 69 

groups. (1) Environmental VOCs can be absorbed by the egg post-laying through the cuticle, the shell, and 70 

the membranes. Subsequently, these exogenous VOCs may be re-emitted, particularly at higher 71 

temperatures (Webster et al., 2015). (2) VOCs can have a biochemical origin through the degradation of 72 

egg compounds (i.e., shell, cuticle, albumen, and yolk). More specifically, amino acids from proteins can 73 

be degraded through Strecker degradation (Belitz et al., 2009; Rizzi, 2008). Furthermore, lipid autoxidation 74 

of especially unsaturated fatty acids and oxidative degradation of carotenoids are known to give rise to 75 

VOCs as well (Belitz et al., 2009). (3) Egg VOCs may originate from biological processes if the egg is 76 

fertilized, as the metabolic activities of the growing embryo can lead to VOC production. Studies have 77 

shown that VOC profiles of fertilized eggs differ from those of unfertilized ones (Webster et al., 2015; 78 

Xiang et al., 2018). Moreover, research has shown that microbiota can be found in eggs and chicken 79 

embryos (Lee et al., 2019), which suggests that these microorganisms could also contribute to the 80 

production of VOCs. 81 

Typically, gas chromatography-mass spectrometry (GC-MS) is regarded as the gold standard analytical 82 

system that is used for identifying sampled VOCs. Hereby, eggs are incubated in a container, and headspace 83 

extraction is performed utilizing a solid phase microextraction (SPME) fiber. After extraction, the fiber is 84 

desorbed into the inlet of the GC-MS for analysis (Costanzo et al., 2016; Webster et al., 2015; Xiang et al., 85 

2018, 2022; Xiang, Wang, et al., 2019). Next, compound identification can be achieved through separation 86 

and mass detection. One disadvantage is that the extraction time and the subsequent analysis can be a time-87 
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consuming procedure, which may require tens of minutes to hours for each sample (Turner, 2016). Next to 88 

the SPME fiber, other promising extraction techniques for intact egg VOC measurements exist such as 89 

dynamic headspace sorption using sorbent tubes or headspace sorptive extraction (HSSE) using sorbent stir 90 

bars. Both techniques offer better sensitivity than SPME fibers and allow for airtight capping of the sorbent 91 

material and sample storage for weeks. This facilitates the collection of a high volume of samples to be 92 

analyzed on a GC-MS at a later point in time (Turner, 2016). When exposed to high relative humidity, 93 

sorbent tubes may experience reduced VOC adsorption efficiency and decreased sensitivity (Helmig & 94 

Vierling, 1995). In contrast, sorbent stir bars have been demonstrated to exceed the sensitivity of SPME 95 

fiber measurements from the headspace of aqueous samples (Tienpont et al., 2000). As a result, it is thought 96 

to be less affected by sample moisture than the sorbent tubes and therefore ideal for measuring VOCs from 97 

intact eggs. One recent study already employed sorbent stir bars in active headspace sampling to determine 98 

the sex of the chick embryo (Borras et al., 2023). 99 

One way of increasing the throughput of the classical GC-MS approach is by making use of direct trace gas 100 

mass spectrometers. Besides their higher cost, measurements can be performed rapidly and directly on the 101 

headspace with no need for extraction and pre-concentration with sorbent materials (Turner, 2016). Selected 102 

ion flow tube mass spectrometry (SIFT-MS) provides the option of selecting H3O+, NO+
, or O2

+ reagent 103 

ions, whereas proton transfer reaction mass spectrometry (PTR-MS) typically utilizes H3O+ ions as 104 

precursor ions, although modern instruments may allow the use of alternative ions (Turner, 2016). These 105 

reagent ions are subsequently used to ionize sample analytes, resulting in product ions that may be separated 106 

by a mass spectrometer. Apart from generating a multivariate signal through full mass spectra for 107 

fingerprinting, individual masses can also be used for VOC identification (Smith et al., 2014). Unlike GC-108 

MS, the identification process is not conclusive as soft chemical ionization techniques used by both 109 

instruments may generate ions that could originate from multiple compounds (Turner, 2016). Nevertheless, 110 

their benefit lies in their swift analysis speed of seconds to minutes, which enables quick screening. 111 

Relevant to our study is that the primary distinction between SIFT-MS and PTR-MS lies in the provision 112 
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of three reagent ions in SIFT-MS, thereby enhancing specificity. In the case of PTR-MS, the use of H3O+ 113 

as the sole reagent ion might be overcome by employing time-of-flight mass spectrometry (TOF-MS), 114 

which enables the generation of precise ion masses and, consequently, aids compound identification while 115 

also increasing specificity (Smith et al., 2014). 116 

Our study seeks to evaluate the efficacy of three promising and distinct analysis systems in identifying the 117 

VOCs of intact eggs (i.e., HSSE-GC-MS, PTR-TOF-MS, and SIFT-MS), focussing on hatching eggs from 118 

three different chicken breeds (i.e., Dekalb white layers, Shaver brown layers, and Ross 308 broilers). 119 

Studying egg breed differentiation holds scientific importance as it implicitly enables the assessment of the 120 

quality or the egg’s provenance (Xiang, Jin, et al., 2019). Xiang et al. (2019) differentiated three breeds of 121 

hatching eggs using SPME-GC-MS at the onset of incubation. Our study advances on this earlier research 122 

in two ways. Firstly, measurements are performed on two different days of incubation (i.e., days 2 and 8) 123 

reducing the likelihood of accidentally selecting environmental or time-specific VOCs making the approach 124 

potentially more robust. Secondly, more versatile sorbent stir bars are used for headspace extraction, 125 

followed by GC-MS analysis, with simultaneous measurements of egg VOCs on PTR-TOF-MS and SIFT-126 

MS. To our knowledge, this is the first study that reports the use of these three highly performant VOC 127 

analysis systems on intact eggs. It is expected that the results will provide valuable insights into the 128 

performance of these instruments for non-destructively analyzing egg VOCs.  129 

https://doi.org/10.26434/chemrxiv-2023-234d6 ORCID: https://orcid.org/0000-0002-9984-7660 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-234d6
https://orcid.org/0000-0002-9984-7660
https://creativecommons.org/licenses/by-nc-nd/4.0/


HATCHING EGG SCENT ANALYSIS USING VOC ANALYTICAL TECHNIQUES 

8 

 

2. Materials & methods 130 

2.1. Egg samples 131 

All hatching eggs were purchased from Hatchery Verhaeghe – Het Anker (Wervik, Belgium). The eggs 132 

originated from around 1-year-old animals of three different breeds: Dekalb white layers (55 weeks old), 133 

Shaver brown layers (48 weeks old), and Ross 308 broilers (45 weeks old). The eggshells were inspected 134 

for damage or dirt and were cleaned with water and paper wetted with ethanol (99.8%, Thermo Fisher 135 

Scientific, Waltham, MA). Next, the eggs were left to air-dry and numbered using a pencil. A total of 136 

15 eggs per breed was selected with a similar egg weight distribution among the breeds. Upon incubation, 137 

the eggs were stored for a maximum of 7 days after laying at 18 °C and minimally 60% relative humidity. 138 

The eggs were incubated under standard conditions (37.7 °C and 55% relative humidity) in an RCOM max 139 

50 DO (Autoelex Co. Ltd., Deokam-ri, Republic of Korea). During the process, they were tilted every hour, 140 

and VOC measurements were performed on incubation days 2 and 8. On these measurement days, the eggs 141 

remained in the incubator and were transported back and forth between two locations in Belgium (Wilrijk 142 

and Leuven) to perform measurements respectively on the PTR-TOF-MS device in Wilrijk in the morning 143 

and the SIFT-MS measurements in Leuven in the afternoon. On day 14, the eggs were removed from the 144 

incubator to assess fertility and embryo development. After the breakout, living embryos were decapitated 145 

with sharp scissors. The performed experiment was approved by the Animal Ethics Committee of the KU 146 

Leuven under project number ECD P025/2019. 147 

2.2. Headspace incubation and extraction 148 

Inert materials such as Teflon® and stainless steel were used to minimize the background signal for the 149 

VOC measurements. For the headspace accumulation, it was decided to individually enclose eggs in 150 

fluorinated ethylene propylene bags with slide-on airtight bag sealers and polypropylene valves for air 151 

sampling (Sense Trading, Groningen, Netherlands). Unlike inflexible headspace containers that require an 152 

additional air inlet to prevent vacuum pulling, the use of bags allowed sampling without the undesirable 153 
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effect of diluting the headspace. These bags were cut and resealed to a size of 125 mm by 170 mm. After 154 

each measurement, bags were emptied and resealed following a thermal cleaning procedure by which the 155 

bags were three times automatically filled with hot air at 100 °C and emptied using a thermal heat purger 156 

(Model SP20, Scentroid, Whitchurch–Stouffville, Canada). A 100 mL SGE analytical gas-tight syringe 157 

(Trajan Scientific and Medical, Ringwood, Australia), mounted with stainless steel Luer-lock valves and 158 

Polytetrafluoroethylene tubing and connectors, was used to draw air in and out of the bag. The inlet air was 159 

filtered by a Supelcarb HC hydrocarbon trap (Supelco, Bellefonte, PA), whereas the outlet air was 160 

exhausted into the room (Fig. 1A). 161 

 162 

Fig. 1. Preparation of the eggs for intact headspace measurements. (A) Syringe configuration in which the 163 

airflow is indicated with arrows. The bag was flushed once before it was filled with 300 mL of filtered air. 164 

(B) Grid configuration explained in steps with the Twister® at the bottom for headspace extraction in the 165 

bag and the egg on top of it 166 

Before enclosing the egg inside the bag, it was placed on a stainless steel grid holder under which a second 167 

holder was placed with a Gerstel polydimethylsiloxane (PDMS) Twister® (Gerstel, Mülheim an der Ruhr, 168 

Germany). These sorbent stir bars had a 1 mm thick PDMS coating and were 10 mm in length. The 169 

Twisters® were conditioned before use following manufacturer guidelines. This grid holder configuration 170 

ensured that every Twister® was securely positioned at a fixed grid-thick distance from the eggshell (Fig. 171 

1B). After placing an egg with a Twister® inside and sealing the bag, the air was pulled out using the syringe. 172 
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Next, the bag was filled with 300 mL of filtered air and subsequently vacuum-pulled again. Finally, the bag 173 

was filled a second time with 300 mL of filtered air and it was placed in an incubator at 37.7 °C during 2 h 174 

of headspace accumulation upon analysis on the PTR-TOF-MS or SIFT-MS. During these 2 h, the Twister® 175 

extracted the egg VOCs which would be subject to further analysis on the GC-MS. During the measurement 176 

session, three blank measurements were conducted as a reference for background compounds. The blank 177 

measurements followed the same protocol but without the presence of an egg. 178 

Following the headspace sampling for analysis, the egg was removed from the bag and returned to the egg 179 

incubator. The bag underwent the cleaning protocol for reuse and the Twister® was stored in a 60 mm length 180 

desorption tube, which was secured with a transport adapter and stored in a transport block for GC-MS 181 

analysis. The desorption tube, transport adapter, and transport block were all from Gerstel.  182 

2.3. Device conditions and data preprocessing 183 

2.3.1. GC-MS 184 

The Twisters® were stored in the transport block at 21 °C for a maximum of 5 days before undergoing 185 

analysis using GC-MS. For the analysis, Twisters® were desorbed in a thermal desorption unit (TDU) 186 

connected to a cooled injection system (CIS, Gerstel). Twister® desorption occurred in the TDU under a 187 

50 mL/min helium flow. The TDU was initially set at 25 °C and its temperature was increased at a rate of 188 

60 °C/min up to 250 °C which was held for 5 min. The desorbed VOCs were carried via helium flow into 189 

the CIS that was maintained at -50 °C. After complete desorption, the CIS was heated at a ramp of 12 °C/s 190 

up to 300 °C and held for 5 min. 191 

Chromatography was performed using an Agilent 7890A gas chromatograph coupled to an Agilent 5975C 192 

mass selective detector (Agilent Technologies, Santa Clara, CA). The GC-MS was equipped with a 30 m x 193 

250 µm x 0.25 µm HP-5MS column (Agilent Technologies) operating at a helium flow rate of 194 

1.07 mL/min. The oven program was as follows: initial setpoint at 35 °C directly followed by a first 195 

ramping at 4 °C/min up to 120 °C without hold time. A second ramping was set at 6 °C/min up to 200 min 196 
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immediately followed by a third ramp at 10 °C/min up to 250 °C with a hold time of 5 min. The mass 197 

spectrometer scanned the range from 30 to 350 m/z and the mass spectrometer source and mass 198 

spectrometer Quad were respectively set at 230 °C and 150 °C. 199 

The chromatograms and spectra were analyzed using MassHunter Workstation (Unknowns and 200 

Quantitative Analysis v10.1, Agilent Technologies). Initially, the chromatograms were deconvoluted in the 201 

Unknowns Analysis and compounds were tentatively identified based on the NIST 2020 database by setting 202 

a minimum match factor of 85. The match factor assesses the degree of similarity between an obtained 203 

fragmentation spectrum and the theoretical fragmentation spectra of a compound in the database. The 204 

following rules were applied to retain compounds for a custom-made library: (1) a minimum match factor 205 

of 85, (2) a higher abundance in the egg measurements compared to the blank measurements, (3) a minimum 206 

occurrence of 10% across all observations or significant differences in one of the breeds based on a pairwise 207 

t-test, and (4) their presence in previous in-house experiments on egg VOCs. In the second step, these 208 

compounds were double-checked for having a realistic retention index according to the order of their 209 

retention time in the chromatogram. After compound selection, a quantifier and a qualifier ion were 210 

designated. The quantifier ion peaks underwent Gaussian smoothing and the signal of the corresponding 211 

compound was measured by calculating the area beneath the smoothed curve. Ultimately, the data were 212 

adjusted for the total signal of the peak areas, resulting in relative abundances, which facilitated a more 213 

accurate comparison with the SIFT-MS and PTR-TOF-MS data. The total signal peak area was included in 214 

the dataset as an additional variable. 215 

2.3.2. SIFT-MS 216 

The SIFT-MS measurements were performed using a Voice200ultra (Syft Technologies, Christchurch, 217 

New Zealand). The carrier gas was helium and had a flow rate of 419.71 mL/min (5.32 torr L/s) with a flow 218 

tube pressure of 80.59 Pa (0.60 torr). The headspace was extracted from the sampling bag via a heated 219 

transfer line at 125 °C and the rate at which the headspace entered the flow tube was 23.68 mL/min 220 

(0.30 torr L/s). Sample product ions, generated by the three reagent ions H3O+, NO+
, and O2

+, were scanned 221 
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over a range of 15 to 250 m/z. A sample measurement consisted of one preparation cycle and two sample 222 

cycles, with a maximum scanning time of 100 ms and a count limit of 10,000 counts per m/z. The total 223 

measurement time of one sample was approximately 3.5 min. At the beginning of each measurement day, 224 

a systematic validation routine was performed that involved measuring the composition of a calibrant gas 225 

consisting of seven compounds, including 1,2,3,4,5,6-hexafluorobenzene; 1,2,3,4,5-pentafluoro-6-226 

(trifluoromethyl)benzene; 1,2,3,4-tetrafluoro benzene; 2-methylpropane; benzene; ethene; and toluene. 227 

The raw signal intensities of the sample product ions were expressed in count rates (Hz) and were 228 

preprocessed following the approach of Benchennouf et al. (2023) to remove any instrument variation. This 229 

resulted in adjusted concentrations of the product ions. Next, the two sample cycles were averaged and 230 

similarly to the HSSE-GC-MS data, the individual variables were divided by the total product ion signal to 231 

allow for a better system comparison using the relative abundances. The total product ion signal was 232 

included in the dataset as an extra variable. During a later stage, the “identifier” tool in combination with 233 

the library of the LabSyft v1.6.2 software (Syft Technologies) was employed to tentatively identify 234 

compounds by linking the observed product ions to potential compounds of interest based on the full scan 235 

fingerprint. Furthermore, concentration estimations of VOCs selected by the HSSE-GC-MS were made 236 

using the library. In cases where the compound was not present in the library, the protonated ion generated 237 

by H3O+ was utilized with an average reaction rate coefficient (k-value) of 3.3 x 10-9 cm³ s-1. This k-value 238 

quantifies the rate at which the protonation between the reagent ion and the VOC occurs. 239 

2.3.3. PTR-TOF-MS 240 

The PTR measurements were executed using a PTR-TOF-MS 8000 (Ionicon Analytik, Innsbruck, Austria). 241 

The headspace was sampled from the bag at a flow rate of 25 mL/min via an insulated transfer line to the 242 

inlet of the drift tube of the device. The tube was operated at 600 drift voltage, 240 Pa, and 60.2 °C, resulting 243 

in a field density ratio (E/N) of 1.25 x 10-15 V cm² (125 Td). After being driven through the drift tube, 244 

sample product ions generated by the H3O+ reagent ions underwent mass separation in the time-of-flight 245 

module under a high vacuum of 8.8 x 10-5 Pa. Ion masses were scanned over a range from 1 to 318 m/z 246 
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with a sampling interval of 32 µs. Spectra were averaged at intervals of 5 s while each sample was measured 247 

for approximately 180 s. A comprehensive description of the spectrum mass range calibration and 248 

transmission curve construction can be found in a previous publication by Portillo‐Estrada et al. (2021). 249 

Next, a stable signal was selected for the individual egg spectra over a timeframe of 50 to 120 s and was 250 

subsequently averaged to create a single spectrum per egg. The spectra were cropped to a range from 15 to 251 

318 m/z and the signal was integrated into nominal masses using the PTR-MS Viewer v3.4.4 software 252 

(Ionicon Analytik). Similar to the preprocessing approach described for the SIFT-MS, the raw signal 253 

intensities were converted into adjusted product ion concentrations to remove any instrument variation by 254 

assuming the nominal masses as compounds for which concentrations were estimated. This approach is 255 

also described by Granitto et al. (2007). Furthermore, the individual variables were divided by the total 256 

product ion signal to allow for better system comparison using relative abundances, and the total product 257 

ion signal was included in the dataset as an extra variable. Later, VOCs were identified in the spectra by 258 

fitting the peak of interest to a Gumbel curve using the “multipeak” tool (PTR-MS Viewer v3.4.4, Ionicon 259 

Analytik). The signal was then integrated to estimate the concentration using an average k-value of 2 x 10-260 

9 cm³ s-1 or specific linearly interpolated k-values were used in case compounds were reported in the work 261 

of Cappellin et al. (2012). For more information, refer to Portillo-Estrada et al. (2018). 262 

2.4. Data analysis 263 

The datasets were grouped per analytical technique for both days 2 and 8 separately. The HSSE-GC-MS 264 

dataset was double the size since the Twister® extractions were performed in duplicate during both the PTR- 265 

and the SIFT- measurements on the same day. Next, the datasets were randomized and divided into 6 266 

equally divided splits for cross-validation. Each data split contained at least an observation for one of the 267 

three breeds and multiple measurements of the same egg were grouped within the same data split. Before 268 

starting the multivariate analysis, the variables were scaled to a zero mean and unit variance. All datasets 269 

from the three systems were analyzed by applying a partial least squares-discriminant analysis (PLS-DA) 270 

using the non-linear iterative partial least squares (NIPALS) algorithm. The relative abundances of the 271 
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VOCs or the product ions were set as predictor variables and the egg breed as a categorical response 272 

variable. The multivariate statistics were performed in Matlab v2018b (Mathworks, Natick, MA) using the 273 

PLS toolbox v8.7 2019 (Eigenvector Research, Wenatchee, WA) and by using The Unscrambler v10.3 274 

(CAMO Software, Norway). The number of latent variables was determined by examining the scree plot to 275 

identify the components that accounted for the greatest variance, as well as by examining the root mean 276 

square error plot of the cross-validation set (RMSECV) to identify the point where the improvement in the 277 

model became negligible. The outlier analysis was conducted by examining the Q residuals and the 278 

Hotelling T², and by manually checking the data for aberrant spectra. 279 

The PLS-DA models were further optimized by applying three different variable selection methods. First, 280 

variable importance in projection (VIP) was used, whereby each variable was considered significant if its 281 

score was 1 or higher for each of the three breeds. Second, forward interval partial least squares (FiPLS) 282 

was applied, whereby the number of variables was automatically chosen for a minimal RMSECV. Finally, 283 

the jackknifing approach was used to calculate weighted beta coefficients for variables to select those that 284 

contributed significantly to explaining the variation in the data (with P < 0.05). The first two approaches 285 

were performed in the PLS toolbox whereas the last approach was performed using The Unscrambler. The 286 

models having the highest balanced accuracy for egg breed on the cross-validation were selected. This 287 

balanced accuracy represented the average sensitivity across all classes and allowed for model comparison 288 

in the context of multiclass classification with imbalanced datasets. The sensitivity was calculated by 289 

dividing the number of true positives by the sum of the true positives and the false negatives. 290 

3. Results & discussion 291 

3.1. Comparative analysis of VOC data layout 292 

From the 45 measured samples, only 30 were eventually considered for data analysis due to 3 unfertilized 293 

samples and 9 samples with dead embryos. It is possible that the transportation and sampling procedures 294 

caused damage to the embryos around day 2, as indicated by mortality between days 2 and 5 according to 295 
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breakout analysis. Nevertheless, the surviving embryos exhibited healthy development and were included 296 

in the analysis. Furthermore, the last 3 samples were identified as outliers due to measurement or processing 297 

errors and were excluded from the dataset. This resulted in a final dataset of 11 Dekalb, 11 Ross, and 8 298 

Shaver eggs.  299 

3.1.1. HSSE-GC-MS VOC identification 300 

A total of 111 VOCs were identified from the GC-MS analysis, which could be further categorized into 14 301 

different chemical classes (Fig. 2A). These identified VOCs are reported in detail in the overview table in 302 

Appendix A. Esters and alcohols were the most abundant VOCs and counted a total of 45 out of 111 303 

compounds. This observation was similar to the observations of Borras et al. (2023) where the authors also 304 

used Twisters® and in which half of the identified VOCs were esters (11 out of 34) and alcohols (7 out of 305 

34). This was in contrast to Xiang et al. (2019), where the authors used SPME fibers as sorbent materials. 306 

In their work, aldehydes were the most abundant class and consisted of 6 out of 18 VOCs. Furthermore, 307 

they identified only 2 alcohols and no esters. The dissimilarities observed may be attributed to variations 308 

in adsorption affinities between Twisters® and SPME fibers. Furthermore, the greater sensitivity of 309 

Twisters®, as reported by Tienpont et al. (2000), could have played a role in the higher number of VOCs 310 

detected using Twisters®. Additionally, the longer extraction time of 2 h employed in our study relative to 311 

the 3 min applied by Borras et al. (2023) potentially contributed to the identification of a larger number of 312 

VOCs. 313 
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 314 

Fig. 2. Distribution of the VOC data from the HSSE-GC-MS into chemical classes. (A) Pie chart of the 315 

distribution of the number of compounds per chemical class, expressed in absolute number (between 316 

parentheses) and relative percentage to the total of 111 VOCs. (B) The relative abundance per chemical 317 

class per breed. The absolute number of VOCs per chemical class is presented in between parentheses and 318 

the average relative abundance of the signal per chemical class to the total VOC signal is presented on the 319 

vertical axis. The total number of observations per breed is noted in between parentheses. Pairwise t-tests 320 

were performed to compare the means and statistically significant differences within a class are indicated 321 

with a different letter (P < 0.05). The standard deviation is indicated with an error bar 322 

Next, the relative abundance of the chemical classes per breed was studied and is depicted in Fig. 2B. It 323 

was observed that the alcohols covered approximately half of the total egg’s VOC signal. This higher 324 

prevalence of alcohols was predominantly attributed to the signal of 1[2-(1-325 

Butoxypropoxy)propoxy]propan-1-ol and 2-(2-Hydroxyethoxy)ethanol (Appendix Fig. B1). Both alcohols 326 

were assumed to have a synthetic origin since they were not reported yet as originating from living 327 

organisms and they are known to be used as solvents in gel formation (Dey et al., 2014; Shrivastava & Das, 328 

2019). It is hypothesized that synthetic VOCs may originate from substances taken up by the mother hen, 329 

which are subsequently deposited in the egg. This concept of chemical contamination through feed or the 330 

environment has been demonstrated in multiple studies (Brambilla et al., 2009; Hoogenboom et al., 2016; 331 

Jondreville et al., 2017). On the other hand, the eggs themselves can potentially absorb odors from the 332 

environment and release them afterward (Webster et al., 2015; Xiang et al., 2018). Furthermore, the esters 333 

were significantly higher in abundance in Ross eggs. Esters can originate from plants and their presence 334 
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can be linked to the use of feed additives (Protasiuk & Olejnik, 2020). Finally, since the esters and alcohols 335 

were respectively higher in relative abundance in Ross and Dekalb, Shaver had a higher relative abundance 336 

in other classes such as ketones, carboxylic acids, phenols, nitriles, and amides. 337 

3.1.2. PTR-TOF-MS and SIFT-MS spectra characterization 338 

An average egg signal of the PTR-TOF-MS and SIFT-MS data is presented in Fig. 3. The PTR data was 339 

collected over a mass range from 15 to 318 m/z using the H3O+ reagent ion (Fig. 3A), whereas the SIFT 340 

data was collected over a smaller 15 to 250 m/z range using the H3O+, NO+, and O2
+ reagent ions (Fig. 3B, 341 

C and D, respectively). On one hand, the capability of the SIFT to use different reagent ions supported 342 

compound identification by differentiating between isomeric classes. For instance, it can distinguish 343 

between aldehydes and ketones, or acids and esters, even when they have the same molecular formula but 344 

a distinct arrangement of atoms (Biasioli et al., 2011). On the other hand, the PTR was expected to have a 345 

higher sensitivity since the time-of-flight module allowed for a high time resolution, resulting in almost 346 

instantaneous detection of all compounds through full-spectrum acquisition. Furthermore, the high mass 347 

accuracy allowed for distinguishing compounds with the same unit mass (i.e., isobaric compounds). 348 
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 349 

Fig. 3. Relative abundance of the ion masses of average egg signals on (A) the PTR-TOF-MS using the 350 

H3O+ reagent ion, (B) the SIFT-MS using the H3O+ reagent ion, (C) the SIFT-MS using the NO+ reagent 351 

ion, and (D) the SIFT-MS using the O2
+ reagent ion 352 

When comparing the product ions of the H3O+ spectra, it was observed that the ion masses of the PTR data 353 

(Fig. 3A) were more abundant in the lower mass region than the ion masses of the SIFT data (Fig. 3B, C, 354 

and D). Possibly, this could be explained by sensitivity differences between the two devices towards lower 355 

and higher masses. Moreover, it is noteworthy that the PTR’s transfer line was only insulated and not 356 

heated, which could have resulted in adsorption effects of heavier VOCs on the surface. Finally, high 357 

relative abundances were observed around product ion masses 223, 225 (H3O+), 225 (NO+), and 225 (O2
+). 358 

These masses corresponded with 2,2,4,4,6,6-hexamethyl-1,3,5,2,4,6-trioxatrisilinane which originated 359 

from the PDMS-Twisters® that were enclosed in the sampling bags together with the eggs. 360 
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For a better comparison between the two devices, the Pearson correlation coefficient was calculated on the 361 

adjusted product ion concentrations of the H3O+ ion masses within the 15 to 250 m/z range. These 362 

correlations are depicted in Fig. 4A and compounds that correlated higher than 0.5 are indicated with their 363 

ion mass. A total of 15 ion masses had a correlation coefficient exceeding 0.5, with the lower masses 364 

yielding the highest values. Furthermore, the mass spectra of the PTR-TOF-MS data were used to identify 365 

the corresponding compounds from these 15 ion masses. An overview of these compounds is given in Table 366 

B1 of Appendix B. As demonstrated for ion mass 47 in Fig. 4B, the signal can correspond with the presence 367 

of multiple compounds (this was also the case for ion masses 49, 57, 85, and 123; see Table B1 in Appendix 368 

B). In this case, both formic acid and ethanol share the same protonated ion mass. When individually 369 

quantifying the compound signals from the PTR-TOF-MS spectra, it was revealed that the ethanol 370 

abundance was dominating the signal of mass 47 and thereby causing a good correlation between the two 371 

devices (Fig. B2 in Appendix B). In Fig B2, it was also observed that the ethanol abundance was much 372 

higher on day 2 relative to day 8. This discrepancy can be plausibly attributed to the ethanol cleaning of the 373 

eggshell prior to the experiment. Nevertheless, the product ion masses corresponding with ethanol were 374 

retained in the dataset since they could overlap with other relevant compounds and it could be checked in 375 

a second phase whether the selection of a product ion mass was attributed to the presence of ethanol or not. 376 

 377 
Fig. 4. (A) Correlation between the H3O+ product ion masses from the PTR-TOF-MS and the SIFT-MS. 378 

The correlation was calculated on the adjusted product ion concentrations. A threshold of 0.5 was set and 379 

ion masses showing correlations above this threshold are labeled. (B) Average signal of the ion mass 47 380 

that had the highest correlation between PTR-TOF-MS and SIFT-MS data. This demonstrates the 381 

possibility of the PTR-TOF-MS to discriminate compounds based on their exact mass 382 
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As mentioned previously, the ability to differentiate exact compound masses enables the researcher to make 383 

a reliable estimation for the identification of the measured VOCs. Furthermore, compound identification 384 

can be facilitated and verified through the use of an online library of the most common VOCs generated 385 

through proton-transfer reactions by H3O+ ions (Pagonis et al., 2019). Similarly, the identifier tool within 386 

the LabSyft® software (Syft Technologies) permits SIFT-MS users to estimate the identity of a compound 387 

by analyzing the ratios of product ions generated by the different reagent ions. However, it was observed 388 

that formic acid and ethanol share the same product ion masses for both the three reagent ions and could 389 

thereby not be discriminated from one another using the SIFT-MS. It is also important to mention that the 390 

accuracy of the identification is constrained by the library content, which relies on the contributions made 391 

by the users who compiled the library.  392 

3.2. Breed recognition based on VOCs 393 

3.2.1. PLS-DA models for breed recognition 394 

PLS-DA models were built to assess the performance of the different VOC analysis systems in 395 

distinguishing the three breeds. Initially, the analysis was performed on the full dataset of the device, and 396 

then variable selection methods were employed to eliminate less important compounds and enhance model 397 

performance. An overview of these classification models and their prediction- and balanced accuracies are 398 

presented in Table 1. 399 

  400 
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Table 1 401 

PLS-DA models for breed recognition using different VOC analysis systems 402 

VOC 

analysis 

system 

Variable 

selection 

method 

Number 

of factors 

Number of 

variables 

Prediction accuracy on cross-validation Balanced 

accuracy † 
Dekalb Ross Shaver 

HSSE-GC-MS full data 6 112 94.9% 89.4% 94.6% 91.9% 

HSSE-GC-MS FiPLS 7 11 96.4% 94.8% 97.7% 95.5% * 

HSSE-GC-MS VIP 6 12 95.1% 91.7% 92.9% 90.8% 

HSSE-GC-MS jackknifing 4 12 96.9% 91.5% 93.9% 95.2% 

PTR-TOF-MS full data 10 300 85.6% 95.5% 96.6% 90.9% 

PTR-TOF-MS FiPLS 3 5 96.1% 91.9% 96.6% 95.5% * 

PTR-TOF-MS VIP 6 35 95.1% 90.2% 97.7% 95.5% 

PTR-TOF-MS jackknifing 6 6 93.4% 88.3% 95.7% 91.9% 

SIFT-MS full data 2 695 52.4% 73.6% 71.3% 53.6% 

SIFT-MS FiPLS 4 11 94.7% 94.1% 90.3% 92.8% * 

SIFT-MS VIP 3 57 70.0% 90.2% 84.7% 80.7% 

SIFT-MS jackknifing 1 15 86.6% 65.0% 73.9% 79.6% 

Note: † The balanced accuracy is calculated by taking the average of the sensitivities (number of true 403 

positives divided by the sum of the true positives and the false negatives). * An asterisk is used to indicate 404 

the best model per VOC analysis system based on the balanced accuracy. 405 

Abbreviations: PLS-DA, partial least squares-discriminant analysis; FiPLS, forward interval partial least 406 

squares; VIP, variable importance projection; HSSE-GC-MS, headspace sorptive extraction gas 407 

chromatography-mass spectrometry; PTR-TOF-MS, proton transfer reaction time-of-flight mass 408 

spectrometry; SIFT-MS, selected ion flow tube mass spectrometry 409 

Overall, the FiPLS variable selection approach generated models with the highest balanced accuracies. 410 

Possibly, the FiPLS managed better to obtain the best combination of relevant variables in the model due 411 

to its stepwise forward selection of only variables that reduce the RMSECV (Nørgaard et al., 2000). In case 412 

a variable is already included in the model, other variables that are correlated will not be taken up anymore 413 

since they will not bring added value to the model. This is in contrast to the VIP and jackknifing whereby 414 

variables are independently assessed (Chong & Jun, 2005; Martens & Martens, 2000). As a result, this 415 

independent variable assessment regardless of correlations may lead to the inclusion of variables that do 416 

not provide additional improvement of the model’s performance. 417 

The highest discrimination among the three breeds was achieved using the HSSE-GC-MS and the PTR-418 

TOF-MS data, resulting in a balanced accuracy of 95.5%. The balanced accuracy of the best SIFT-MS 419 

model was 92.8%. Both the HSSE-GC-MS and the SIFT-MS FiPLS models were built with 11 variables, 420 
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whereas the PTR-TOF-MS FiPLS model was built with only 5 variables. These results indicate that all 421 

three systems were able to successfully differentiate the three breeds. 422 

Confusion matrices from the best performing PLS-DA models are presented in Fig. 5 to study which breeds 423 

were wrongly interchanged with another breed. Overall, the predicted classes were well corresponding with 424 

the actual classes for all breeds on all devices. It was observed that for all three devices, a certain number 425 

of Ross breeds were wrongly categorized as a Shaver breed. Furthermore, the highest number of 426 

misclassifications was observed for Ross being interchanged with Dekalb for the PTR-TOF-MS data. On 427 

the other hand, all Dekalb and Shaver observations were well classified (Fig. 5B). 428 

 429 

Fig. 5. Confusion matrices of the PLS-DA models to separate three different breeds of eggs based on their 430 

VOC profile. The best models were selected per VOC analysis system and were obtained through an FiPLS 431 

variable selection. The columns of the actual classes are presented as percentages of the total number of 432 

observations per breed. This allows for a fair comparison between the three devices, despite their varying 433 

number of observations. The three VOC analysis systems were respectively (A) HSSE-GC-MS, (B) PTR-434 

TOF-MS, and (C) SIFT-MS 435 

  436 
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3.2.2. Selected variables for breed distinction 437 

For each VOC analysis system, biplots were generated to visualize the distinction of the breeds along the 438 

first two factors of their best PLS-DA models (Fig. 6). Moreover, the selected variables and their 439 

contributions to the separation are displayed through vectors that indicate both the magnitude and direction 440 

of their influence. Finally, the compounds related to the variables of the PTR-TOF-MS and SIFT-MS data 441 

were estimated using the exact masses from the time-of-flight spectra and the LabSyft® identifier tool, 442 

respectively. This is presented in Table 2 together with the relative abundance of the compounds per breed 443 

and their possible origin. 444 
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 445 

Fig. 6. Biplots of the PLS-DA models to separate three different breeds of eggs based on their VOC profile. 446 

The best models were selected per VOC analysis system and were obtained through an FiPLS variable 447 

selection for which the variables were labeled on the biplot. The percentage of X and Y variance per factor 448 

is presented in parentheses. The number of observations per breed is indicated in parentheses next to each 449 

respective breed. The product ions are noted together with the reagent ion they were generated with. For 450 

instance, H3O049 concerns ion mass 49 m/z from the H3O+ reagent ion The three VOC analysis systems 451 

were respectively (A) HSSE-GC-MS, (B) PTR-TOF-MS, and (C) SIFT-MS452 
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Table 2 453 

Selected variables from the PLS-DA models of the three devices and their average relative abundances and possible origin 454 

  455 

Device Variable and/or related 

compound 

MF MW Chemical 

class 

Relative abundance mean ± SE Possible sources described in the literature Reference 

Dekalb Ross Shaver 

H
S

S
E

-G
C

-M
S

 

(E)-3-Phenylprop-2-enal C9H12O 136 Alcohol 1.43 ± 0.10 

x 10-3(b) 

2.17 ± 0.11 

x 10-3(a) 

1.35 ± 0.13 

x 10-3(b) 

Can be used as a dietary supplement for laying hens to 

improve performance 

(Wang et al., 2022) 

1,3,5,7-

Tetrazatricyclo[3.3.1.13,7]decane 

C6H12N4 140 Alkane 4.35 ± 0.36 

x 10-3(a) 

1.21 ± 0.09 

x 10-3(b) 

1.41 ± 0.26 

x 10-3(b) 

Substance used in veterinary drugs, for instance for 

coccidiosis treatment 

(Xu et al., 2017) 

5-Pentyloxolan-2-one C9H16O2 156 Ester 4.03 ± 0.19 

x 10-3(b) 

5.72 ± 0.28 

x 10-3(a) 

4.28 ± 0.24 

x 10-3(b) 

NA 

(E)-Undec-2-enal C11H20O 168 Aldehyde 2.66 ± 0.09 

x 10-4(a) 

2.18 ± 0.08 

x 10-4(b) 

2.60 ± 0.07 

x 10-4(a) 

Autoxidation product from oleic acid, an unsaturated fatty 

acid 

(Belitz et al., 2009) 

Diphenylmethanone C13H10O 182 Ketone 4.75 ± 0.23 

x 10-3(b) 

7.29 ± 0.38 

x 10-3(a) 

4.36 ± 0.23 

x 10-3(b) 

NA 

2-(2-Methoxyethoxy)propanoic 

acid, O-acetyl- 

C8H14O5 190 Carboxylic 

acid 

4.97 ± 0.41 

x 10-2(b) 

6.47 ± 0.61 

x 10-2(a) 

4.52 ± 0.43 

x 10-2(b) 

NA 

Dimethyl benzene-1,2-

dicarboxylate 

C10H10O4 194 Ester 2.49 ± 0.13 

x 10-3(b) 

3.81 ± 0.21 

x 10-3(a) 

2.26 ± 0.13 

x 10-3(b) 
Originally chemicals that are added to plastics to enhance 

flexibility. These lipophylic substances can be ingested by 

animals and accumulate in fat tissues or even eggs 

(Kuzukiran et al., 2018) 
Dimethyl benzene-1,3-

dicarboxylate 

C10H10O4 194 Ester 4.60 ± 0.19 

x 10-2(b) 

7.77 ± 0.40 

x 10-2(a) 

3.65 ± 0.21 

x 10-2(c) 

Tridecan-1-ol C13H28O 200 Alcohol 1.73 ± 0.06 

x 10-3(b) 

1.82 ± 0.06 

x 10-3(ab) 

1.96 ± 0.05 

x 10-3(a) 

Earlier found in the preen oil of birds (Amo et al., 2012; Whittaker & 

Hagelin, 2021) 

Tetradecanal C14H28O 212 Aldehyde 4.24 ± 0.10 

x 10-4(b) 

4.46 ± 0.13 

x 10-4(b) 

5.52 ± 0.24 

x 10-4(a) 

Earlier found in the feathers and preen oil of birds (Campagna et al., 2012) 

Hexyl 2-hydroxybenzoate C13H18O3 222 Ester 4.54 ± 0.29 

x 10-3(a) 

4.46 ± 0.33 

x 10-3(a) 

2.75 ± 0.16 

x 10-3(b) 

A salicylate that has been used as an anti-inflammatory 

drug from which residues can remain 

(Protasiuk & Olejnik, 2020) 

P
T

R
-T

O
F

-M
S

 

Ethanol, second isotope 

[H3O049] 

C2H6O 46 Alcohol 1.55 ± 0.04 

x 10-3(c) 

2.29 ± 0.14 

x 10-3(b) 

3.17 ± 0.19 

x 10-3(a) 

Can be a deterioration volatile from eggs. Although here, 

it is likely to be originating from the shell cleaning* 

(Brown et al., 1986) 

Methanethiol [H3O049] CH4S 48 Thiol 1.55 ± 0.04 

x 10-3(c) 

2.29 ± 0.14 

x 10-3(b) 

3.17 ± 0.19 

x 10-3(a) 

Volatile found in the manure of laying hens (Saksrithai & King, 2020) 

Propan-2-one [H3O059] C3H6O 58 Ketone 1.95 ± 0.14 

x 10-2(a) 

1.95 ± 0.10 

x 10-2(a) 

2.06 ± 0.14 

x 10-2(a) 

Can be a deterioration volatile from eggs (Brown et al., 1986) 

[H3O125] NA 5.45 ± 0.13 

x 10-4(b) 

6.96 ± 0.30 

x 10-4(a) 

4.80 ± 0.09 

x 10-4(c) 

NA 

[H3O186] NA 6.90 ± 0.14 

x 10-5(a) 

6.60 ± 0.71 

x 10-5(a) 

6.97 ± 0.16 

x 10-5(a) 

NA 

[H3O187] NA 7.97 ± 0.21 

x 10-5(a) 

7.59 ± 0.24 

x 10-5(a) 

8.00 ± 0.21 

x 10-5(a) 

NA 
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Note: * the ethanol presence in this study was plausibly predominantly originating from the ethanol cleaning of the eggshell. However, the second 456 

isotope of ethanol was very low abundant in comparison to methanethiol which shared the same ion mass of 49 (Fig. B3 in Appendix B). Therefore, 457 

this ion mass was retained in the model. Statistical significant differences from pairwise t-tests are indicated with different letters (P < 0.05) 458 

Abbreviations: HSSE-GC-MS, headspace sorptive extraction gas chromatography-mass spectrometry; PTR-TOF-MS, proton transfer reaction time-459 

of-flight mass spectrometry; SIFT-MS, selected ion flow tube mass spectrometry; MF, molecular formula; MW, molecular weight; SE, standard 460 

error; NA, not available 461 

 462 

S
IF

T
-M

S
 

Hydronium, primary isotope 

[H3O021] 

H3
18O+ 21 NA 9.17 ± 0.44 

x 10-2(a) 

9.08 ± 0.38 

x 10-2(a) 

9.94 ± 0.60 

x 10-2(a) 

NA 

[O2034] NA 2.68 ± 0.09 

x 10-1(b) 

2.64 ± 0.06 

x 10-1(b) 

2.95 ± 0.12 

x 10-1(a) 

NA 

Ethanol, second isotope 

[H3O049] 

C2H6O 46 Alcohol 8.88 ± 0.62 

x 10-4(c) 

7.87 ± 0.17 

x 10-4(b) 

2.07 ± 0.27 

x 10-3(a) 

Can be a deterioration volatile from eggs. Although here, 

it is likely to be originating from the shell cleaning* 

(Brown et al., 1986) 

Methanethiol [H3O049] CH4S 48 Thiol 8.88 ± 0.62 

x 10-4(c) 

7.87 ± 0.17 

x 10-4(b) 

2.07 ± 0.27 

x 10-3(a) 

Volatile found in the manure of laying hens (Saksrithai & King, 2020) 

[NO077] NA 8.20 ± 0.76 

x 10-3(b) 

1.10 ± 0.09 

x 10-2(a) 

1.09 ± 0.10 

x 10-2(a) 

NA 

[O2081] NA 6.13 ± 0.43 

x 10-4(a) 

7.51 ± 0.58 

x 10-4(a) 

7.70 ± 0.70 

x 10-4(a) 

NA 

Butane-1-thiol, primary isotope 

[H3O092] 

C4H10S 90 Thiol 1.48 ± 0.24 

x 10-4(a) 

2.28 ± 0.36 

x 10-4(a) 

2.16 ± 0.33 

x 10-4(a) 

Volatile that can originate from gut bacteria (Löser et al., 2020) 

Methylsulfonylmethane 

[O2095] 

C2H6O2S 94 Sulfonyl 5.67 ± 0.43 

x 10-2(a) 

6.60 ± 0.40 

x 10-2(a) 

4.22 ± 0.43 

x 10-2(b) 

Compound with microbial origin that naturally occurs in 

food and is present in poultry facilities  

(He & Slupsky, 2014; Trabue et 

al., 2010) 

2-Hydroxybenzaldehyde 

[H3O123] 

C7H6O2 122 Aldehyde 2.08 ± 0.15 

x 10-3(b) 

3.23 ± 0.29 

x 10-3(a) 

1.84 ± 0.19 

x 10-3(b) 
Compound that has been used as a feed additive (Vendramini et al., 2016) 

2-Hydroxybenzaldehyde 

[NO121] 

C7H6O2 122 Aldehyde 3.00 ± 0.21 

x 10-3(b) 

4.95 ± 0.54 

x 10-3(a) 

2.36 ± 0.32 

x 10-3(b) 

1-Phenylethanol [H3O123] C8H10O 122 Alcohol 2.08 ± 0.15 

x 10-3(b) 

3.23 ± 0.29 

x 10-3(a) 

1.84 ± 0.19 

x 10-3(b) Reduction product of 1-phenylethanone after through 

dehydrogenases from microorganisms 
(Dong et al., 2016) 

1-Phenylethanol [NO121] C8H10O 122 Alcohol 3.00 ± 0.21 

x 10-3(b) 

4.95 ± 0.54 

x 10-3(a) 

2.36 ± 0.32 

x 10-3(b) 

1-Phenylethanone [O2120] C8H8O 120 Ketone 2.95 ± 0.37 

x 10-4(a) 

3.86 ± 0.48 

x 10-4(a) 

2.90 ± 0.30 

x 10-4(a) 

Found in swallow and quail eggs and has been measured 

before in a poultry facility 

(Costanzo et al., 2016; Trabue et 

al., 2010; Webster et al., 2015) 

[O2191] NA 3.29 ± 0.64 

x 10-4(a) 

2.52 ± 0.67 

x 10-4(a) 

3.53 ± 0.74 

x 10-4(a) 

NA 
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A good separation of the three breeds is observed on the biplot of the HSSE-GC-MS data (Fig. 6A). After 463 

conducting an extensive literature review of the potential origin of the selected VOCs, it was observed that 464 

volatiles might originate from both synthetic and natural sources. For instance, the compound 1,3,5,7-465 

tetrazatricyclo[3.3.1.13,7]decane was significantly more abundant in Dekalb (Table 2). It is a substance that 466 

can be used as a veterinary drug for coccidiosis treatment (Xu et al., 2017). Presumably, drug or feed 467 

additive administration to laying hens might result in the presence of these compounds or their metabolized 468 

products in the eggs. Consequently, variations in management might affect the eggs’ VOC profile. 469 

Similarly, (E)-3-phenylprop-2-enal; dimethyl benzene-1,2-dicarboxylate; and dimethyl benzene-1,3-470 

dicarboxylate were considerably more abundant in Ross and were likely originating from synthetic sources 471 

as well (Table 2). Finally, hexyl 2-hydroxybenzoate was more abundant in Dekalb and Ross versus Shaver. 472 

This salicylate has been reported to be used as an anti-inflammatory drug from which it is known that 473 

residues may remain in meat and eggs after drug administration or feed intake (Protasiuk & Olejnik, 2020). 474 

Considering the compounds with a potential natural origin, it was observed that (E)-undec-2-enal was more 475 

abundant for Dekalb, although it was not significantly higher compared to Shaver (Table 2). This compound 476 

can be an autoxidation product from the unsaturated fatty acid oleic acid (Belitz et al., 2009). Oleic acid 477 

has been found in egg yolks as the most abundant fatty acid and it was demonstrated to vary significantly 478 

in relative abundance between different breeds that were fed the same diet (Bunea et al., 2017). Potentially, 479 

this indicates how the genotype can influence the egg’s VOC profile. Furthermore, tetradecanal was more 480 

abundant in Shaver and is a natural compound that has been found earlier in birds (Campagna et al., 2012). 481 

Finally, tridecan-1-ol was more abundant in Shaver and Ross versus Dekalb. This compound is a natural 482 

compound that has been earlier found in the preen oil in birds (Amo et al., 2012; Whittaker & Hagelin, 483 

2021). 484 

For the PTR-TOF-MS data, a relatively small set of five variables was sufficient for breed discrimination 485 

(Fig. 6B). The identification of associated compounds was possible for two variables (Table 2). These were 486 

ethanol and methanethiol for 49 m/z (H3O049) and propan-2-one for 59 m/z (H3O059). As earlier 487 
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mentioned, ethanol was plausibly originating from the ethanol shell cleaning prior to the experiment. 488 

However, its second isotope under ion mass 49 was only attributing for a very limited amount relative to 489 

methanethiol (Fig. B3 in Appendix B). Methanethiol was a volatile found in the manure of laying hens 490 

(Saksrithai & King, 2020), whereas propan-2-one was identified in the past as a VOC indicating 491 

deterioration in eggs (Brown et al., 1986). Subsequently, these natural compounds may suggest a 492 

comparatively lower quality of the batch of Shaver eggs relative to the Dekalb and Ross eggs. Additionally, 493 

the observation that the Shaver eggs had the highest number of unfertile and dead eggs could serve as an 494 

indication of this lower quality. However, care has to be taken with this assumption due to the limited 495 

number of 15 eggs per batch. 496 

As previously mentioned, the lowest model performance was obtained with the SIFT-MS data with a 497 

balanced accuracy of 92.8% (Table 1). Furthermore, a stronger correlation was found between the variables 498 

in Fig. 6C since they grouped closer together for the first two factors when compared to the vectors for the 499 

HSSE-GC-MS and PTR-TOF-MS data. Similarly to the PTR, ion mass 49 m/z from the H3O+ reagent ion 500 

was more prominent in Shaver (ion mass related to ethanol and methanethiol). It is not surprising that this 501 

variable has been selected as well for the SIFT-MS given its good correlation between the two devices that 502 

has earlier been demonstrated in Fig. 4A. 503 

In line with the HSSE-GC-MS data (Fig. 6A), selected variables from the SIFT-MS PLS-DA model could 504 

be linked to either a synthetic or a natural origin. Ion masses 123 m/z (H3O+ product ion) and 121 m/z (NO+ 505 

product ion) correlated well on the biplot in the direction of Ross (Fig. 6C) and could correspond with 2-506 

hydroxybenzaldehyde which has been reported as a compound being used as a feed additive (Vendramini 507 

et al., 2016). For the same ion masses, correspondence was found for 1-phenylethanol and this was also 508 

confirmed using the PTR-TOF-MS spectra with protonated masses (Fig. B3 in Appendix B). This VOC 509 

potentially had a natural origin (Table 2). Other compounds potentially originating from natural sources 510 

were tentatively identified from ion mass 95 m/z (O2
+ product ion) that could correspond with 511 
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methylsulfonylmethane, whereas 120 m/z (O2
+ product ion) could correspond with 1-phenylethanone, and 512 

92 m/z (H3O+ product ion) that corresponded with the first isotope of butane-1-thiol (Table 2). 513 

Overall, it was noted that the variables selected for the HSSE-GC-MS model possessed higher molecular 514 

weights than the PTR-TOF-MS or the SIFT-MS variables. Consequently, there could be multiple 515 

explanations for this observation. First, the Twister® might adsorb better the heavier VOCs. Second, the 516 

heavier VOCs might have adsorbed onto the wall of the transfer line of the direct trace gas mass 517 

spectrometer devices. Lastly, it is plausible that the direct trace gas mass spectrometer devices were less 518 

sensitive to molecules with higher molecular weights. 519 

3.3. Comparison of the VOC analysis systems 520 

3.3.1. Correlation between HSSE-GC-MS, PTR-TOF-MS, and SIFT-MS 521 

In this section, a comparison is made between the HSSE-GC-MS and the direct trace gas mass 522 

spectrometers to assess their complementarity. In order to compare the devices, the focus was set on 523 

correlating the absolute peak areas of the selected variables from the HSSE-GC-MS (Fig. 6A) with their 524 

estimated concentrations from the PTR-TOF-MS and SIFT-MS data, respectively. 525 

An overview of these correlations is presented in Fig. 7. The correlations were relatively low with an 526 

average correlation of 0.15 for the PTR-TOF-MS and 0.02 for the SIFT-MS. Most likely, this limited 527 

correlation was because of the complexity of the egg’s headspace. The HSSE-GC-MS performs an 528 

extensive compound separation prior to reaching the mass spectrometer, whereas direct trace gas mass 529 

spectrometers face a significant risk of ion mass overlaps, which can impede accurate estimation of 530 

compound concentrations. This issue was observed in the PTR-TOF-MS data as well, despite the time-of-531 

flight module successfully identifying peaks based on precise compound masses. However, these 532 

compounds still overlapped due to their proximity in terms of exact masses. This can be observed in Fig. 533 

B4 in Appendix B where an overview is presented of the peak selections. Concerning the SIFT-MS, 534 

alternative product ions from NO+ or O2
+ can be utilized. However, the availability of this information in 535 
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the Syft library® is crucial or it needs to be manually incorporated by measuring pure standards of the 536 

specific VOCs of interest. In this study, only 5-pentyloxolan-2-one and (E)-3-phenylprop-2-enal were 537 

already present in the library. The remaining compounds were added manually without measuring pure 538 

standards, considering the formation of their protonated ion based on an average reaction rate constant. The 539 

reaction rate constants and product ions can be found in Table B2 of Appendix B. 540 

 541 

Fig. 7. Correlations between VOCs selected in the PLS-DA model for the HSSE-GC-MS using FiPLS 542 

variable selection and the concentration estimates of these VOCs via their corresponding ion masses in the 543 

PTR-TOF-MS and SIFT-MS data. The peak identifications from the PTR-TOF-MS data and the product 544 

ions from the SIFT-MS that were used to estimate the compound concentrations from the respective systems 545 

can be found in Fig. B4 and Table B2 of Appendix B, respectively. 546 

  547 
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In general, the PTR-TOF-MS exhibited the strongest correlations with the HSSE-GC-MS data. Specifically, 548 

the abundances of 5-pentyloxolan-2-one and tetradecanal showed relatively good correspondence. 549 

Although overlap was observed between compound signals (Fig B4 in Appendix B), the precise mass 550 

separation of VOCs on the PTR-TOF-MS enabled better isolation of individual compounds for 551 

quantification relative to the SIFT-MS. Achieving a strong correlation on the SIFT-MS proved to be more 552 

challenging due to the possibility of compounds overlapping under the same nominal mass, leading to more 553 

interference with each other. This suggests that the PTR-TOF-MS would be better suited for quantifying 554 

specific target compounds of interest that were identified using the HSSE-GC-MS. However, it has to be 555 

stated that the correlations were relatively low overall due to the complexity of the headspace. Towards 556 

future applications, the concentration estimates can be enhanced by constructing calibration curves for the 557 

compounds on the devices. Specifically, the SIFT-MS has the potential to improve when target scans are 558 

conducted, allowing for a longer integration time for the product ion masses of interest. 559 

3.3.2. Summary of the comparison of the three VOC analysis systems 560 

Based on the results of the current study, an overview table was created to compare the three VOC analysis 561 

systems for their user-friendliness and performance in creating breed distinction models (Table 3). Overall, 562 

the HSSE-GC-MS demonstrated the highest performance in identifying VOCs and generating accurate 563 

prediction models. However, it had a drawback in terms of its slow processing speed. On the other hand, 564 

the PTR-TOF-MS had the fastest processing speed and enabled effective identification through the 565 

separation of exact masses. The compound identification was the most difficult using the SIFT-MS because 566 

of the limited LabSyft library and the compound overlap on unit masses. Moreover, the model performance 567 

of the SIFT-MS was also the lowest. Finally, a significant finding was the complementarity in mass range 568 

selection of the VOCs by the systems. The HSSE-GC-MS distinction model primarily focused on heavier 569 

VOCs, while the direct trace gas analysis systems’ models targeted lighter molecules. In summary, the 570 

overall consensus was that the combined use of HSSE-GC-MS and PTR-TOF-MS offered the most 571 

effective and complementary approach for comprehensively screening the full spectrum of egg VOCs. 572 
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Table 3 573 

Comparison of the three VOC analysis systems for their user-friendliness and performance 574 

Technique 

User-friendliness Breed distinction models 

Total processing speed 

per sample 

Identification Sampling & Sensitivity 

(literature) 

Performance model Mass range 

selected 

compounds 

HSSE-GC-MS - 

60 min (1 full scan) 

+++ 

Column separation & 

Extensive NIST® library 

Sorbent stir bar 

(Twister®) 

0.1 – 1 ppb (Tienpont et 

al., 2000)  

++ 

95.5% balanced accuracy 

with 11 variables 

136 to 222 g/mol 

PTR-TOF-MS +++ 

3 min (36 full scans)* 

++ 

Exact mass spectra & 

custom library through 

compound fitting 

Direct headspace 

0.01 – 0.1 ppb (Lehnert et 

al., 2019)  

++ 

95.5% balanced accuracy 

with 5 variables 

± 46 to 186 g/mol 

SIFT-MS ++ 

3.5 min (3 full scans) 

+ 

Compound overlap on 

unit masses & limited 

LabSyft library 

Direct headspace 

0.1 – 1 ppb (Lehnert et 

al., 2019) 

+ 

92.8% balanced accuracy 

with 11 variables 

± 20 to 122 g/mol 

Note: * The spectra of the PTR-TOF-MS were averaged in cycles of 5 s per cycle. The strength of the 575 

device for a certain feature was relatively expressed in the number of - and + symbols ranging from poor (-576 

), to decent (+), to good (++), to excellent (+++). 577 

Abbreviations: HSSE-GC-MS, headspace sorptive extraction gas chromatography-mass spectrometry; 578 

PTR-TOF-MS, proton transfer reaction time-of-flight mass spectrometry; SIFT-MS, selected ion flow tube 579 

mass spectrometry 580 

4. Conclusion 581 

In summary, our study assessed three VOC analysis systems for non-destructive separation of hatching 582 

eggs from three chicken breeds. HSSE-GC-MS identified 111 VOCs, with alcohols and esters being the 583 

most abundant. PTR-TOF-MS and SIFT-MS showed comparable spectra, but PTR-TOF-MS exhibited 584 

lower signal intensity for heavier ion masses. PLS-DA models demonstrated effective breed discrimination, 585 

with FiPLS variable selection performing the best across all systems. HSSE-GC-MS and PTR-TOF-MS 586 

achieved 95.5% balanced accuracy using a reduced set of 11 VOCs and 5 masses, respectively. SIFT-MS 587 

achieved 92.8% balanced accuracy. HSSE-GC-MS and the direct trace gas mass spectrometers exhibited 588 

complementary selectivity, with the former being more selective for higher molecular weights and the latter 589 

for lower molecular weight VOCs. The PTR-TOF-MS was suggested to be more suitable for quantifying 590 

compounds identified by the HSSE-GC-MS, unlike SIFT-MS. For future applications, calibration curves 591 

for target compounds are recommended to enhance concentration estimations. The literature review 592 

supported the idea of VOCs originating from both synthetic and natural sources. These findings highlight 593 
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the ability of these VOC analysis systems to perform egg quality control by non-destructively identifying 594 

variations in management practices or biological information encoded in eggs. 595 
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