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Abstract: Volatile organic compounds (VOCs) in biological samples originate both from exogenous
and endogenous sources. Recent studies have highlighted their potential as cancer biomarkers,
emphasizing the need for accurate detection methods in clinical settings. However, the analysis of
VOCs in whole blood (WB) samples remains challenging due to complex matrix effects caused by
protein-VOCs binding phenomenon and lack of standardized sample preparation protocols.
Therefore, this study suggests a standardized method for advanced VOC analysis in WB samples
specifically for veterinary applications. We compared 12 combinations of reagents composed of
protein denaturing reagents and salts, particularly urea mixtures, to enhance VOC decoupling from
proteins and improve matrix effect uniformity in gas chromatography-mass spectrometry (GC-MS)
analysis. Among all combinations, urea with NaCl showed optimal performance, demonstrating
advancement in the detection sensitivity up to 339.4% and significantly reduced matrix effect
variation (-35.5% to 25%) compared to the water-only control. This novel approach eliminates
complex procedures while maintaining accuracy, making it particularly suitable for veterinary uses.
The method's standardization and improved performance characteristics offer a practical solution for
efficient VOC detection in veterinary diagnostics, potentially advancing both environmental
exposure monitoring and tumor biomarker research.
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1. Introduction

Volatile organic compounds (VOCs) are environmental pollutants originating from various
industries, vehicle emissions, and other anthropogenic sources [1, 2]. Recently, specific VOCs have
been identified as potential cancer biomarkers due to their association with altered cancer
metabolism, emphasizing the need for accurate detection methods for novel diagnostic solutions.
Some studies have suggested multiple VOC biomarkers from breath samples for detecting colorectal
cancer [3] and from urine samples for detecting prostate cancer [4, 5]. However, in veterinary
medicine, using these biological samples are not proper for quantitative analysis due to the sample
quality [6]. Therefore, studies have conducted to find biomarkers from blood samples for cancer
diagnosis in dogs yet the analysis of VOCs in blood samples remains challenging due to complex
matrix effects [7, 8].

Previous studies showed unexpectedly high variability in internal standard (IS) sensitivity
across WB samples, while consistent sensitivity was observed in repeated analyses of the same
sample. This observation led us to hypothesize that VOCs are trapped by blood proteins through
specific interactions. A study demonstrated that benzene binds stably to hemoglobin (Hb)'s heme
pocket, significantly reducing oxygen binding capacity even at high temperatures (70-80 °C) [9]. In
addition, protein aromatic residues and cationic sites have been shown to form strong m-m
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interactions [10] and cation-mt interactions [11]. Also, the influence of ionic strength on aromatic
compound solubility suggests that protein-VOC interactions can be modulated by chemical
conditions [12]. These studies collectively indicate that VOCs can form specific, stable interactions
with blood proteins, which can be disrupted by altering biochemical conditions, thus providing a
theoretical framework for developing improved analytical methods for VOC detection in blood
samples.

Generally, when VOC analysis in aqueous solution is challenging, salts like NaCl are added
during preparation step to decrease VOC solubility and increase the sensitivity [13, 14]. However, in
the cases of body fluid samples (serum, plasma, urine, and whole blood), there have been no studies
regarding that induce protein denaturation using chemicals to facilitate the release of protein-bound
VOCs. Therefore, in this study, we suggest distinct methods at the sample preparation step that
simultaneously increases sensitivity while being simple, rapid, and highly reproducible.

2. Materials and Methods
2.1. Standards and Chemicals

All standard reference materials including benzene, toluene, ethylbenzene, m-/p-xylene, o-
xylene, styrene, and fluorobenzene were purchased from Accustandard (New Haven, CT, USA).
Stock solutions dissolved in methanol were stored at -20 °C and diluted with methanol as needed.
Methanol and HPLC-grade deionized water used for standard dilution were purchased from J.T.
Baker (Avantor, Radnor, USA). Urea and SDS (Sodium Dodecyl Sulfate), used to induce protein
denaturation, were obtained from JUNSEI (Saitama, Japan) and Daejung Chemicals (Gyeonggi,
Korea), respectively. Among the salts added to facilitate VOC release from blood, NaCl was
purchased from Daejung Chemicals (Gyeonggi, Korea), while Na:5SOs and K250: were obtained from
Junsei (Saitama, Japan).

2.2. Sample Collection

350 mL Canine whole blood packs preserved in CPDA (Citrate-Phosphate-Dextrose-Adenine)
bag were purchased from Korea Animal Blood Bank (Gangwon, Republic of Korea) and 103 samples
were provided by Naeun Animal Hospital located in Euijeongbu, Gyeonggi, Repubilc of Korea with
the consent from the owners for research uses. Citric acid or EDTA (Ethylene-diamine-tetra acetic
acid) were supplemented as anti-coagulants and the samples were preserved at 4 °C until use.

2.3. Sample Preparation

Protein denaturing reagents (PDR; urea and SDS) along with salts that increase the release
intensity of VOCs from samples, and water were added in multiple combinations to a 20 mL
headspace (H/S) vial containing the blood sample. The addition of salts induces a salt-out effect,
reducing VOC solubility in the aqueous phase and thereby enhancing analytical sensitivity. The
specific combinations of PDRs and salts tested are summarized in Table 1.

Table 1. Combination of PDRs and salts used in this study.

Combination(s) PDR Salt
Comb 1 Urea NaCl
Comb 2 Urea K2S0xs
Comb 3 Urea Na2504
Comb 4 SDS NaCl
Comb 5 SDS K2S0xs
Comb 6 SDS Na2S0s
Comb 7 H20 NaCl
Comb 8 H0 K2SOxs
Comb 9 H0 Naz504
Comb 10 Urea H20

Comb 11 SDS H0
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Cont. H0 H0O

2.4. Gas Chromatography-Mass Spectrometry Analysis

VOCs in canine blood were analyzed using a HS-GC/MS (Headspace-Gas Chromatography-
Mass Spectrometry) system equipped with a TriPlus 500 (Headspace autosampler) and ISQ 7610
(Single Quadrupole Mass Spectrometry) from Thermo Fisher Scientific (Waltham, MA, USA). Sample
analysis was performed using 20 mL amber screw cap vials (Thermo Fisher Scientific, Waltham, MA,
USA), and the separation of target compounds was achieved using a TG-6245iIMS capillary column
(30m, 0.32 mm L.D., 1.8 um film thickness). The detailed specifications of HS-GC/MS are summarized
in Table S1.

2.5. Selection of Quantification and Qualification Ions for GC-MS Analysis

Quantification ions were selected from fragment ions showing the highest sensitivity in MS
spectra obtained by analyzing standard solutions in positive scan mode. Qualification ions were
chosen from ions that showed sufficient sensitivity for compound confirmation and ion ratio
verification without interference from other compounds. These ions were analyzed in SIM (Selected
Ion Monitoring) mode for quantification, and the detailed mass to charge (m/z) values are presented

in Table 2.
Table 2. The retention time and targeted ions analyzed in this study.
Compound Mole.cular Rt. Qufmtification Qtfalification
weight ion(m/z) ion(m/z)

Benzene 78.11 4.78 78 77
Toluene 92.14 8.08 91 92
Ethylbenzene 106.17 10.48 91 106
m-/p-xylene 106.16 10.68 106 105
o-xylene 106.16 11.16 91 106
Styrene 104.15 11.24 104 78

2.6. GC-MS Analysis

The prepared samples were heated at 99 °C for 40 minutes in the instrument's incubator, after
which 1 mL of each headspace gas was injected into the GC-MS. For the separation of VOCs loaded
onto the capillary column, the column oven temperature was held at 50 °C for 5 minutes, then
increased to 100 °C at a rate of 10°C per minute and further raised to 120 °C at a rate of 20 °C per
minute. Subsequently, the temperature was increased from 120 °C to 260 °C at a rate of 30 °C per
minute and held for 4.33 minutes, resulting in a total temperature program time of 20 minutes. Peak
integration and quantification of the analyzed data were performed using Trace Finder 5.1 software
(Thermo Fisher Scientific, Walthan, MA, USA).

2.7. Comparison of Sensitivity and Matrix Effects Among Combinations

Samples purchased from the Korean Animal Blood Bank were analyzed using 1.5 mL for each
combination summarized in Table 1 to compare their relative sensitivities. The sensitivity comparison
for each combination was performed as a ratio relative to control, which contained no salt or reagent
(Formula 1). Additionally, to indirectly evaluate whether similar sensitivities could be achieved
across samples with various matrices, sensitivity changes were measured using blood sample
volumes of 0.5 mL and 1.5 mL for each combination in Table 1, with standard solutions added at the
same concentration of 100 ng/mL (Formula 2). Subsequently, the three combinations showing the
least sensitivity variation with sample volume were selected to evaluate matrix effects using
fluorobenzene, a commonly used internal standard, comparing samples without blood to those with
0.5 mL and 1.5 mL of blood (Formula 3). Finally, for the optimal combination, matrix effects on
fluorobenzene were assessed using 1 mL of actual samples received from Naeun Animal Hospital.
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Formula 1:

Each Combination
Recovery(%) = Control * 100

Formula 2:
Sensitivity in 1.5 mL — Sensitivity in 0.5 mL
%

Degree of Sensitivity Change(%) = 100

Sensitivity in 0.5 mL

Formula 3:

Blood Sample — Control Sample
* 100

Matrix Ef fect(%) = Control Sample

3. Results

3.1. Sensitivity Comparison Across Sample Preparation Reagent Combinations

The sensitivity alteration effects among each combination were evaluated by comparing the
relative responses to a control containing no additives (Table 3). Interestingly, Comb 1 demonstrated
superior sensitivity enhancement across all VOC analytes, with particularly notable increases for
aromatic compounds: styrene (178.6%), o-xylene (176.1%), m-/p-xylene (165.5%), ethylbenzene
(160.2%), and benzene (153.6%). While toluene showed a relatively lower enhancement (75.3%), the
overall sensitivity improvements were consistently higher than those observed with other
combinations. This enhancement across multiple aromatic VOCs suggests that Comb 1 effectively
improves the extraction efficiency of these compounds from the blood sample.

Table 3. The sensitivity comparison results across the 12 combinations.

CombinationBenzeneTolueneEthylbenzenem-/p-xyleneo-xyleneStyrene

Comb 1 153.6 75.3 160.2 165.5 176.1 178.6
Comb 2 92.3 72.6 111.0 111.4 111.5 102.2
Comb 3 1040 59.2 95.8 94.6 102.3  104.5
Comb 4 80.4 70.7 42.6 40.8 42.4 46.0
Comb 5 120.2  85.1 114.3 112.6 1145  89.7
Comb 6 91.9 56.2 43.6 41.7 45.4 425
Comb 7 105.7  90.0 91.9 90.3 96.9 1122
Comb 8 116.8  100.7 108.7 110.4 112.6  109.6
Comb 9 106.3  85.5 65.1 63.6 74.8 99.6
Comb 10 67.1 55.3 72.2 70.7 70.9 70.0
Comb 11 90.4 92.9 89.6 88.0 83.2 68.1
Cont. 100.0  100.0 100.0 100.0 100.0  100.0

3.2. Sensitivity Alterations According to Sample Volume

The stability of analytical performance across different sample volumes was assessed by
comparing the variability in sensitivity between 0.5 mL and 1.5 mL blood samples, both spiked with
100 ng/mL of the analyte. This comparison aimed to evaluate the consistency of sensitivity across
samples with different matrix levels but identical analyte concentrations. (Table 4). In results, Comb
1 exhibited remarkable stability, particularly for ethylbenzene (7.7%), m-/p-xylene (8.9%), and o-
xylene (9.6%), with variability under 10%. While slightly higher variability was observed for benzene
(31.4%) and toluene (34.8%), these values were still among the most stable across all combinations
tested. This low variability across different sample volumes is crucial for analytical reliability,
especially when challenging with limited or varying sample quantities in clinical laboratories.

These results collectively demonstrate that Comb 1 provides the optimal balance of enhanced
sensitivity and analytical stability. The combination of high sensitivity enhancement and low
volume-dependent variability makes it particularly suitable for reliable quantification of VOCs in
blood samples, where both detection capability and reproducibility are essential for accurate analysis.

d0i:10.20944/preprints202501.1677.v1
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Table 4. Comparison of sensitivity variations across sample volumes for 12 combinations.

CombinationBenzeneTolueneEthylbenzenem,p-xyleneo-xyleneStyrene

Comb 1 31.4 34.8 7.7 8.9 9.6 20.0
Comb 2 9.4 50.9 9.7 8.9 7.1 9.2
Comb 3 19.2 44.0 10.9 9.4 2.2 8.0
Comb 4 14.7 102.8 24.3 23.9 27.8 32.8
Comb 5 45.8 119.0 36.4 38.0 38.1 15.5
Comb 6 7.5 75.3 16.9 15.1 16.1 28.8
Comb 7 18.0 50.2 33.3 35.9 36.2 31.0
Comb 8 1.6 62.7 27.5 27.2 28.1 26.6
Comb 9 43.0 24.9 58.5 60.2 59.7 57.3
Comb 10 32.0 22.6 48.0 48.9 47.6 42.7
Comb 11 11.2 107.6 18.7 19.3 22.6 31.1

Cont. 6.0 111.5 29.1 29.4 28.1 29.3

3.3. Comparison of Matrix Effect Uniformity Across Combinations

After confirming the sensitivity advancement and variance alleviation, we examined the
uniformity of matrix effects according to Comb 1-3. We aimed to experimentally implement various
matrices by using different sample volume and verified the degree of matrix effects when applying
and analyzing each combination across various matrices. Matrix effects were evaluated by measuring
the sensitivity changes in samples, calculated by dividing the area values from samples with different
blood weights by the area values from samples using water instead of blood.

First, when analyzing 63 blood samples obtained from Naeun Animal Hospital using 1 mL of
blood without urea, fluorobenzene's matrix effects showed a wide distribution ranging from 44% to
-81.6% (Figure 1a). Next, matrix effects were examined for samples of 0.5 mL and 1.5 mL in Comb 1-
3. In Comb 1, the effects were 10.5% and 41.2% respectively. In Comb 2, they were 22.9% and 4.3%
respectively. In Comb 3, they were 2.1% and 22.4% respectively. These three combinations showed
improved matrix effects within a narrower range compared to when reagents were not applied
(Figure 1b).

Subsequently, using the urea and NaCl combination from Comb 1, which showed the highest
sensitivity, we evaluated the variance degree of the matrix effect with 1 mL blood samples using H/S-
GC-MS. When analyzing 40 samples, the matrix effects showed a distribution from 25% to -35.5%,
confirming reduced matrix effects compared to the control (Figure 2). In short, cases with urea
mixtures showed matrix effects more uniformly, compared to cases without urea.

a) b)
100.0 100.0
80.0 80.0
60.0 44.0 0.0
3 400 J ° 3 6o 25.0\
g ° =
o 200 ) & o © 200 °® ) ®
&) Y Q @ 0 ) ]
E 0.0 @l . E 00 +& eso ® ©g© Qo 'e 1] ol ® 00
x o 0 & ° ) 60 @ x 0% e o0 *“a ° 40
= -20.0 (] ® = 20.0 ] °®
- @ = Oo
2 0% o L e
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100.0 -81.6 100.0
Sample Number Sample Number

Figure 1. Distribution of fluorobenzene matrix effects with or without the application of Comb 1. Matrix effects
ranged from 25% to -35.5%, indicating enhanced uniformity and reduced variability (1b) compared to the
control (1a).
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Figure 2. Variance in matrix effects depending on the sample volume according to the combinations.

4. Discussion

Our study demonstrates that protein denaturation combined with salt addition significantly
improves the sensitivity and reproducibility for VOC detection in canine blood samples. The wide
distribution of matrix effects (-81.6% to 44%) observed in untreated blood samples indicates strong
protein-VOC interactions, consistent with previous studies showing stable binding of benzene to the
heme pocket [9]. The dramatic reduction in matrix effect variation (25% to -35.5%) achieved with
Comb 1 suggests partial disruption of these protein-VOC interactions through the combined action
of urea and NaCl. The optimal performance of Comb 1 can be attributed to two complementary
mechanisms. First, urea's protein denaturing effect likely disrupts the structural integrity of blood
proteins, particularly hemoglobin, releasing trapped VOCs. Second, the addition of NaCl creates a
salting-out effect, reducing VOC solubility in the aqueous phase and enhancing their partitioning
into the headspace. This dual mechanism not only improves sensitivity but also provides consistent
results across varying sample volumes, a crucial feature for clinical diagnostic applications in
veterinary medicine.

While our study demonstrates the significance of protein-VOC interactions in blood analysis,
several important aspects remain to be investigated. Although we observed clear effects of protein
denaturation on VOC detection, the quantitative relationship between protein concentration and
internal standard response has not been established. Future studies should investigate this
correlation to better understand the impact of protein levels on VOC analysis. Additionally, while
our focus was on protein interactions, other biomolecules such as DNA and lipids are known to
interact with aromatic compounds through various mechanisms. Further research examining the
relationships between different biomolecule concentrations and VOC detection would provide a
more comprehensive understanding of matrix effects in biological samples.

Nevertheless, the enhanced sensitivity and improved matrix effect uniformity achieved with
Comb 1 address key challenges in blood VOC analysis. The method's stability across different sample
volumes makes it particularly suitable for veterinary medicine where sample quantities may be
limited or varies. Furthermore, the simplified sample preparation procedure, requiring only the
addition of urea and NaCl, makes this method both practical and easily implementable in routine
laboratory analysis.

5. Conclusions
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In this study, we developed a standardized sample preparation method for VOC analysis in WB
samples using a combination of urea and NaCl. This optimized method demonstrated significant
improvements in both sensitivity and matrix effect uniformity, while maintaining consistent
performance across varying sample volumes. This novel method's simplified procedure and
enhanced analytical performance make it particularly suitable for VOC analysis in veterinary
medicine.
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