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Abstract: Simultaneous determination of multiple organic compounds in complex sample matrices 

remains a significant analytical challenge due to the diverse chemical properties and low 

concentration levels of target analytes. This review comprehensively evaluates current sample 

preparation techniques applied in multi-residue analysis coupled with chromatographic methods 

such as GC-MS/MS and LC-HRMS. Techniques including QuEChERS, solid-phase extraction (SPE), 

dispersive SPE, and solid-phase microextraction (SPME) demonstrate extraction recoveries ranging 

from 70% to 95% for various compound classes, with detection limits often reaching low ng/L or ng/g 

levels. The choice of sample preparation method is critically influenced by analyte polarity, solubility, 

and matrix complexity, with over 50% of reported studies focusing on food and environmental water 

samples. Furthermore, this review highlights the growing potential of artificial intelligence (AI) in 

enhancing chromatographic data interpretation and compound identification, though emphasizes 

that effective sample preparation remains foundational for AI-driven analysis. The integration of 

optimized sample preparation workflows with AI-assisted data processing promises to improve 

throughput, accuracy, and robustness in multi-residue analysis, supporting regulatory compliance 

and environmental monitoring efforts worldwide. 
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1. Introduction 

In recent decades, the global chemical landscape has undergone unprecedented expansion, both 

in scale and complexity. It is now estimated that over 350,000 commercial chemical substances are 

registered for use worldwide, with approximately 2,000 new compounds entering the market each 

year [1]. Traditionally, environmental pollutants have been classified either by name (e.g., PFAS, 

phenolics, non-steroidal compounds) or by function (e.g., antibiotics, persistent organic pollutants 

(POPs), pesticides). However, the growing structural and functional diversity of these substances has 

increasingly challenged the practicality and relevance of such conventional classification systems. To 

address this complexity, scientists have introduced the umbrella term Contaminants of Emerging 

Concern (CECs) to describe chemicals whose environmental occurrence has been linked to newly 

identified or evolving risks to human health and ecosystems. Notably, recent studies suggest that 

CECs may account for up to 15.4% of the known chemical space. In parallel, an even larger subset—

estimated at 28.4%—comprises chemicals that remain poorly characterized or unclassified, 

highlighting a significant knowledge gap in current chemical inventories and risk assessment 

frameworks [2]. 

Simultaneous chemical analysis methods for qualitative and quantitative determination of 

organic compounds are clearly essential to provide comprehensive information from samples quickly 

and at low cost [3]. Consequently, an increasing number of simultaneous analytical methods have 

been developed. Figure 1 shows the annual growth in the number of simultaneous analysis studies. 
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These methods are often optimized for specific compound groups such as pharmaceuticals [4], 

pesticides [5,6], PFAS [7], flame retardants [8], PAHs [9], and plant growth regulators [10]. 

 

Figure 1. Increase in simultaneous analysis studies over time (Data collected from Elsevier’s platform using 

the keywords “simultaneous analysis” and “simultaneous determination”). 

Table 1 summarizes simultaneous analysis methods conducted with at least 15 peaks of 

detection in recent studies, demonstrating that simultaneous analytical methods have been applied 

across various sample matrices and compound groups. These include targeted analyses [11,12], non-

targeted analyses [13–15], or both [16,17]. 

While conventional chromatographic methods typically can identify up to around 1,500 peaks 

[18], multidimensional chromatography methods can separate tens of thousands of peaks 

simultaneously [19,20]. 

Table 1. Selected previous studies on the simultaneous analysis of dozens of compounds using chromatographic 

techniques. 

Compounds Matrix 
Extraction 

methods 
Instrument 

Number 

detection 
Ref. 

PFAS 
human serum and 

semen 
QuEChERS UPLC-MS/MS 17 [21] 

Bromophenols environment  GC-MS 19 [22] 

Antibiotic Plasma 
Oasis HLB 

μEluting Plate 

HPLC–

MS/MS 
50 [23] 

Endocrine 

disrupting 

chemicals 

human amniotic 

fluid 
SPE LC-MS/MS 59 [24] 

Pesticides and 

pharmaceuticals 

soil, orange leaves 

and fruits 
QuEChERS 

LC-MS/MS 

 
33 [25] 

Lipid-soluble 

pesticides and 

metabolites 

chicken liver and 

pork 
QuEChERS HPLC-MS/MS 24 [26] 

Alkaloids cereal-based food QuEChERS LC-MS/MS 42 [27] 

Illegal drugs Sewage SPE 

SPE-ISTD-

UHPLC-

MS/MS 

28 [28] 

Sulfonamide Livestock QuEChERS LC/MS 31 [29] 

Micro-

pollutants 
Surface water LLE 

GC-MS and 

GC-MS-MS 
950 [15] 

Semi-volatile 

organic 

compounds 

Floodwater LLE GC-MS 940 [30] 
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Micro-

pollutants 
Surface water SPE 

LC-TOF-MS 

and GC-MS 
1153 [31] 

Pesticides Medicines QuEChERS or SPE GC-MS-MS 147 [32] 

Solvents Drug SLE GC-MS 50 [33] 

SVOCs indoor air SLE GC-MS 73 [34] 

Sample preparation methods are employed to remove impurities and matrix interferences. A 

suitable sample preparation method for the simultaneous analysis of multiple organic compounds 

must ensure the efficient extraction of all target analytes (which may belong to one or several 

chemical groups), with recovery rates typically ranging from 70–120%, depending on the 

requirements of specific analytical guidelines [35–38]. Additionally, the extracted analytes often need 

to be concentrated to ensure they can be accurately detected by the analytical instrument. Therefore, 

as the number of target compounds increases, the sample preparation process must be carried out 

with greater precision to prevent analyte loss during processing. The objective of this review is to 

provide a comprehensive overview of current sample preparation strategies that enable the 

simultaneous determination of multiple organic compounds using chromatographic techniques. 

Special attention is given to the challenges associated with multi-analyte analysis in complex matrices 

and how sample preparation directly affects analytical selectivity, sensitivity, and reproducibility. 

2. Classification of Organic Compounds in Multi-Residue Analysis 

Multi-residue analysis (MRA) aims to detect and quantify a broad spectrum of organic 

compounds simultaneously in a single run, which presents significant challenges due to the wide 

range of physicochemical properties exhibited by these compounds. Therefore, a clear classification 

is essential for designing effective sample preparation strategies and optimizing chromatographic 

conditions. 

2.1. Based on Functional Use or Source 

In multi-residue analysis, classifying organic compounds based on their functional use or source 

of origin helps guide the selection of appropriate sample preparation procedures and analytical 

methods. One of the most common groups is pesticides [5], which include compounds with highly 

diverse structures and properties such as organochlorines [39], organophosphates [6,40], carbamates 

[41], neonicotinoids [42], and pyrethroids [43]. The significant differences in polarity, stability, and 

volatility among these substances necessitate optimized extraction methods like QuEChERS and 

analysis via LC-MS/MS [5,44–46] or GC-MS/MS [47] to enable simultaneous quantification of multiple 

analytes. 

In addition, antibiotic and veterinary drug residues are frequently analyzed in aquatic and 

animal-derived food samples [48]. Antibiotic classes such as tetracyclines, sulfonamides, macrolides, 

and fluoroquinolones typically require selective cleanup methods like SPE and analysis via LC-ESI-

MS/MS to achieve high sensitivity due to their low concentrations and complex matrices. Mycotoxins, 

such as aflatoxins, ochratoxin A, and fumonisins, commonly found in grains and peanuts, demand 

purification steps using immunoaffinity columns or SPE prior to analysis by LC-FLD or LC-MS. 

Personal care products and pharmaceuticals (PPCPs), including diclofenac, estradiol, and 

triclosan, have gained increasing attention in environmental studies due to their persistence and 

biological toxicity, with LC-MS/MS being the primary analytical tool [49]. Endocrine-disrupting 

compounds like bisphenol A, phthalates, and parabens can significantly impact the endocrine system 

even at very low concentrations, requiring stringent contamination control protocols and highly 

sensitive instrumentation [50,51]. 

Finally, persistent environmental and industrial pollutants such as PAHs [52,53], PCBs [54], 

dioxins [55,56], brominated flame retardants [57], and perfluoroalkyl substances (PFASs) [58] are 

frequently detected in wastewater, sediments, and food samples. These substances often necessitate 
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multi-step extraction procedures and analysis via gas or liquid chromatography coupled with high-

resolution mass spectrometry (HRMS) to ensure optimal resolution and analytical reliability. 

Classifying compounds by their functional use or origin not only facilitates effective sample 

preparation but also reflects their practical applications in agriculture, healthcare, industry, and daily 

life—thereby informing targeted monitoring and risk management strategies. 

2.2. Based on Polarity and Solubility 

Classifying organic compounds based on polarity and solubility is one of the fundamental 

principles guiding the selection of appropriate sample preparation methods, extraction solvents, and 

analytical conditions in multi-residue analysis. Highly polar compounds such as small organic acids 

(e.g., glyphosate, formic acid), sugars, amino acids, or certain antibiotics like streptomycin are often 

difficult to extract using conventional organic solvents [59]. These compounds typically require the 

use of polar solvents such as methanol, water, acetonitrile, or buffered solutions with adjusted pH. 

In many cases, cleanup techniques such as ion exchange, polar solid-phase extraction (SPE), or 

hydrophilic-lipophilic balance (HLB) cartridges are employed to ensure high recovery rates and 

reduce matrix interferences. 

Conversely, non-polar compounds such as polycyclic aromatic hydrocarbons (PAHs), 

organochlorine pesticides (OCPs), phthalates, and polychlorinated biphenyls (PCBs) are readily 

extracted using less polar solvents like hexane, dichloromethane, or toluene and are typically 

analyzed effectively using gas chromatography (GC) coupled with mass spectrometry (MS) or 

electron capture detectors (ECD). 

A group of compounds with intermediate polarity—including carbamate pesticides, triazine 

herbicides, sulfonamides, or parabens—usually requires a balance between polar and non-polar 

solvents for optimal extraction [12]. In such cases, mixtures of acetonitrile–water or methanol–water 

in suitable ratios are employed to enhance recovery efficiency. Additionally, the solubility of 

compounds in water or fat is another critical factor in matrix selection: hydrophilic compounds like 

beta-lactam antibiotics or phenoxyacetic acid herbicides are primarily found in plasma or tissue 

fluids, whereas lipophilic substances such as dioxins, PBDEs, or DDT tend to accumulate in fatty 

tissues and liver. 

Polarity and solubility classification also informs chromatographic conditions, such as using C18 

columns for moderately to non-polar compounds, or hydrophilic interaction liquid chromatography 

(HILIC) columns for highly polar substances. Control over solvent pH, salt type, and the proportion 

of organic solvents in the mobile phase plays a crucial role in achieving resolution and method 

repeatability. Therefore, a clear understanding of each compound’s polarity and solubility is essential 

for developing robust, reliable, and scalable multi-residue analytical methods across diverse 

matrices, including water, soil, food, biological, and environmental samples. 

3. Overview of Sample Matrices 

In multi-residue analysis of organic compounds, the sample matrix plays a crucial role in 

determining the sample preparation approach, the selection of cleanup techniques, and analytical 

conditions. Common matrices include food (such as vegetables, fruits, meat, fish, milk, and cereals) 

[5,60–63], water (drinking water, surface water, wastewater) [11], soil [64,65], sediment [7,15,18,55], 

air [66–68], and biological samples (plasma, tissues, urine) [69,70]. Each matrix possesses distinct 

physicochemical characteristics that directly affect extraction efficiency, analytical sensitivity, and the 

risk of matrix interferences. 

In the field of food safety, fruits and vegetables are among the most frequently analyzed matrices 

for determining residues of pesticides [5], plant growth regulators [10,71–75], or environmental 

contaminants [76–78]. These plant matrices are typically rich in water, sugars, organic acids, and 

pigments, posing significant challenges for removing interfering substances that can affect mass 

spectrometric signals. In meat and seafood—particularly fish raised in contaminated environments—

lipophilic compounds such as chlorinated pesticides, polychlorinated biphenyls (PCBs), and 
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industrial dyes (e.g., malachite green) readily accumulate in fatty tissues and liver, requiring selective 

extraction methods and thorough cleanup procedures (often involving protein precipitation, solid-

phase extraction (SPE), or gel permeation chromatography (GPC)) [79–83]. 

Water samples—including river water, lake water, and municipal or industrial wastewater—

have simpler matrices but usually require large-volume sample processing due to the typically low 

concentrations of pollutants. Liquid-liquid extraction (LLE), solid-phase extraction (SPE), and solid-

phase microextraction (SPME) are commonly employed techniques. In contrast, soil and sediment 

possess complex solid structures with high levels of natural organic matter, necessitating the use of 

ultrasonic extraction, pressurized liquid extraction (PLE), or microwave-assisted extraction (MAE) to 

improve recovery efficiency. 

Air and dust samples are important matrices for assessing environmental exposure risks. They 

are typically collected using glass fiber filters or polyurethane foam (PUF) and processed with strong 

organic solvents such as toluene or dichloromethane [84]. In biomedical and toxicological studies, 

biological samples like blood, urine, liver, or animal tissues reflect the actual processes of absorption, 

metabolism, and excretion of organic compounds. However, these matrices often contain proteins, 

enzymes, and endogenous substances that can interfere with analysis, thereby requiring protein 

precipitation, selective extraction, and matrix cleanup using SPE or freeze filtration [85,86]. 

Understanding the physicochemical characteristics of each matrix is therefore essential not only 

for selecting the optimal sample preparation method but also for ensuring the accuracy, 

reproducibility, and reliability of the entire analytical process. Furthermore, the diversity of matrices 

underscores the need to develop flexible, multi-matrix applicable methods—especially in the context 

of modern multi-residue analysis. 

4. Technical Requirements in Sample Preparation for the Simultaneous 

Determination of Organic Compounds 

Sample preparation is a critical step to ensure the quality and reliability of chromatographic 

analysis, especially when the goal is the simultaneous determination of multiple organic compounds 

with diverse chemical characteristics in a complex matrix. To meet this objective, the sample 

preparation technique must fulfill the following technical criteria: 

4.1. High and Uniform Recovery Efficiency Across Compound Groups 

One of the most important criteria in sample preparation is the ability to recover the target 

compounds with high and consistent efficiency, particularly when analyzing multiple substances 

with varying physicochemical properties [87,88]. In chromatographic analysis, recovery reflects the 

extent to which the analytes are extracted, cleaned, and preserved intact from the original matrix to 

the final analytical solution. For quantitative analysis, high recovery not only ensures the accuracy of 

results but also improves the limits of detection (LOD) and quantification (LOQ). 

However, a major challenge in multi-analyte analysis lies in the chemical diversity of organic 

compounds: 

• Some compounds are highly polar (e.g., organic acids, carbamate pesticides, hydroxylated 

metabolites), while others are non-polar (e.g., polycyclic aromatic hydrocarbons – PAHs, 

pyrethroid pesticides). 

• Some are volatile and thermally stable (suitable for GC analysis), while others decompose 

at high temperatures and are better suited for LC techniques. 

This diversity requires the extraction technique to be flexible and not overly selective toward 

any specific group of compounds. If the solid-phase sorbents (used in SPE or dSPE) or extraction 

solvents (used in LLE, DLLME) are too selective, there is a risk of biased extraction—efficiently 

recovering certain compounds while omitting others [88–90]. This significantly compromises the 

ability to comprehensively and simultaneously assess all target analytes in the sample. 

Several strategies are applied to improve uniform recovery across compound groups: 
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• Optimizing the extraction solvent composition (e.g., acetonitrile can be acidified or basified 

to extract both neutral and ionizable compounds). 

• Combining multiple sorbents in dSPE (e.g., a mixture of PSA, C18, and GCB can 

simultaneously address matrices rich in organic acids, lipids, and pigments). 

• Using internal standards or isotopically labeled standards to correct for losses during 

sample processing. 

• Testing and verifying recovery for each representative compound group, followed by 

adjustments in extraction and cleanup conditions as needed. 

In modern methods such as QuEChERS, the use of salt-induced phase separation and dSPE 

sorbents has demonstrated good recovery performance for hundreds of different compounds within 

the same food or environmental sample. However, careful calibration and method validation are still 

essential to ensure uniform recovery across different compound groups. 

4.2. Matrix Effects 

Matrix effects are among the most significant challenges in the simultaneous analysis of organic 

compounds using modern chromatographic techniques, particularly when employing highly 

sensitive detectors such as tandem mass spectrometry (MS/MS) [91,92]. Matrix effects occur when 

non-analyte components in the sample—such as matrix constituents or impurities—interfere with 

the ionization process or detection signal of target analytes. This leads to signal distortion, reducing 

the accuracy and reliability of analytical results. 

In complex samples such as food, environmental, or biological matrices, the background 

composition is often highly diverse, including proteins, lipids, inorganic salts, pigments, and non-

target organic compounds. These components can: 

• Suppress or enhance ionization in LC-MS/MS (ion suppression or ion enhancement). 

• Clog or damage chromatographic columns, affecting separation efficiency. 

• Generate interfering peaks, complicating the identification and quantification of analytes. 

Therefore, minimizing matrix effects is a critical requirement during sample preparation to: 

• Enhance sensitivity and lower detection limits. 

• Improve the accuracy and repeatability of the analysis. 

• Protect analytical instruments and extend the lifespan of chromatographic columns and ion 

sources. 

Common strategies for matrix effect reduction in sample preparation include: 

• Selective sorbent-based cleanup: 

The use of specific sorbents in solid-phase extraction (SPE) or dispersive SPE (dSPE), such 

as PSA (for removal of organic acids and some pigments), C18 (for lipid adsorption), and 

GCB (for removing pigments and chlorophyll), helps eliminate many interfering 

substances. 

• Selective phase extraction: 

Choosing suitable extraction solvents and pH conditions allows for better separation of 

target compounds from unwanted matrix components. 

• Standardization and internal standards: 

Internal standards or isotopically labeled standards not only correct for losses during 

sample processing but also compensate for matrix effects, improving quantification 

accuracy. 
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• Optimized centrifugation and filtration: 

Thorough centrifugation and filtration steps remove particulate matter, proteins, and large 

molecules, reducing the risk of clogging and mechanical interferences. 

• Advanced matrix separation techniques: 

Emerging techniques such as sample preparation using nanomaterials, functionalized 

materials, or dual-phase separation methods offer improved efficiency in matrix cleanup 

while maintaining high recovery of target analytes. 

Effectively minimizing matrix effects not only enhances data quality but also reduces instrument 

maintenance efforts and the need for re-analysis, contributing to improved laboratory efficiency and 

cost savings. 

4.3. High Repeatability and Accuracy 

In the simultaneous analysis of multiple organic compounds, the repeatability and accuracy of 

the sample preparation step play a decisive role in determining the quality and reliability of the final 

results [93,94]. Repeatability refers to the ability to obtain consistent results when the same method is 

applied multiple times under identical conditions, while accuracy represents the closeness between 

the measured value and the true value of the target compound in the sample. 

Why are repeatability and accuracy important? 

• In applications such as pesticide residue testing, pharmaceutical analysis, or environmental 

pollution monitoring, high accuracy is essential to ensure that results comply with 

international regulations and standards. 

• Inconsistent or biased results may lead to incorrect decisions, potentially impacting human 

health, the environment, or industrial processes. 

Factors affecting repeatability and accuracy in sample preparation: 

• Consistency of procedures: Sample handling steps must be strictly standardized in terms of 

timing, temperature, solvent volumes, and mixing techniques to minimize human-induced 

variability. 

• Stability of sorbents and solvents: High-purity solvents and reusable sorbents should be 

used to prevent chemical changes or degradation during extraction. 

• Sample storage conditions: Extracted and cleaned samples must be stored under proper 

conditions to avoid degradation or chemical transformation. 

• Contamination and matrix effect control: Minimizing background interference enhances 

measurement accuracy. 

• Use of internal standards and calibration: Isotopically labeled internal standards help 

correct for errors arising during sample preparation and analysis. 

Approaches to improve repeatability and accuracy: 

• Automation of sample preparation: Automated systems reduce manual handling errors 

and improve consistency across analyses. 

• Training of laboratory personnel: The skill and experience of the operator significantly 

influence the stability and reproducibility of the procedure. 

• Process validation and quality control: Implementing repeated measurements, using 

quality control (QC) samples, and regularly checking the system help detect and correct 

deviations promptly. 

Ensuring high repeatability and accuracy in the sample preparation stage is a prerequisite for 

chromatographic results to truly reflect the actual composition of the sample. It also gives analysts 

and decision-makers confidence in the reliability of the data obtained. 
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4.4. Selectivity 

Selectivity in the sample preparation process plays a crucial role in ensuring the accurate 

isolation of target organic compounds from complex sample matrices. Especially in the simultaneous 

analysis of multiple compounds with diverse chemical characteristics, the selection of sample 

preparation methods and materials must be optimized to remove unwanted interferences while 

preserving as much of the target analytes as possible [95,96]. 

The significance of selectivity: 

• Enhances the purity of the analytical extract, reduces background noise, and minimizes 

unwanted interactions during chromatographic analysis. 

• Prevents unnecessary loss of target compounds due to non-specific adsorption or reactions 

with incompatible sorbents. 

• Improves detection and quantification accuracy, especially for low-concentration 

compounds or those in complex matrices. 

Factors influencing selectivity: 

• Type of sorbent material: For example, PSA is effective for removing organic acids and 

some pigments; C18 is suitable for retaining lipids and non-polar compounds; while GCB is 

selective for pigments and chlorophyll. Combining these sorbents in dSPE techniques 

enhances multi-dimensional selectivity for complex matrices. 

• Extraction and sample handling conditions: Parameters such as pH, solvent composition, 

and contact time also influence the selective separation between analytes and matrix 

components. 

• Adsorption mechanisms and chemical interactions: Understanding the interaction 

mechanisms between sorbents and compounds in the sample helps select appropriate 

materials and avoid non-specific binding or analyte loss. 

• Balancing selectivity and recovery: Excessive selectivity may result in the removal of some 

target compounds, while insufficient selectivity may fail to eliminate interfering substances. 

Therefore, optimal conditions must be established to achieve the best compromise. 

Approaches to enhance selectivity: 

• Use dispersive solid-phase extraction (dSPE) with a combination of sorbents possessing 

different functionalities to target a broad range of matrix interferences. 

• Apply additional pre-treatment steps such as filtration, centrifugation, or pH adjustment to 

improve analyte-matrix separation. 

• Develop and select novel functionalized sorbents, such as nanomaterials or specialized 

polymers, which offer high selectivity toward specific classes of target compounds. 

4.5. Integration Capability with Analytical Systems 

In the simultaneous analysis of organic compounds, sample preparation not only serves to clean 

and enrich the sample but must also ensure effective integration with downstream analytical 

systems—typically chromatographic systems coupled with mass spectrometric detectors (GC-

MS/MS, LC-MS/MS) [97–99]. Compatibility between the processed sample phase and the analytical 

instrumentation is essential for maintaining sensitivity, system robustness, and overall data quality. 

Importance of integration capability: 

• Ensures chemical compatibility between the sample solvent and the mobile phase, 

preventing issues such as phase separation, syringe clogging, or peak distortion during 

chromatography. 
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• Minimizes manual sample transfer steps such as solvent evaporation, solvent phase 

switching, or additional filtration—saving time and reducing the risk of analyte loss. 

• Enhances automation compatibility, aligning with the trend toward integrated, online, or 

at-line analytical workflows. 

Technical requirements for effective integration: 

• Use of extraction solvents compatible with analytical systems: 

o For LC-MS/MS, solvents like acetonitrile or methanol are preferred due to their 

miscibility with the mobile phase and rapid evaporation at the ion source. 

o For GC-MS/MS, samples must be highly volatile and water-free; thus, solvents like 

hexane or ethyl acetate are used, and sometimes a solvent evaporation–

reconstitution step is required. 

• Complete removal of residual solids, proteins, or lipids: These components can clog 

syringes, affect system pressure, and cause severe background noise in detectors. Strong 

centrifugation, membrane filtration (0.22–0.45 µm), or lipid removal using C18 sorbents is 

critical. 

• Optimization of sample volume and concentration: The injection volume must meet the 

requirements of the chromatographic system (typically 1–10 µL for LC, <1 µL for GC), and 

sample concentration should be adjusted to fall within the detector’s linear range to avoid 

signal saturation. 

• Stability of the processed sample: Samples should remain stable without degradation or 

transformation during the waiting period before analysis—especially important in 

automated, chained systems where there may be a delay between sample preparation and 

analysis. 

Modern integration trends: 

• Automated QuEChERS systems allow full sample preparation—from extraction to dSPE—

and direct injection into LC-MS/MS without manual handling. 

• Directly coupled microextraction techniques, such as solid-phase microextraction (SPME) 

linked directly to GC-MS, eliminate intermediate processing steps entirely. 

• On-line SPE–LC-MS/MS systems, where the sample is cleaned directly on an in-line SPE 

cartridge and transferred to the LC-MS system without manual withdrawal or filtration. 

5. Common Sample Preparation Techniques in Simultaneous Analytical 

Methods 

Simultaneous determination of multiple organic compounds presents unique challenges in 

terms of matrix complexity, compound polarity, volatility, and stability. An effective sample 

preparation method must be compatible with these diverse chemical properties while minimizing 

sample loss, interference, and processing time [100–102]. Below are several widely used techniques 

that have demonstrated efficiency in multi-analyte sample preparation for chromatographic analysis. 

Table 2. Common Sample Preparation Techniques in Simultaneous Analysis Methods. 

Method Advantages Applications 

QuEChERS 
Fast, low-cost, suitable for multi-residue 

analysis (pesticides, pharmaceuticals) 
Food samples, water, plasma 

SPE (Solid Phase 

Extraction) 

Good cleanup, flexible with separation 

phases 

Environmental samples, 

wastewater, biological samples 
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SPME (Solid Phase 

Microextraction) 

Solvent-free, ideal for volatile compound 

analysis 
Air, water, food 

LLE (Liquid-Liquid 

Extraction) 
Widely used, easy to implement 

Water samples, biological 

samples 

dSPE (Dispersive 

SPE) 

Enhanced matrix cleanup, commonly used 

in QuEChERS 

Combined with complex sample 

matrices 

5.1. QuEChERS 

The QuEChERS method (an acronym for Quick, Easy, Cheap, Effective, Rugged, and Safe) is one 

of the most widely used sample preparation procedures today for the simultaneous determination of 

multiple trace organic compounds in complex matrices, especially in food, environmental, and 

biological samples [103,104]. Originally developed for pesticide residue analysis, QuEChERS has 

demonstrated high versatility and efficiency in extracting and cleaning a broad range of organic 

compounds, including pesticides, veterinary drugs, semi-volatile compounds, food additives, 

antibiotics, and endocrine-disrupting chemicals. 

The QuEChERS procedure consists of four main steps (Figure 1): 

1. Extraction: 

Approximately 5–15 g of solid sample (or an equivalent volume of liquid sample) is placed 

into a centrifuge tube. The most common extraction solvent is acetonitrile due to its 

excellent ability to extract polar to moderately non-polar compounds while having low 

miscibility with water. After adding the solvent, the sample is vigorously shaken to extract 

the target organic compounds into the organic phase. 

2. Partitioning: 

A mixture of anhydrous salts, typically magnesium sulfate (MgSO₄) to remove water, 

combined with sodium chloride (NaCl) or buffering salts such as sodium citrate or sodium 

acetate, is added. These salts facilitate a clear phase separation between the organic solvent 

and water while adjusting the pH to stabilize the analytes. The result is a separated 

acetonitrile phase containing the analytes, isolated from the aqueous matrix. 

3. Clean-up (dispersive Solid Phase Extraction, dSPE): 

The acetonitrile phase obtained after partitioning is transferred to a tube containing 

sorbents such as PSA (to remove organic acids and sugars), C18 (to remove lipids), and 

GCB (to eliminate pigments and chlorophyll). The choice of sorbents or their combinations 

depends on the sample matrix and the analyte groups. This step significantly reduces 

matrix interference, improving the sensitivity and accuracy of the measurements. 

4. Instrumental Analysis: 

The cleaned supernatant after centrifugation is collected for analysis by instrumentation 

such as GC, GC-MS, LC, LC-MS/MS, or GC-FID. QuEChERS allows sample preparation in 

small volumes, suitable for injection requirements in modern chromatographic techniques. 

Furthermore, the resulting extract generally has good cleanliness and stability, prolonging 

column lifetime and reducing ion source contamination in mass spectrometry. 
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Figure 2. QuEChERS sample preparation process. 

QuEChERS offers several notable advantages in the simultaneous analysis of organic 

compounds. Primarily, it provides high recovery efficiency across various compound classes due to 

effective extraction combined with flexible pH adjustment to stabilize analytes. At the same time, it 

minimizes matrix effects, thereby enhancing analytical accuracy and repeatability [105,106]. This 

method is particularly suited for multi-target analyses, including pesticides, environmental 

pollutants, and food additives. Additionally, the QuEChERS extract is readily compatible with 

modern analytical systems like LC-MS/MS and GC-MS without requiring complex enrichment steps 

or solvent exchange. Finally, QuEChERS is highly flexible and user-friendly, making it suitable for 

laboratories of all sizes thanks to its customizable procedure tailored to specific sample characteristics 

and analytical goals. 

5.2. Solid Phase Extraction 

Solid Phase Extraction (SPE) is a common and effective sample preparation technique, 

particularly suitable for applications requiring the cleanup and enrichment of trace organic 

compounds in complex sample matrices. In the context of simultaneous analysis of multiple 

compounds from different functional groups, SPE allows flexible process design by selecting 

specialized solid phases to optimize recovery efficiency and minimize background interference. This 

technique has been widely applied in environmental, food, pharmaceutical, and biological analyses. 

The standard SPE procedure consists of four main steps: conditioning the solid phase, sample 

loading, column washing, and analyte elution. First, the solid phase inside the SPE cartridge — which 

may be modified silica (C18), porous polymer (HLB), or ion exchange phases (SCX, SAX) — is 

conditioned using an organic solvent such as methanol, followed by water or a solvent compatible 

with the sample matrix [107–109]. Then, the liquid sample (or extract from solid samples) is loaded 

onto the column. Target compounds are retained through physicochemical interactions such as 

hydrophobic adsorption, ion exchange, or specific molecular interactions. 

Next is the column washing step with an intermediate solvent to remove impurities that are not 

strongly bound to the solid phase, while ensuring that the necessary analytes are not washed away. 

The final step is elution, where a stronger solvent — such as methanol, acetonitrile, or a pH-adjusted 
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solvent mixture — is used to disrupt interactions between the analytes and the sorbent, recovering 

the organic compounds in a clean solution ready for chromatographic analysis. 

 

Figure 3. SPE process workflow for selective multi-compound analysis. 

In simultaneous analysis, SPE enables selective sample processing, effectively removing 

complex matrices while simultaneously retaining multiple target compounds. Depending on the 

analytical goals, SPE can be configured to prioritize the recovery of polar, semi-polar, or non-polar 

compounds — or to use sequential combinations of different solid phases to optimize overall 

recovery efficiency. Additionally, SPE offers the capability to concentrate analytes by reducing the 

volume of the elution solvent, thereby improving detection limits and sensitivity. 

Another significant advantage of SPE is its compatibility with automated analytical systems, 

which enhances repeatability and throughput in laboratories handling large sample volumes. Thanks 

to its high flexibility in selecting sorbent materials, solvents, and operating conditions, SPE remains 

a key choice in modern sample preparation, especially for studies requiring the simultaneous 

determination of multiple organic compounds with diverse chemical properties. 

5.3. Solid Phase MicroExtraction 

Solid Phase Microextraction (SPME) is an advanced sample preparation technique that 

integrates extraction and analyte enrichment in a single step without the use of solvents. With its 

minimalist and environmentally friendly design, SPME is especially suitable for the analysis of 

volatile organic compounds (VOCs), semi-volatile organic compounds (SVOCs), and some polar 

compounds, thereby expanding its potential applications in simultaneous analysis of compounds in 

air, water, food, biological, and environmental samples. 

The SPME procedure consists of four basic steps: fiber conditioning, extraction, desorption, and 

analysis. Before use, the extraction fiber is conditioned by heating inside the injection port of a GC 

instrument or a specialized device to remove residual contaminants. During extraction, the fiber is 

exposed to the sample in one of three modes: direct immersion in the liquid phase, exposure to the 

gas phase, or in the headspace above the sample. Organic compounds are adsorbed or absorbed into 

the specially coated fiber surface according to equilibrium or kinetic mechanisms, depending on 

exposure time, temperature, and the coating material (e.g., PDMS, DVB, CAR). 

After extraction, the fiber is transferred directly to the analytical instrument—typically GC or 

GC-MS—for thermal desorption. The analytes are released from the fiber and introduced into the 

chromatographic column for separation and identification. SPME can be coupled with gas 

chromatography systems or, in some cases, liquid chromatography through suitable desorption 

devices, allowing its application to a wide range of compounds with varying polarity and volatility. 
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Figure 4. Schematic diagram of the Solid Phase Microextraction (SPME) process. 

In simultaneous analysis, SPME offers several key advantages: it requires no complex 

pretreatment, minimizes matrix effects, enhances sensitivity via on-fiber enrichment, and reduces 

solvent consumption and processing time. Moreover, this technique allows for the processing of 

multiple compound classes in a single sample without separate fractionation, as long as the analytes 

can be adsorbed or diffused onto the same type of fiber. Variants such as SPME Arrow, HiSorb, or 

dual coatings are also being developed to expand the scope of simultaneous analysis, especially in 

complex matrices. 

However, to achieve high analytical performance and good reproducibility in simultaneous 

analysis, appropriate fiber coatings must be selected, extraction time and desorption conditions 

optimized, and competitive interactions among analytes on the fiber surface considered. With recent 

technical advancements, SPME is increasingly becoming a reliable choice for modern laboratories 

aiming for non-invasive, rapid, and efficient sample preparation for multi-organic compound 

analysis. 

5.4. Liquid-Liquid Extraction 

Liquid-Liquid Extraction (LLE) is one of the most traditional and widely used sample 

preparation techniques in chemical analysis, based on the different partitioning of analytes between 

two immiscible liquid phases—typically an organic solvent and an aqueous solvent (or aqueous 

extract). This method is commonly applied to separate, clean up, and concentrate organic compounds 

in biological, food, environmental, and pharmaceutical samples. 

In simultaneous analysis, LLE can be effectively used to recover groups of organic compounds 

with varying polarity and solubility, especially when multiple consecutive extraction steps or mixed 

solvent systems are employed. A typical LLE procedure includes: (1) mixing the sample with an 

appropriate extraction solvent, (2) vigorous shaking to reach partition equilibrium, (3) phase 

separation by centrifugation or separatory funnel, and (4) collection of the organic phase containing 

the analytes. 
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Figure 5. Liquid-Liquid Extraction (LLE) procedure overview. 

One of LLE’s strengths in simultaneous analysis is its simple and flexible sample handling with 

many solvents (ethyl acetate, dichloromethane, hexane, acetonitrile, etc.) whose polarity can be 

adjusted to match the chemical range of target compounds. Additionally, this method allows 

processing large sample volumes, significantly improving detection limits (LOD) through volume 

enrichment. 

However, LLE also faces several challenges in simultaneous analysis: 

• Low selectivity when compounds with similar physicochemical properties partition into 

the organic phase, causing high background interference. 

• Uneven recovery efficiency since some analytes may remain in the aqueous phase or be lost 

during solvent evaporation. 

• High solvent consumption, impacting sustainability and analysis costs. 

To address these issues, improved strategies such as micro-liquid-liquid extraction (micro-LLE), 

ultrasound-assisted extraction (UAE-LLE), or dispersive liquid-liquid microextraction (DLLME) 

have been developed to enhance extraction efficiency, reduce solvent use, and improve 

reproducibility. 

In the context of simultaneous analysis of trace organic compounds with high diversity, LLE 

remains a useful choice when fast, flexible preliminary sample processing is needed without 

requiring specialized equipment. However, to achieve optimal performance, careful consideration of 

the analyte chemistry, appropriate solvent selection, and strict control of operating parameters are 

necessary throughout the procedure. 

5.5. Dispersive Solid Phase Extraction 

Dispersive Solid Phase Extraction (dSPE) is a simple and effective sample clean-up technique, 

commonly integrated into modern procedures such as QuEChERS for rapid treatment of extracts 

containing trace organic compounds. The main advantage of dSPE lies in its ability to remove 

unwanted matrix components such as organic acids, sugars, pigments, and lipids without the need 

for traditional SPE columns, thereby reducing processing time and increasing flexibility in sample 

preparation. 

Add organic solvent 

Liquid sample + pH adjustment Sample preparation 

Mix and extract 
Shake vigorously or vortex 

until two layers form 

Phase separation 
Use pipette to collect 

organic layer 

Drying and concentration 
Organic phase + anhydrous 

Na2SO4 → concentrate by N2 

Analysis GC / GC-MS / 

LC / LC-MS/MS 
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The dSPE process begins after the initial extraction step, which typically uses acetonitrile as the 

solvent in the presence of salts (e.g., MgSO₄ and NaCl) to induce phase separation. The resulting 

extract is transferred into centrifuge tubes pre-filled with a selected mixture of sorbents suited to the 

sample matrix. Commonly used sorbents include: 

• PSA (Primary Secondary Amine): removes organic acids, certain sugars, and fatty acids. 

• C18 (Octadecylsilane): adsorbs lipids and non-polar compounds. 

• GCB (Graphitized Carbon Black): targets pigments and aromatic ring-containing 

compounds. 

• Anhydrous MgSO₄: helps remove residual water from the organic phase. 

After the extract is added to the dSPE tube, the mixture is vigorously vortexed or manually 

shaken to ensure thorough dispersion of the sorbent particles and effective contact with the entire 

solution. The adsorption process occurs quickly, usually within a few minutes. The tube is then 

centrifuged to separate the sorbents—now bound to the interfering substances—leaving behind a 

clean supernatant containing the target analytes. 

 

Figure 6. Step-by-Step Illustration of dSPE Sample Clean-Up Process. 

dSPE offers several advantages in simultaneous multi-compound analysis: 

• Fast and efficient clean-up, minimizing matrix effects on analytical performance. 

• No requirement for specialized or vacuum equipment, making it suitable for small-scale 

laboratories. 

• Easily customizable based on sample type by selecting or combining appropriate sorbents. 

• Highly compatible with modern chromatographic systems such as LC-MS/MS and GC-MS, 

enhancing sensitivity and accuracy. 

However, to optimize dSPE performance in multi-residue analysis, careful consideration must 

be given to factors such as matrix type, chemical nature of the analytes, and their interactions with 

each sorbent. Inappropriate sorbent selection can lead to analyte loss or inadequate matrix removal. 

Thanks to its simplicity, efficiency, and strong integration into modern sample preparation 

workflows, dSPE is increasingly employed for the simultaneous quantification of trace organic 

compounds in fields such as food safety, environmental monitoring, agriculture, and biomedical 

research. 

6. Comparison and Selection of Appropriate Sample Preparation Techniques 
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Selecting the appropriate sample preparation technique plays a crucial role in the efficiency of 

simultaneous analysis of multiple organic compounds. Each technique offers distinct advantages and 

limitations depending on the chemical nature of the target analytes, the sample matrix, sensitivity 

and accuracy requirements, and the laboratory's capabilities [110–113]. The comparison table below 

summarizes the key characteristics of several commonly used techniques. 

Table 3. Comparison of main features, advantages, and limitations of common sample preparation techniques 

for multi-residue analysis. 

Technique Advantages Limitations Typical Applications 

QuEChERS 

– Fast, simple, low-cost – 

Suitable for various analyte 

groups – Integrates extraction 

and clean-up 

– May not effectively clean 

complex matrices – Unsuitable 

for highly polar compounds 

Pesticide residues, 

contaminants in food 

and environmental 

samples 

SPE 

– Excellent clean-up, high 

reproducibility – Allows 

sample enrichment – Highly 

customizable by analyte 

– Multi-step procedure 

requiring equipment – Costly 

when multiple cartridges are 

used 

Pharmaceuticals, 

pollutants in water and 

biological matrices 

dSPE 

– Simple and time-saving – 

Easily integrated with 

QuEChERS – No need for 

specialized equipment 

– Strongly dependent on 

sorbent selection – Unsuitable 

for strongly adsorptive 

analytes 

Rapid clean-up of food 

extracts, environmental 

matrices 

SPME 

– Solvent-free – Combines 

extraction and 

preconcentration – Well-

suited for GC and GC-MS 

– Limited to analytes that can 

be extracted – Requires 

specialized fibers and 

equipment; high cost 

VOCs and SVOCs in air, 

water, food headspace 

LLE 

– Effective for non-polar 

compounds – Easy to 

perform, no complex 

equipment needed 

– High solvent consumption, 

not environmentally friendly – 

Poor phase separation with 

emulsions or complex matrices 

Organic compounds in 

water, serum, biological 

samples 

Based on the above comparison, choosing an appropriate sample preparation technique should 

consider the following factors: 

• Chemical diversity of target analytes: For multi-residue analysis, techniques like 

QuEChERS or SPE are often preferred due to their flexibility and effective matrix removal. 

• Sample matrix type: For complex matrices such as food and environmental samples, 

techniques with strong matrix removal capabilities like SPE or QuEChERS-dSPE are 

recommended. 

• Required detection limits: For high sensitivity requirements, SPE or SPME techniques can 

preconcentrate analytes prior to analysis. 

• Compatibility with analytical instrumentation: Techniques such as QuEChERS, dSPE, and 

SPME are easily compatible with LC-MS/MS and GC-MS without requiring intermediate 

processing. 

• Automation potential and sample throughput: For labs handling high sample volumes, 

cartridge-based or 96-well plate SPE and autosampler-compatible SPME are ideal choices. 

In many cases, combining techniques is a viable strategy to optimize sample preparation 

efficiency, such as QuEChERS + dSPE or liquid–liquid extraction followed by SPE. 

Table 4. Summary comparison of key operational criteria among five sample preparation techniques. 

Criterion LLE SPE dSPE/QuEChERS SPME DLLME 

Selectivity Low High Medium High High 

Automation Limited Possible Possible Possible Difficult 

Solvent saving No Moderate Yes Yes Very high 
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Processing time Moderate Moderate Fast Moderate Very fast 

7. Coupling Sample Preparation with Chromatographic Techniques 

In multi-residue analysis of organic compounds, the effective integration of sample preparation 

and chromatographic techniques plays a pivotal role in ensuring the accuracy, sensitivity, and 

reliability of analytical results. Sample preparation not only removes interfering matrix components 

but also concentrates and preserves the target analytes, thereby optimizing the separation and 

detection performance of the chromatographic system. 

Depending on the chemical properties of the compounds and the matrix type, common sample 

preparation techniques such as solid-phase extraction (SPE), liquid-liquid extraction (LLE), solid-

phase microextraction (SPME), and ultrasound- or microwave-assisted extraction (UAE, MAE) are 

selected to efficiently recover a wide range of polar and non-polar compounds. After sample 

preparation, organic compounds are primarily analyzed using two major chromatographic 

techniques: high-performance (or ultra-high performance) liquid chromatography (HPLC/UHPLC) 

and gas chromatography (GC), each of which can be coupled with various detectors, particularly 

mass spectrometry (MS or MS/MS), to enhance selectivity and sensitivity. 

The coordination between sample processing and chromatography must be carefully designed 

to avoid analyte loss or the formation of analytical artifacts. For instance, when simultaneously 

analyzing compounds with a wide polarity range—such as chlorinated pesticides (non-polar), dyes 

like malachite green (moderately polar), and polar metabolites—the sample preparation method 

must be flexible. This often involves multi-step procedures such as modified QuEChERS or mixed-

mode SPE. These samples are then introduced into UHPLC-MS/MS systems using dynamic gradient 

elution to effectively separate target compounds within a short run time while maintaining 

resolution. 

For volatile and semi-volatile compounds—especially hydrocarbons, light organic solvents, 

phosphorus-based pesticides, or phthalate esters—GC-MS/MS is considered optimal due to its 

superior separation capacity and high sensitivity. However, the sample must be thoroughly cleaned 

beforehand to remove water and non-volatile matrix components. This typically involves drying with 

anhydrous Na₂SO₄ or concentration using rotary evaporation. 

The close integration of sample pre-treatment and chromatographic analysis is critical in 

designing multi-residue analytical methods, particularly when processing dozens or even hundreds 

of compounds in a single run. Developing sample preparation protocols that are fully compatible 

with modern chromatographic systems not only enhances analytical performance but also helps 

minimize errors, reduce time and cost, and ultimately promotes widespread application in food 

safety control, environmental monitoring, and biomonitoring of human exposure. 

8. Method Validation in Multi-Residue Analysis 

Method validation is an indispensable step to ensure that a multi-residue analytical procedure 

can provide accurate, reliable, and reproducible results under varying experimental conditions. Due 

to the complexity of simultaneously analyzing multiple compounds in diverse and challenging 

matrices, the validation process typically requires rigorous and comprehensive evaluation of 

numerous technical parameters. 

The key parameters commonly assessed include accuracy, trueness, repeatability, 

reproducibility, limit of detection (LOD), limit of quantification (LOQ), selectivity, linearity, and 

matrix effects. 

Accuracy and trueness reflect the method's ability to recover the actual concentration of the 

analytes. In multi-residue analysis, validation is typically performed at several concentration levels 

(e.g., low, medium, and high) to ensure method applicability across the relevant analytical range. 

According to international guidelines such as SANTE/11312/2021 or ICH Q2(R1), acceptable recovery 

typically ranges from 70% to 120%, with relative standard deviation (RSD) below 20%. 
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LOD and LOQ are critical parameters, especially for applications in food safety or environmental 

monitoring, where trace-level detection is essential. These limits are often determined based on 

signal-to-noise ratios or calculated from the standard deviation of the regression line in calibration 

curves. 

Selectivity and linearity ensure that the method can accurately distinguish the analytes from 

matrix interferences and structurally similar compounds. Multi-residue analysis often requires a 

wide linear range (typically from a few µg/kg to mg/kg) and a correlation coefficient (R²) greater than 

0.99. 

Matrix effects represent a major challenge in the simultaneous analysis of organic compounds, 

as co-extracted matrix components can affect the mass spectrometric signal, causing ion suppression 

or ion enhancement. These effects can significantly compromise accuracy if not properly 

compensated, typically through the use of internal standards or matrix-matched calibration. 

Stability of the analytes throughout sample processing, storage, and analysis must also be 

evaluated, especially for labile or easily degradable compounds. 

Validating methods for multi-residue analysis requires a combination of robust statistical 

strategies and deep understanding of analytical chemistry. The advancement of high-resolution mass 

spectrometry (HRMS) platforms not only improves sensitivity but also facilitates structural 

confirmation and non-targeted screening, thus expanding the application scope of validated 

methods. Standardizing and harmonizing validation protocols according to international guidelines 

is a critical step toward achieving global acceptance of analytical results, supporting regulatory 

oversight in health, environment, and international trade. 

9. Perspectives 

Simultaneous analysis of multiple organic compounds in complex matrices continues to be one 

of the greatest challenges in modern analytical chemistry. Advances in chromatographic and mass 

spectrometric technologies—particularly the integration of ultra-high-performance and high-

resolution systems—have significantly expanded the range of detectable compounds, while 

enhancing both sensitivity and selectivity. 

Simultaneous analytical methods are increasingly expected to be applicable across diverse 

sample types such as environmental samples, food products, and plant-based medicines. These 

methods aim to quantify a broad spectrum of compound classes, including nutrients, contaminants, 

and bioaccumulative substances. The resulting analytical data have wide-ranging applications—not 

only in contaminant detection but also in fields such as food traceability and human health risk 

assessment. 

In this context of increasing data volume and complexity, artificial intelligence (AI)—

particularly machine learning and deep learning models—has emerged as a promising tool for data 

processing, classification, and compound identification. AI has shown considerable effectiveness in 

interpreting chromatographic and mass spectral data, detecting anomalies, and identifying unknown 

compounds [114]. Trained on large spectral databases, AI systems can accelerate compound 

identification, reduce reliance on costly reference standards, and even aid in the discovery of novel 

trace-level contaminants. Additionally, AI can assist in optimizing chromatographic conditions and 

recommending sample preparation steps based on matrix type and analyte chemistry. 

However, the success of AI-powered analysis depends critically on the quality and reliability of 

input data, which places robust sample preparation at the core of the workflow. In analytical practice, 

any inconsistencies or errors in sample preparation may lead to incorrect data interpretation, thereby 

undermining the entire analysis—even when supported by advanced algorithms. As a result, modern 

sample preparation techniques must be designed to handle a wide range of compounds 

simultaneously, while maintaining high selectivity, reproducibility, and compatibility with 

downstream AI-assisted analysis. 

Furthermore, the integration of AI into analytical instrumentation—such as automated 

chromatographic-mass spectrometric systems capable of learning and adapting to specific sample 
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matrices—is ushering in a new era of non-targeted analysis, in which the challenge shifts from 

compound detection to data interpretation. In such a paradigm, sample preparation is no longer 

merely a preprocessing step, but rather a strategic component that underpins accuracy, speed, and 

adaptability in real-world analytical scenarios. 

In conclusion, the future of multi-residue analysis lies not in replacing traditional processes but 

in harmonizing advanced sample preparation techniques with cutting-edge analytical technologies 

and artificial intelligence—toward building an intelligent, accurate, and sustainable analytical 

ecosystem. 

10. Conclusions 

Simultaneous analysis of multiple organic compounds in complex matrices is becoming 

increasingly essential for food quality control, environmental risk assessment, and public health 

surveillance. Achieving high accuracy, reproducibility, and appropriate detection limits requires 

robust and well-optimized sample preparation workflows as the critical foundation of the entire 

analytical process. Modern preparation strategies such as QuEChERS, SPE, d-SPE, and SPME have 

demonstrated strong performance in simultaneously extracting chemically diverse compound 

classes, thus enabling the effective application of advanced chromatographic platforms such as GC-

MS/MS and LC-HRMS. 

Classifying analytes based on their origin, function, or physicochemical properties—such as 

polarity or solvent solubility—serves as a guiding principle for selecting extraction solvents and 

cleanup protocols. At the same time, the diversity of sample matrices—including food, water, soil, 

and biological tissues—demands increasingly flexible and adaptable preparation methods. Efficient 

integration between sample preparation and chromatographic analysis is therefore key to enabling 

accurate, high-throughput detection of a wide range of target compounds in a single analytical run. 

Simultaneous analytical methods are now expected to support a broad spectrum of applications 

beyond contaminant monitoring. These include analysis of environmental samples, food products, 

and plant-based medicines, aiming to detect and quantify various compound groups—such as 

essential nutrients, pollutants, and bioaccumulative substances. The resulting comprehensive 

datasets can inform diverse research and regulatory fields, including food traceability, health risk 

assessment, and origin verification. 

In the era of large and complex datasets, artificial intelligence (AI) opens new opportunities for 

spectral data processing, compound identification, and automation of analytical workflows. AI 

models—particularly those based on machine learning and deep learning—can accelerate the 

detection of unknown or emerging compounds, optimize chromatographic conditions, and reduce 

dependence on expensive reference standards. However, the effectiveness of AI remains highly 

dependent on the reliability and consistency of input data, which in turn hinges on rigorous sample 

preparation. Rather than replacing traditional workflows, AI should be viewed as a powerful enabler 

that enhances the value of existing analytical and sample preparation techniques. 

In conclusion, the future of multi-residue analysis lies in the convergence of modern 

chromatographic instrumentation, optimized sample preparation strategies, and intelligent AI 

platforms. Together, these components can deliver analytical systems that are faster, more accurate, 

cost-effective, and better suited to the real-world demands of chemical monitoring and 

environmental protection. 
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