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An accurate, reliable, and sensitive method was successfully developed to simultaneously determine p-Nitroaniline (p-NA) and its metabolites in blood based on the hyphenated technology of quadrupole-orbitrap high resolution mass spectrometry (Q-Orbitrap HRMS) and ultra-performance liquid chromatography (UPLC). After the blood sample was extracted with ethyl acetate, the organic layer was taken for injection and analysis. Within the concentration range of 1–100 μg/L, the calibration curves of p-NA and its metabolites had a good linearity, with correlation coefficient(r) values greater than 0.999. This method has excellent precision and accuracy. The intra- and inter-day coefficients of variation (CVs) were less than 9.9% and 8.7% respectively, and the analytical accuracy ranged from 83.1% to 101.3%. The lower limits of detection (LLODs) for all target analytes were between 0.6 μg/L and 2.2 μg/L, and the lower limits of quantification (LLOQs) were between 2.0 μg/L and 7.4 μg/L. In addition, the application potential of this method was verified by analyzing the blood samples of workers exposed to p-NA. The results indicated that this method was accurate, reliable and sensitive, and was applicable to the detection of p-NA and its metabolites in the blood.
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1 INTRODUCTION
p-Nitroaniline(p-NA), as an important chemical raw material, is widely used in many industries such as dyes, pesticides, imaging, and pharmaceuticals (Chai et al., 2018; Ma et al., 2009; Sun et al., 2007). China holds a significant position in the global p-NA field and is both a major producer and a major consumer. As of 2020, the global market demand for p-NA reached 129,200 tons. China’s production capacity was approximately 110,000 tons per year, and the annual consumption in the domestic market was about 90,000 tons (Huajing Industrial Research Institute, 2021). Such a large production capacity and consumption volume mean that there are a relatively large number of workers in China who are occupationally exposed to p-NA, which makes the occupational exposure risk at a relatively high level.
p-NA can easily mix with sweat and be absorbed through the skin, and its dust and vapor can be inhaled through the respiratory tract (National Health Commission of the People’s Republic of China, 2019; Bronaugh and Maibach, 1985). p-NA is a potent methemoglobin former (French et al., 1995). In cases of acute poisoning, patients may exhibit symptoms such as cyanosis, fatigue, nausea, dizziness, chest tightness, vomiting, shortness of breath, disturbance of consciousness, arrhythmia (Gu and Bao, 2011; Zhang et al., 2006). Additionally, it can cause the destruction of red blood cells, leading to hemolytic anemia. The methemoglobin and its decomposition products released after the destruction of red blood cells can also damage the liver and kidneys (Ministry of Environmental Protection of the People’s Republic of China, 2009; Xia, 1991). The American Conference of Governmental Industrial Hygienists has listed it as a potential occupational carcinogen that can be absorbed through the skin (American Conference of Governmental Industrial Hygienists, 2021). Therefore, occupational exposure to p-NA may be associated with serious health risks.
Internal exposure assessment is a means to effectively control the occupational health risks of p-NA. It can comprehensively and accurately reflect the actual degree of the body’s exposure to p-NA. Specifically, by detecting p-NA and its metabolites in human blood, the internal exposure level of an individual can be precisely evaluated. Therefore, developing an accurate, reliable, and sensitive identification and analysis method for p-NA and its metabolites in blood is an indispensable prerequisite for internal exposure assessment. Relevant research has shown that when a large amount of p-NA enters the body, multiple substances can be detected in the blood. These compounds encompass 2-amino-5-nitrophenol (2A5NP), which is produced via hydroxylation of the benzene ring; p-phenylenediamine (p-PD), resulting from nitro reduction; p-nitroacetanilide (p-NAA) and p-aminoacetanilide (p-AAA), both formed through acetylation of amino group; and unaltered p-NA (Bakdash et al., 2006). The structural formulas of all the compounds are shown in Figure 1.
[image: Chemical structures of five compounds labeled as 2A5NP, p-PD, p-NAA, p-AAA, and p-NA. Each structure features a benzene ring with various functional groups, including amine, nitro, hydroxyl, and acylamino groups.]FIGURE 1 | The chemical structures of p-NA and its metabolites.As of now, there have been no reports of a systematic quantitative analysis method specifically for p-NA and its metabolites in blood. In the limited research materials, the relevant determination method was only briefly mentioned in a report on a p-NA poisoning incident. In this report, the researchers used derivatization combined with gas chromatography-mass spectrometry and high performance liquid chromatography to determine p-NA and its metabolites (Bakdash et al., 2006). Unfortunately, this report lacks detailed information on a series of key technical indicators such as accuracy, precision, sensitivity, and matrix effect, which limits the scientific nature of the method. In addition, the source of the samples tested by this method also has limitations. All samples were taken from patients with acute p-NA poisoning, in whose blood the concentrations of p-NA and its metabolites are usually at a relatively high level. In an actual working environment, most workers are only exposed to low concentrations of p-NA. Due to the huge difference in exposure doses, the sample situation of acute poisoning patients may be significantly different from the actual situation of low-exposure workers. Therefore, it is currently unclear whether the method in this report can be accurately and effectively applied to the biological monitoring of these low-exposure workers in a normal working environment, and further research and verification are needed.
In this research work, we were committed to developing an analytical method that could accurately and simultaneously determine p-NA and its metabolites in the blood of workers with low-level exposure by means of ultra-performance liquid chromatography-quadrupole-orbitrap high resolution mass spectrometry (UPLC-Q-Orbitrap HRMS), filling the gap in this field. The Orbitrap mass analyzer has very high resolution, and its mass accuracy is far superior to that of triple quadrupole mass spectrometry. Therefore, its qualitative accuracy is also much higher than that of triple quadrupole mass spectrometry, which can eliminate the interference of matrix components with similar mass numbers on the target analytes (Abou-Elwafa Ab et al., 2019; Enders et al., 2022; Qi et al., 2019; Zhao et al., 2019). In addition, the Orbitrap mass analyzer has an extremely fast scanning speed. This characteristic ensures that, under high-resolution conditions, the instrument will not be affected by a lack of scan points, thereby guaranteeing sufficient sensitivity and achieving quantitative performance comparable to that of triple quadrupole mass spectrometry (Li et al., 2017).
2 MATERIALS AND METHODS
2.1 Standards and reagents
The standards, including p-NA (99.9%), p-NA-D4 (99.9%), p-PD (99.9%), p-PD-D4 (99.3%), p-NAA (99.9%), p-NAA-D4 (99.9%), 2A5NP (99.7%), 2A5NP-D3 (≥95.9%), p-AAA (99.9%) and p-AAA-D4 (99.3%), came from Alta Scientific Co., Ltd. HPLC-grade methanol came from Fisher Scientific (United States), HPLC - grade ethyl acetate came from Tedia (United States), and HPLC-grade formic acid came from Shanghai Macklin Biochemical Co., Ltd.
2.2 UPLC-Q-Orbitrap HRMS instrumentation and setting
The equipment was purchased from Thermo Scientific and consisted of one Vanquish UPLC and one Orbitrap Exploris 120 equipped with a heated electrospray ionization source. Chromatographic separation was carried out on an ACQUITY UPLC®BEH Shield RP18 column (2.1 mm i. d. × 10cm, 1.7 µm particle size, Waters). The column temperature was kept at 30 °C. The injection volume was 5 µL. In mass spectrometry, sheath gas was 35 arb, aux gas was 7 arb, ion transfer tube temperature was 320 °C and vaporizer temperature was 275 °C.
The mobile phase consisted of aqueous phase (solvent A: 0.1% formic acid aqueous solution) and organic phase (solvent B: methanol), following a gradient elution program: 0–1.5 min, 5% B; 1.5–2.5 min, 5%–60% B; 2.5–7.0 min, 60%–80% B; 7.0–7.5 min, 80%–5% B; 7.5–10 min, 5% B. The total run time was 10 min with a constant flow rate of 200 μL/min. Mass spectrometry analysis was carried out using the “tMS2” mode, which is similar to the parallel reaction monitoring mode. Isolation window (m/z) was 1.0, orbitrap resolution was 15000@m/z 200. Table 1 presents the mass spectral parameters.
TABLE 1 | Mass spectometry parameters.	Compound	T-start to T-stop (min)	Precursor ion (m/z)	Secondary mass spectrum scan range (m/z)	Extracted ion (quantitative ion)
(m/z)	Collision energy (V)	Ionization form	Spray voltage (V)
	p-PD	0–1.2	109.0758	40.0000–131.7673	92.0494	15	Positive	3,500
	p-PD-D4	0–1.2	113.1010	40.0000–135.8730	96.0745	15	Positive	3,500
	p-AAA	1.2–3.0	151.0864	40.0000–174.6810	109.0759	15	Positive	3,500
	p-AAA-D4	1.2–3.0	155.1117	40.0000–178.7239	113.1010	15	Positive	3,500
	2A5NP	3.0–6.6	153.0301	40.0000–176.6007	122.0249	15	Negative	2,500
	2A5NP-D3	3.0–6.6	156.0493	40.0000–179.6803	125.0436	15	Negative	2,500
	p-NA	3.0–6.6	139.0502	40.0000–162.3412	122.0474	15	Positive	3,500
	p-NA-D4	3.0–6.6	143.0756	40.0000–166.4471	126.0725	15	Positive	3,500
	p-NAA	6.6–7.5	179.0455	40.6273–203.1364	137.0357	15	Negative	2,500
	p-NAA-D4	6.6–7.5	183.0702	41.4483–207.2416	141.0608	15	Negative	2,500


2.3 Stock solution preparation
5.0 mg of each standard, including p-PD, p-AAA, 2A5NP, p-NA, and p-NAA, were accurately weighed. These weighed standards were then dissolved in methanol, and the resulting solution was transferred into a 10-mL volumetric flask. Subsequently, the volume was adjusted to the calibration mark with methanol to formulate a mixed standard stock solution having a concentration of 500 μg/mL.
Likewise, 5.0 mg of each isotope internal standard, including p-PD-D4, p-AAA-D4, 2A5NP-D3, p-NA-D4, and p-NAA-D4, were accurately weighed. These weighed isotope internal standards were then dissolved in methanol, and the resulting solution was transferred into a 10-mL volumetric flask. Subsequently, the volume was adjusted to the calibration mark with methanol to formulate a mixed isotope internal standard stock solution having a concentration of 500 μg/mL.
The mixed isotope internal standard stock solution and the mixed standard stock solution should be stored in a dark environment at a temperature of −20 °C.
2.4 Calibration solution preparation
The mixed standard stock solution and the mixed isotope internal standard stock solution underwent dilution with ethyl acetate. This dilution process was carried out to formulate a series of mixed standard solutions. In these solutions, the concentrations of each individual component were precisely set at 1 μg/L, 5 μg/L, 10 μg/L, 50 μg/L, 100 μg/L, and 150 μg/L. Each of the prepared mixed standard solutions was spiked with the corresponding isotope internal standard at a concentration of 20 μg/L.
2.5 Sample treatment procedures
0.4 mL of the blood sample was transferred into a 10.0 mL centrifuge tube equipped with a stopper, then 12 μL of 5 μg/mL mixed isotope internal standard solution, which was obtained by diluting the mixed isotope internal standard stock solution with a concentration of 500 μg/mL with water, was added to the blood sample. Subsequently, 3.0 mL of ethyl acetate was introduced, and the mixture was subjected to vigorous shaking for 5 min to facilitate extraction. After standing still for 5 min, approximately 1.0 mL of the supernatant was then filtered through a 0.22 μm glass-fiber syringe filter in preparation for analysis. When the concentration of the sample exceeded the upper limit of the linear range, dilution was required before measurement.
2.6 Method validation
The method validation was meticulously performed in strict accordance with the “Bioanalytical Method Validation-Guidance for Industry” issued by U.S. Department of Health and Human Services Food and Drug Administration (United States Food and Drug Administration, 2018). Comprehensive validation was carried out for multiple crucial parameters, including linearity, sensitivity, selectivity, carryover, precision, accuracy, matrix effect, extraction recovery, and the stability of the analyte.
2.6.1 Linearity and sensitivity
A matrix-free calibration curve consisting of six concentration levels (with internal standard added) was adopted to evaluate the linearity of each target analyte. The sensitivity was evaluated using the LLOD and LLOQ. According to the guidelines for the validation of analytical method in Chinese Standards (National Health and Family Planning Commission of the People’s Republic of China, 2017), the LLOD and LLOQ were established by performing ten replicate analyses of low-concentration samples spiked at the LLOQ level. The specific calculation formulas are as follows:
LLOD=K×3×S×cb(1)
LLOQ=K×10×S×cb(2)
Where: K is the volume conversion factor for sample pretreatment; S is the standard deviation of the response values from 10 repeated measurements; c is the known concentration of the analyte at a low level; and b is the response signal corresponding to c.
2.6.2 Selectivity and carryover
Blank blood samples from six different individuals were mixed and then analyzed to determine the selectivity of the target analytes and isotope internal standard. To determine whether the analytes in the sample would remain in the instrument and affect subsequent sample analysis, we conducted a carryover test. A high-concentration calibration solution was injected into the instrument, and the operating procedure was carried out. After the operation was completed, a blank blood sample was then injected to observe whether there was any carryover of the analytes.
2.6.3 Accuracy and precision
For precision and accuracy experiments, selected blank blood samples spiked with analytes at four levels (LLOQ, low, medium and high) and a certain amount of internal standard substances were subjected to analysis. The accuracy was determined by comparing the analyte concentrations at four levels with the theoretical spiked concentrations. Precision was represented by intra - and inter - day CVs. The intra - day CV was determined by conducting six analyses on each level within 1 day, and the inter - day CV was determined by performing 18 analyses on each level over three consecutive days. The acceptable range of accuracy is within ±15% of the theoretical spiked concentration, except for the LLOQ level, where the acceptable range is within ±20% of the theoretical spiked concentration. The acceptable precision requires the CV to be within ±15%, and for the LLOQ, the CV should be within ±20%.
2.6.4 Matrix effect and extraction recovery
Target analytes at different levels were spiked into the solvent and the extracted blank blood samples (from six different sources) respectively. The matrix effect was evaluated according to the ratio of the peak areas of the components spiked into the blank blood and the solvent. Before and after extraction, target analytes at different levels were spiked into blank blood samples. The extraction recovery was evaluated based on the ratio of the peak areas of the target analytes after extraction to those before extraction.
2.7 Stability
2.7.1 Long-term stability
Blood samples obtained from workers exposed to p-NA were stored at a temperature of −80 °C. These samples underwent analysis on the 1st, 5th, 10th, 15th, and 20th days, respectively. The stability of various target analytes within the blood was assessed by examining the extent of their degradation. When the decline rate goes beyond 15%, it is seen as evidence that the sample does not comply with the set criteria.
2.7.2 Short-term stability
Blood samples obtained from workers exposed to p-NA were divided into three portions. Two samples were kept at room temperature, while the other one was stored at 4 °C. The two samples kept at room temperature were analyzed at 0 h and 2 h, respectively, and the sample stored at 4 °C was analyzed at 24 h. The stability of various target analytes within the blood was assessed by examining the extent of their degradation. When the decline rate goes beyond 15%, it is seen as evidence that the sample does not comply with the set criteria.
3 RESULTS AND DISCUSSION
3.1 Method development
In the detection of p-NA and its metabolites in blood, the separation and purification of samples plays a crucial role. To explore more effective methods for separation and purification, we conducted research on solid-phase extraction (SPE) and liquid-liquid extraction (LLE) techniques. For the SPE, we selected SPE columns such as C18, HLB, WAX, and WCX to separate and purify the samples. The experimental results showed that in the aqueous solution system, SPE columns like HLB, WAX, and WCX had low extraction recoveries for p-PD and p-AAA (<40%), while the C18 column achieved extraction recoveries of over 90% for all components. However, when the C18 column was used for extracting the target analytes in blood, the matrix in the blood exerted a strong matrix effect on p-PD and p-AAA, as the signals of these two substances were much weaker than those in the aqueous solution system. In particular, p-PD was almost undetectable. This might be attributed to the ion suppression of p-PD and p-AAA caused by co-eluting matrix components (such as proteins or phospholipids). In stark contrast, LLE showed promising potential in preliminary studies. This indicated that LLE may be able to overcome the challenges faced by SPE and provide a more reliable approach for the accurate detection of p-NA and its metabolites in blood.
In order to improve the extraction recovery of the target analytes, we conducted a systematic and in-depth optimization study on the types and volumes of organic solvents used in the extraction process. Given that the target analytes all exhibit strong polar characteristics, we focused the research scope on organic solvents with high polarity and immiscibility with water. Ethyl acetate, dichloromethane, and chloroform were chosen as potential extraction solvents for investigation. The experimental results showed significant differences in extraction recoveries among different solvents. The extraction performance of dichloromethane and chloroform was rather disappointing, with extremely low extraction recoveries. Specifically, for the two target analytes, p-PD and p-AAA, the extraction recoveries were even lower than 10%. In sharp contrast to dichloromethane and chloroform, ethyl acetate demonstrated excellent extraction performance with a high extraction recovery. The extraction recoveries of p-PD and p-AAA exceeded 77%, while the extraction recoveries of p-NA, p-NAA, and 2A5NP were even higher than 90%. Based on these results, we selected ethyl acetate as the extraction solvent.
After selecting the extraction solvent, we further investigated how the volume of the extraction solvent affected the extraction recovery. We established four distinct volume gradients of the extraction solvent, specifically 1.0 mL, 2.0 mL, 3.0 mL, and 4.0 mL, and then compared the extraction recoveries under each volume condition. Figure 2 presents the variations in the extraction recoveries of each target analyte at different volumes of the extraction solvent. The figure clearly indicates a positive correlation between the extraction recovery of the target analyte and the volume of the extraction solvent. In other words, as the volume of the extraction solvent steadily increased, the extraction efficiency gradually improved. When the volume of the extraction solvent reached 3.0 mL, the extraction efficiency leveled off and no longer showed a significant increase. Therefore, we concluded that the optimal volume of the extraction solvent was 3.0 mL. In addition, increasing the number of extractions may be more effective in improving extraction recovery than simply increasing the volume of the extraction solvent. However, this approach significantly increases the time required for sample preparation, which may be a limiting factor in high-throughput analyses. Moreover, since satisfactory extraction recovery was achieved by increasing the volume of the extraction solvent, we did not evaluate the effect of multiple extractions.
[image: Line graph showing extraction recovery percentage versus volume of extraction solvent in milliliters for five compounds: p-PD, p-AAA, 2A5NP, p-NA, and p-NAA. Extraction recovery increases with solvent volume, with p-NAA showing consistently high recovery, while the others converge near 90 percent as solvent volume increases to 4 mL.]FIGURE 2 | The extraction efficiency of each target analyte at different volumes of the extraction solvent.Among the main determinants for the separation and retention of analytes, the chromatographic column holds a significant place. The ACQUITY UPLC® BEH shield RP18 chromatographic column employs Shield bonded-phase and bridged ethyl hybrid technology. It embeds the carbamate functional group into the alkyl chain of the bonded phase, thereby providing excellent peak profiles for basic analytes. With the UPLC conditions optimized, this column displays high-level column efficiency and peak symmetry. All analytes achieve satisfactory peak profiles and signal intensities, so it was selected as the analytical column (Figure 3). In addition, according to the signal intensity and peak profile, a mobile phase composed of a 0.1% formic acid solution and methanol was selected, and the elution gradient was optimized simultaneously.
[image: Chromatogram depicting multiple analytes with their retention times and relative abundance. Peaks for p-PD at 0.99 minutes, p-AAA at 1.33 minutes, 2A5NP at 6.16 minutes, p-NA at 6.34 minutes, and p-NAA at 6.83 minutes are shown. Each analyte has a matching deuterated standard. Time is on the horizontal axis and relative abundance on the vertical axis.]FIGURE 3 | Typical extracted ion chromatographs of standards (50 μg/L).3.2 Method validation
3.2.1 Linearity and sensitivity
In the concentration range of 1 μg/L - 100 μg/L, these five target analytes showed a good linear relationship. The calibration curves of all analytes had correlation coefficient(r) values surpassing 0.999. The difference between the calibrated values and the nominal values of all analytes was within the error range of ±10%. In addition, the LLODs and LLOQs of the target analytes in the blood sample were observed to lie within the intervals of 0.6–2.2 μg/L and 2.0–7.4 μg/L, respectively (Table 2). Amongst these analytes, p - NA had the uppermost LLOD and LLOQ values, while p - PD had the least values for these two key parameters in the analysis.
TABLE 2 | Correlation coefficient, precision, accuracy, LLOD, and LLOQ.	Compound	Correlation coefficient (r)	LLOD (μg/L)	LLOQ (μg/L)	Spiked concentration (μg/L)	Intra-day	Inter-day
	Accuracy (%, n = 6)	CV (%, n = 6)	Accuracy(%, n = 18)	CV (%, n = 18)
	p-PD	0.9998	0.6	2.0	2	89.0	3.2	87.5	3.6
	20	92.5	3.9	94.2	3.9
	225	90.3	4.2	92.3	4.7
	500	92.4	4.6	93.5	5.2
	p-AAA	0.9998	0.9	3.1	3	95.6	4.5	94.6	5.4
	20	95.3	3.1	96.7	4.2
	225	90.6	4.3	93.5	5.6
	500	91.1	4.4	94.5	6.9
	2A5NP	0.9998	1.4	4.8	5	83.1	9.3	84.2	8.7
	20	91.9	5.6	92.5	5.1
	225	91.8	4.4	92.9	4.0
	500	91.6	3.8	93.1	4.6
	p-NA	0.9997	2.2	7.4	7.5	99.9	9.9	95.8	7.8
	20	100.4	7.8	96.8	7.0
	225	93.2	4.3	94.5	5.2
	500	91.6	5.2	92.0	5.4
	p-NAA	0.9998	0.9	3.0	3	101.3	3.9	98.5	4.5
	20	99.0	2.2	95.4	3.2
	225	92.7	4.4	93.2	3.9
	500	91.0	3.8	92.1	4.5


3.2.2 Selectivity and carryover
After completing the analysis of the blank blood samples, we observed that there were no interfering peaks within ±5% of the retention time of each target analyte, indicating that the method adopted had good selectivity (Figure 4). After injecting the high-concentration calibration standard and running the program, no target peaks appeared when the blank blood sample was injected again, indicating that the carryover effect was negligible.
[image: Two chromatograms labeled A and B demonstrate the relative abundance of various compounds over time. Chromatogram A shows minimal activity, with notable activity only for p-AAA at 1.82 minutes and p-NAA-D₄ at 6.85 minutes. Chromatogram B exhibits peaks for p-PD, p-PD-D₄, p-AAA, p-AAA-D₄ between 0.99 and 2.9 minutes, while peaks for 2A5NP, 2A5NP-D₃, p-NA, p-NA-D₄, p-NAA, and p-NAA-D₄ occur between 3.03 and 7.05 minutes, indicating varied compound abundance.]FIGURE 4 | Extracted ion chromatographs of the mixed blank blood sample (A) and the LLOQ level matrix - spiked sample (B).3.2.3 Accuracy and precision
Table 2 presents the results of the accuracy and precision of the analytical method. The analytical accuracy of all target analytes in the spiked blood samples at low, medium, and high levels ranged from 90.3% to 100.4% (the accuracy at the LLOQ level ranged from 83.1% to 101.3%). The intra - and inter - day CVs of all target analytes were less than 9.9% and 8.7% respectively. Both the accuracy and precision successfully met the requirements of “Bioanalytical Method Validation-Guidance for Industry” issued by U.S. Department of Health and Human Services Food and Drug Administration (United States Food and Drug Administration, 2018).
3.2.4 Matrix effect and extraction recovery
Tables 3, 4 present the results of matrix effect and extraction recovery respectively. The matrix effects of the five target analytes were between 78.2% and 107.5%, indicating that the matrix effects were weak. In addition, the extraction recoveries of these five target analytes ranged from 77.3% to 99.3%.
TABLE 3 | Matrix effect for the analytes.	Compound	Spiked concentration (μg/L)	Matrix effect (%)
	Source	Mean
	1 (n = 5)	2 (n = 5)	3 (n = 5)	4 (n = 5)	5 (n = 5)	6 (n = 5)
	p-PD	10	78.6	78.2	80.0	78.8	75.9	77.5	78.2
	100	78.4	75.6	80.0	81.2	79.2	76.9	78.6
	200	77.7	74.3	79.7	78.5	79.6	81.2	78.5
	p-AAA	10	91.8	101.2	103.4	105.2	102.3	101.5	100.9
	100	100.7	106.4	112.8	105.5	107.2	103.9	104.9
	200	103.1	106.9	112.4	110.2	104.5	106.2	107.2
	2A5NP	10	94.5	101.8	104.3	98.9	97.8	102.2	99.9
	100	100.4	101.3	104.7	104.5	103.9	102.5	102.3
	200	99.6	99.4	102.6	105.2	98.5	101.2	101.1
	p-NA	10	91.7	79.8	79.9	89.5	79.8	83.5	84.0
	100	90.9	80.8	82.7	85.5	83.9	79.8	83.9
	200	89.0	80.2	81.1	82.5	86.5	85.4	84.1
	p-NAA	10	100.9	111.8	113.5	102.3	105.6	108.5	107.1
	100	100.9	109.6	112.6	105.6	110.2	105.9	107.5
	200	102.3	104.4	107.4	105.6	102.2	105.4	104.6


TABLE 4 | Extraction recovery for the analytes.	Compound	Spiked concentration (μg/L)	Extraction recovery (%, n = 6)
	p-PD	20	77.5
	225	80.1
	500	83.7
	p-AAA	20	77.3
	225	82.9
	500	82.9
	2A5NP	20	88.8
	225	97.1
	500	98.5
	p-NA	20	99.3
	225	98.7
	500	97.9
	p-NAA	20	92.8
	225	97.8
	500	97.2


3.3 Stability
3.3.1 Long-term stability
A decline rate exceeding 15% is regarded as a sign that the sample does not meet the stability requirements. The decline rates of all target analytes in the samples on the 20th day were below 15%. This result clearly indicates that blood samples are capable of remaining stable for no less than 20 days when stored at - 80 °C.
3.3.2 Short-term stability
A decline rate exceeding 15% is considered as a sign that the sample does not meet the stability requirements. After being kept at room temperature for 2 h and at 4 °C for 24 h, the decline rate of all target analytes was less than 15%. This result clearly indicates that the target analytes in the blood samples have good short - term stability.
3.4 Method application
To verify the applicability of the established method, 15 blood samples were selected for quantitative analysis of the concentrations of p-NA and its metabolites. These samples cover research subjects with different exposure backgrounds. Among them, 10 samples were from workers (aged between 37 and 56, with a male-to-female ratio of 4:1) who had been exposed to p-NA in their occupational environment for a long time, and 5 samples were collected from administrators (aged between 35 and 52, with a male-to-female ratio of 3:2) who had never been exposed to p - NA.
In the detection of blood samples from workers exposed to p-NA, significant differences in the concentrations of substances were observed (Table 5). Specifically, the concentration range of p-NA spanned widely, from <LLOQ to 86.4 μg/L, indicating that there were obvious differences in the doses of p-NA absorbed by different individuals during actual exposure. As a product of the nitro reduction of p-NA, the concentration range of p-PD was from <LLOQ to 7.2 μg/L, reflecting the transformation of p-NA in the in vivo metabolic process. As one of the products of amino acetylation, the concentration of p-AAA fluctuated between < LLOQ and 6.8 μg/L; the concentration range of 2A5NP was from <LLOQ to 26.4 μg/L; and the concentration of p-NAA was from <LLOQ to 7.9 μg/L. The detection of the concentrations of these substances demonstrated the effectiveness of this detection method in capturing trace substances. In sharp contrast, p-NA and its metabolites were not detected in the blood samples of the 5 administrators who had no exposure to p-NA. This result further highlights the specificity and accuracy of the detection method, which can effectively distinguish the characteristics of blood samples from exposed and unexposed populations.
TABLE 5 | Concentrations of target analytes in the blood samples.	Sample ID	Concentration (μg/L)
	p-NA	p-PD	p-AAA	2A5NP	p-NAA
	Exposure to p-NA	1	25.3	2.0	<LLOQ	10.3	<LLOQ
	2	35.6	2.8	<LLOQ	11.8	3.2
	3	38.9	3.1	<LLOQ	14.5	3.5
	4	86.4	7.2	6.8	26.4	7.9
	5	<LLOQ	<LLOQ	<LLOQ	<LLOQ	<LLOQ
	6	12.5	<LLOQ	<LLOQ	5.9	<LLOQ
	7	9.9	<LLOQ	<LLOQ	2.8	<LLOQ
	8	75.6	6.0	4.7	2.9	6.9
	9	69.8	5.5	4.4	4.9	6.3
	10	22.3	<LLOQ	<LLOQ	9.2	<LLOQ
	Non-exposure to p-NA	11	<LLOQ	<LLOQ	<LLOQ	<LLOQ	<LLOQ
	12	<LLOQ	<LLOQ	<LLOQ	<LLOQ	<LLOQ
	13	<LLOQ	<LLOQ	<LLOQ	<LLOQ	<LLOQ
	14	<LLOQ	<LLOQ	<LLOQ	<LLOQ	<LLOQ
	15	<LLOQ	<LLOQ	<LLOQ	<LLOQ	<LLOQ


The results show that whether it is the accurate determination of trace target substances in the blood of p-NA exposed populations or the effective exclusion of interfering factors in the blood samples of unexposed populations, the established detection method exhibits good analytical performance. Therefore, we believe that this method can be applied to the quantitative detection of p-NA and its metabolites in actual blood samples.
4 CONCLUSION
In this study, a novel analytical method was successfully developed, which was based on the UPLC-Q-Orbitrap HRMS technology and incorporated a simple LLE procedure. This method can simultaneously quantify the contents of p-NA and its metabolites (p-PD, p-AAA, 2A5NP, p-NAA) in blood. In this method, HRMS plays a crucial role. It has excellent resolution, a characteristic that enables a more precise qualitative determination of target analytes, greatly improving the accuracy of qualitative results. In addition, the electrostatic field orbitrap mass analyzer used ensures the performance of the method in quantitative analysis. Its quantitative ability is on par with that of triple-quadrupole mass spectrometry. After verification, the newly developed method demonstrated satisfactory precision, accuracy, and sensitivity in the detection of p-NA and its metabolites in blood. This method provides solid methodological support for the internal exposure assessment of p-NA, contributing to the accurate evaluation of the actual human exposure to p-NA. Meanwhile, it also offers methodological support for subsequent metabolic studies of p - NA in the body.
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