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ABSTRACT 

This study demonstrates, for the first time, the quantitative detection of polycyclic aromatic hydrocarbons (PAHs) 

using monoisotopic silver-109 nanoparticle-enhanced targets in laser desorption/ionization mass spectrometry 

(109AgNPET LDI MS). Ten PAHs — anthracene, benzo(a)anthracene, benzo(a)pyrene, benzo(e)pyrene, chrysene, 

fluoranthene, perylene, phenanthrene, pyrene, and triphenylene — were analyzed, represented by four distinct 

molecular formulas, with radical cations (M+•) appearing as the predominant species in the MS spectra. 

The method yielded low chemical background, limited to silver cluster signals, enabling high-sensitivity analysis 

without matrix-related interferences. Limits of detection (LOD) ranged from 24 pg/mL for benzo(a)pyrene, 

benzo(e)pyrene, and perylene to 6.97 ng/mL for benzo(a)anthracene, chrysene, and triphenylene. Compared with 

existing methods, 109AgNPET LDI MS exhibited sensitivity surpassing or comparable to LC-MS, and in the case 

of benzo(a)pyrene, equaled the GC-MS, while eliminating sample pre-extraction or concentration steps. 

The results establish 109AgNPET LDI MS as a viable, rapid, and preparation-free approach for sensitive PAH 

analysis. 

Keywords: polycyclic aromatic hydrocarbon; laser desorption/ionization; mass spectrometry; 

SALDI; silver nanoparticles  

1. Introduction 

Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (MS) is the most popular of all laser 

techniques. MALDI was elaborated in 1985 by Karas et al. [1] and developed by Tanaka and co-workers in 1988 

[2] and belongs to the most efficient and sensitive methods of mass spectrometry. This technique is not often 

applied to detect low molecular weight compounds, due to the fact that, organic compounds with low molecular 

weight such as α-cyano-4-hydroxycinnamic acid (CHCA) and 2,5-dihydroxybenzoic acid (DHB), usually used as 

matrices in the MALDI experiments, produce large amount of matrix-related interfering signals in the low-mass 

range (less than m/z 1000). Certain limitations on the use of MALDI also result from often inhomogeneous 

co-crystallisation of matrix and sample, and unreliable calibration [3,4]. 

Mentioned problems may be solved by application of surface-assisted laser desorption/ionization (SALDI) [5] 

or various nanostructure-based techniques [6-9]. In a recent work Nizioł et al. [10], the method of preparing 

a stainless steel plate covered with nanostructures of monoisotopic Ag, silver-109 nanoparticle enhanced target 

(109AgNPET), was shown. It has been found that this method, used in laser desorption/ionization (LDI) mass 

spectrometry, is very efficient for the ionization of low molecular weight compounds such as nucleosides 

and nucleobases [11], amino acids [12], carboxylic acids [13] as well as mycotoxin [14], also in quantitative terms. 

In addition, 109AgNPET was used for tissue MS imaging and analysis of complex biological mixtures [15,16]. 
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Polycyclic aromatic hydrocarbons (PAHs) are a group of organic compounds with two or more fused aromatic 

rings, created when products like gas, oil, coal, or garbage are incomplete burned [17]. PAHs may originate from 

both natural and anthropogenic sources. Volcanic activity and hydrothermal processes serve as natural sources 

of PAH emissions, whereas human activities contribute primarily through the combustion of fossil fuels, as well 

as through thermal processing of food and tobacco smoking. PAHs are widespread environmental contaminants, 

commonly found in water, soil, air, and food [18]. Due to the fact that they are known mutagenic and carcinogenic 

factors, it is important to look for new, more sensitive methods of their detection. Most commonly used methods 

to measure PAHs are by gas chromatography coupled to mass spectrometry [19,20] and liquid chromatography 

with fluorescence [21] or mass spectrometry [22]. Nevertheless, reports on the detection of PAHs by electrospray 

ionization mass spectrometry (ESI-MS) remain limited, primarily due to the challenges associated with ionizing 

low-polarity compounds, except in certain studies where the use of metal cations facilitated the ionization process 

[23]. Mass spectrometry methods based on laser desorption/ionization (LDI) has also been employed for 

the analysis of PAHs, utilizing graphene as a matrix [24] or graphene-coated cobalt nanoparticles [25]. 

The goal of this work is to present the results of quantitative detection and analysis of polycyclic aromatic 

hydrocarbons by the 109AgNPET LDI MS method together with the discussion and comparison with the mass 

spectrometry techniques previously used for this purpose. The 109AgNPET LDI MS method has thus far been 

applied exclusively to compounds of biological origin; the present study constitutes the first report on 

the application of this technique to the analysis of environmental nonpolar organic compounds. 

2. Experimental 

2.1. Materials 

PAH Mix in toluene had a TraceCERT® certificate of analysis and was purchased from Sigma-Aldrich. 

Silver-109 (minimum 99.75%) isotope (BuyIsotope, Sweden) was transformed to 109Ag trifluoroacetate salt by 

commonly known methods, including dissolution in HNO3, followed by 109AgOH formation and reaction with 

trifluoroacetic acid, and recrystallized from tetrahydrofuran/hexane system. Steel targets made locally were 

machined from stainless steel. The plates surface was polished to mirror-like appearance with P150 to P2000 grit 

(ISO/FEPA Grit designation). All solvents were of HPLC quality, except for water (18 MΩ water was produced 

locally). All other chemicals were purchased from Sigma-Aldrich (97-99% purity). 

2.2. Preparation of the 109AgNPET plate 

The silver-109 nanoparticles were synthesized on the surface of steel targets as described in recent publication 

[12]. A quantity of 10 mg of silver-109 trifluoroacetate was dissolved in 50 mL of anhydrous, inhibitor-free 

tetrahydrofuran (THF), and the resulting solution was transferred into a beaker containing a stainless steel target 

plate (custom-fabricated, 35 × 45 mm in dimension). Subsequently, 35 mg of solid 2,5-dihydroxybenzoic acid was 

introduced. After stirring, the mixture was allowed to stand for 24 hours. The target plate was then rinsed 

sequentially with THF and deionized water (three times), gently cleaned using a cotton wool ball, and subsequently 

washed again three times with THF, followed by rinses with water and acetonitrile. 

2.3. Sample preparation and handling 

Polycyclic aromatic hydrocarbons MIX contained phenanthrene (concentration 495.0 μg/mL),  

anthracene (499.0 μg/mL), fluoranthene (494.0 μg/mL), pyrene (456.4 μg/mL), triphenylene (498.5 μg/mL), 

benzo(a)anthracene (498.0 μg/mL), chrysene (499.5 μg/mL), benzo(e)pyrene (484.6 μg/mL), perylene 

(501.5 μg/mL), benzo(a)pyrene (497.5 μg/mL). The composition of the PAH mixture, together with its 

concentrations, was included in the attached TraceCERT® certificate. The list of the analyzed compounds, along 

with their molecular formulas and monoisotopic masses, is presented in Table 1. The m/z values and monoisotopic 

masses of the PAHs were calculated using the online tool available at chemcalc.org [26]. The PAH Mix was diluted 

five-fold in tetrahydrofuran, lower concentration solutions were prepared by diluting of ten-times higher 

concentration ones. Volumes of 0.5 μL of solutions were placed directly on 109AgNPET plate, air dried and target 

was inserted into mass spectrometer for measurements. 

  



Adrian ARENDOWSKI Chemical Technology & Biotechnology, 2025, pp. 191-201 

193 

Table 1. The list of analyzed PAHs. 

Compound Molecular formula Monoisotopic mass 

anthracene C14H10 178.07825 

phenanthrene C14H10 178.07825 

fluoranthene C16H10 202.07825 

pyrene C16H10 202.07825 

benzo(a)anthracene C18H12 228.09390 

chrysene C18H12 228.09390 

triphenylene C18H12 228.09390 

benzo(a)pyrene C20H12 252.09390 

benzo(e)pyrene C20H12 252.09390 

perylene C20H12 252.09390 

2.4. LDI mass spectrometry 

Mass spectrometry experiment was performed using Bruker Autoflex Speed time-of-flight mass spectrometer 

equipped with a SmartBeam II laser in reflectron mode. Laser repetition rate 1 kHz, impulse energy of laser was 

approximately 100-150 μJ, laser shots number was 10 thousand for each measurement spot. Measurement range 

was m/z 60-1000, suppression was turned on typically for ions of m/z lower than 55. The first accelerating voltage 

was held at 19 kV, and the second ion source voltage at 16.7 kV. The first reflector voltages used were 21 kV and 

9.55 kV (the second). The data was calibrated and analyzed with FlexAnalysis (version 3.3) using centroid 

calibration model. Cubic mass calibration was performed using internal standards (ions and clusters of silver-109 

from 109Ag+ to 109Ag9
+). 

3. Results and discussion 

The preparation, characterization and examples of applicability of silver-109 nanoparticle enhanced steel target 

(109AgNPET) for laser desorption/ionization (LDI) mass spectrometry were presented in recent papers [10-16]. 

It was shown, that this target is useful in rapid determination of pure compounds as well as analysis of complicated 

biological mixtures such as blood plasma or urine with very high mass accuracy. Here, we present the results 

of the analysis of polycyclic aromatic hydrocarbons – nonpolar organic compounds that are common 

environmental contaminants. Although LDI-based methods have previously been applied for the detection 

of PAHs [24,25], this study represents the first use of a completely matrix-free LDI approach employing metallic 

nanoparticles. The 109AgNPET LDI MS method was selected due to the properties of silver nanoparticles, such 

as their high surface area, excellent laser energy absorption, and efficient heat transfer, which enable the analysis 

of compounds that are difficult to ionize using other mass spectrometry techniques [27]. 

As can be observed from the data presented in Table 1, the analyzed mixture contained ten different 

compounds; however, they were represented by only four molecular formulas, and thus exhibited identical m/z 

values, resulting in four signals being recorded in the MS spectra (Fig. 1). Consequently, it was necessary 

to recalculate the concentrations: for the formula C14H10, representing anthracene and phenanthrene, the total 

concentration in the undiluted solution was 994 µg/mL; for C16H10, corresponding to fluoranthene and pyrene, 

it was 950.4 µg/mL; for benzo(a)anthracene, chrysene, and triphenylene with the formula C18H12, the concentration 

amounted to 1496 µg/mL; and for benzo(a)pyrene, benzo(e)pyrene, and perylene with the molecular formula 

C20H12, the concentration was 1483.6 µg/mL. The PAH mixture was analyzed by directly depositing 0.5 µL of the 

solution onto the target plate at dilution factors of 5-, 50-, 500-, 5,000-, 50,000-, 500,000-, and 5,000,000-fold. 

The values of the limit of detection (LOD) and limit of quantification (LOQ) were calculated based on the 

signal-to-noise (S/N) ratios obtained from the spectra of the lowest-concentration samples that still contained the 

signal of interest, using the equations from the graphs shown in Figure 6. As in other studies on quantitative 

analysis using SALDI MS techniques, an S/N ratio of 3 was used to calculate the LOD, and an S/N ratio of 5 was 

used to calculate the LOQ [28-30]. 
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Fig. 1. 109AgNPET LDI MS spectrum of five-fold diluted polycyclic aromatic hydrocarbons MIX  

 in the range of m/z 100–350. 

It was observed that all compounds ionized without protonation, instead undergoing electron loss to form 

radical cations, which were detected in the positive ion mode MS spectra as M+• peaks (Figure 1). This observation 

is supported by the literature, as ions of this type have been detected in spectra obtained using techniques such as 

GC-MS [20] or LC-MS with ESI and APPI ionization [31]. Similar behaviour of PAHs in laser ionization mass 

spectrometers has previously been reported by Nakai et al., employing graphene-coated cobalt nanoparticles [25], 

and by Zhang et al. using graphene as the matrix [24]. However, in the case of the 109AgNPET LDI MS technique, 

this is an uncommon occurrence, as the predominant adduct observed for the analyzed compounds is typically 

[M+109Ag]⁺, while less intense signals corresponding to protonated, sodiated, and potassiated adducts are also 

present in the spectra [10,12]. 

The method presented here, 109AgNPET, generated low chemical background, producing only three signals 

originating from silver clusters within the analyzed m/z range (Fig. 1), suggesting its suitability for the analysis 

of low-molecular-weight compound mixtures without background interference, as is commonly encountered in 

the classical MALDI MS method using a conventional matrix [24]. 

Figures 2–5 present the results of the analyses of individual components of the PAH mixture. For most PAHs, 

the signal was detectable in spectra obtained from dilutions ranging from 5- to 50,000-fold; only for the C20H12
+• 

cation, corresponding to benzo(a)pyrene, benzo(e)pyrene, and perylene, was it possible to record a peak even at 

a 5,000,000-fold dilution (Fig. 5). As demonstrated in a recent study, for SALDI MS methods it is irrelevant 

whether quantitative analysis is based on signal intensity, signal-to-noise (S/N) ratio, or peak area [28]. Therefore, 

in this work, signal S/N value was selected for constructing the calibration curves of the individual compounds. 

For all observed PAH signals, regression analysis of S/N versus concentration was performed (Table 2), and the 

resulting calibration curves are shown in Figure 6. A power regression with a good R2 parameter above 0.94 [32] 

was obtained for every hydrocarbon, with exceptionally high values (R2 > 0.98) observed for anthracene and 

phenanthrene (Fig. 6A) and also for benzo(a)pyrene, benzo(e)pyrene, and perylene (Fig. 6D). Calibration curves 

with non-linear trend lines had already been obtained previously for another SALDI MS method using 

monoisotopic silver nanoparticles [33]. 
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Fig. 2. Spectra presenting 109AgNPET LDI MS measurement results for anthracene and phenanthrene 

 at concentrations: 198.8 (A & B), 19.88 (C & D), 1.988 (E & F), 0.1988 (G & H)  

 and 0.01988 µg/mL (I & J). The panel on the left shows the spectra on the same intensity scale,  

 while the panel on the right shows the same spectra on an intensity scale adjusted  

 for optimal signal visibility. 
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Fig. 3. Spectra presenting 109AgNPET LDI MS measurement results for fluoranthene and pyrene 

 at concentrations: 190.08 (A & B), 19.008 (C & D), 1.9008 (E & F), 0.19008 (G & H)  

 and 0.019008 µg/mL (I & J). The panel on the left shows the spectra on the same intensity scale,  

 while the panel on the right shows the same spectra on an intensity scale adjusted  

 for optimal signal visibility. 
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Table 2. Results of 109AgNPET LDI MS measurements of PAHs solutions. 

Ion formula Concentration [µg/mL] Intensity S/N value 

C14H10
+• 

198.8 41422.5 457.1 

19.88 11454.5 158.2 

1.988 5646.5 74.2 

0.1988 3126 18.7 

0.01988 324 4.2 

C16H10
+• 

190.08 60791 494.5 

19.008 20731 229.9 

1.9008 5823 27.9 

0.19008 1896 21.4 

0.019008 761 5.2 

C18H12
+• 

299.2 155110 738.6 

29.92 47069.5 477.1 

2.992 10146 194.4 

0.2992 1726 19.7 

0.02992 210 5.3 

C20H12
+• 

296.72 673355.5 1953.3 

29.672 97406 1392.0 

2.9672 33660 387.9 

0.29672 18632 202.9 

0.029672 6044 38.6 

0.0029672 3198 21.2 

0.00029672 476 9.4 

 

The MS results for anthracene and phenanthrene, detected as the C14H10
+• cation at m/z 178.078, are shown 

in Figure 2. The signal was observed in spectra from samples with concentrations ranging from 198.8 µg/mL to 

19.88 ng/mL (Table 2). Due to the very good R2 value obtained for the data (Fig. 6A), the limit of detection (LOD) 

was calculated for a signal-to-noise ratio (S/N) of 3, and the limit of quantification (LOQ) for S/N = 5, yielding 

values of 6.35 ng/mL and 17.66 ng/mL, respectively. Pyle et al., using gas chromatography coupled with an ion 

trap mass spectrometer employing electron impact ionization (GC-EI-IT-MS), reported LOD values of 1.86 ng/mL 

for phenanthrene and 2.33 ng/mL for anthracene [34]. In contrast, Aguinaga et al., applying solid-phase 

microextraction (SPME) combined with GC-MS, achieved markedly lower LODs of 0.04 ng/mL for phenanthrene 

and 0.02 ng/mL for anthracene [35]. Unlike GC-MS-based approaches, the liquid chromatography–mass 

spectrometry (LC-MS) methods proposed by Hettiyadura and Laskin, employing either electrospray ionization 

(ESI) or atmospheric pressure photoionization (APPI), exhibited considerably higher LOD values — 640 and 

170 ng/mL for phenanthrene using ESI and APPI, respectively, and 180 and 10 ng/mL for anthracene [31]. 

These results indicate that, although the SALDI MS method presented in this work does not reach the sensitivity 

level of GC-MS, it outperforms or matches LC-MS–based techniques. 

Figure 3 shows the MS spectra for the various concentrations of fluoranthene and pyrene, detected as the 

C16H10
+• ion at m/z 202.078. Based on the S/N ratio for the lowest detected concentration, the LOD was determined 

to be 6.49 ng/mL and the LOQ 18.05 ng/mL. The detection limits for fluoranthene reported for other techniques 

are 0.92 ng/mL for GC-EI-IT-MS [34], 0.03 ng/mL for SPME-GC-MS [35], 740 ng/mL for LC-ESI-MS, and 

980 ng/mL for LC-APPI-MS [31]. For pyrene, the corresponding LOD values are 1.52 ng/mL for GC-EI-IT-MS 

[34], 0.03 ng/mL for SPME-GC-MS [35], 820 ng/mL for LC-ESI-MS, and 870 ng/mL for LC-APPI-MS [31]. 

Therefore, for these compounds, the 109AgNPET LDI MS methodology once again positions itself between 

GC-MS and LC-MS techniques in terms of the achieved LOD values. The subsequent results for compounds with 

the molecular formula C18H12 are presented in Figure 4. In this case, the signal was recorded for concentrations 

ranging from 299.2 µg/mL to 29.92 ng/mL (Table 2). The regression line obtained for these data showed acceptable 

correlation, with an R2 value of 0.9411 (Fig.6C), while the calculated LOD and LOQ were 6.97 ng/mL and 

17.19 ng/mL, respectively. Among the three compounds corresponding to this molecular formula, other 

researchers have reported detection limits for only two — benzo(a)anthracene and chrysene. As with the previously 

discussed PAHs, LC-MS methods yielded comparatively higher LOD values: for chrysene, 350 ng/mL with ESI 

ionization and 960 ng/mL with APPI ionization; for benzo(a)anthracene, a signal was obtained only with 

electrospray ionization, with an LOD of 230 ng/mL [31]. In contrast, GC-MS–based methods provided 

substantially lower LOD values: Pyle et al. reported 1.87 ng/mL for benzo(a)anthracene and 2.81 ng/mL for 
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chrysene [34], while Aguinaga et al. achieved 0.07 ng/mL for chrysene and as low as 0.01 ng/mL for 

benzo(a)anthracene [35]. 

 

Fig. 4. Spectra presenting 109AgNPET LDI MS measurement results for benzo(a)anthracene, chrysene  

 and triphenylene at concentrations: 299.2 (A & B), 29.92 (C & D), 2.992 (E & F), 0.2992 (G & H)  

 and 0.02992 µg/mL (I & J). The panel on the left shows the spectra on the same intensity scale,  

 while the panel on the right shows the same spectra on an intensity scale adjusted  

 for optimal signal visibility. 
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Fig. 5. Spectra presenting 109AgNPET LDI MS measurement results for benzo(a)pyrene, benzo(e)pyrene  

 and perylene at concentrations: 296.72 (A & B), 29.672 (C & D), 2.9672 (E & F), 0.29672 (G & H), 

 0.029672 (I & J), 0.0029672 (K & L) and 0.00029672 µg/mL (M & N). The panel on the left shows  

 the spectra on the same intensity scale, while the panel on the right shows the same spectra  

 on an intensity scale adjusted for optimal signal visibility. 
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Fig. 6. The results of PAHs LDI MS quantification. Charts contains graphical representations of power 

 regression function results for: C14H10
+• (A), C16H10

+• (B), C18H12
+• (C) and C20H12

+• (D).  

 The X and Y axes are shown on a logarithmic scale. 

The best results were obtained for compounds with the molecular formula C20H12, detected at m/z 252.093, 

such as benzo(a)pyrene, benzo(e)pyrene, and perylene (Fig. 5). The concentration range detectable in the MS 

spectra extended from 296.72 µg/mL to 0.29672 ng/mL, with very good R2 parameter of the calibration curve 

(Fig. 6D). For these compounds, the LOQ was calculated as 0.082 ng/mL, and the LOD as 0.024 ng/mL. Among 

these compounds, the literature reports an LOD value only for benzo(a)pyrene, amounting to 1.11 ng/mL for the 

GC-EI-IT-MS method [34] and 0.09 ng/mL in a study employing SPME coupled with GC-MS [35]. This indicates 

that the 109AgNPET LDI MS technique proposed in this study matches, in terms of benzo(a)pyrene detection limit, 

the gold standard for PAH analysis – GC-MS – while eliminating the need for preliminary sample preparation, 

additional extraction, or preconcentration steps. 

4. Conclusions 

The results obtained in this study demonstrate that the 109AgNPET LDI MS method is a powerful and reliable 

tool for the detection and quantitative analysis of polycyclic aromatic hydrocarbons. The technique enables 

matrix-free measurements with very low chemical background, limited to a few silver cluster signals, which 

minimizes interference and enhances the accuracy of quantitative determinations. All analyzed PAHs were ionized 

predominantly as radical cations, and the method provided good linearity of calibration curves. The achieved limits 

of detection ranged from the sub-nanogram per milliliter level for C20H12 compounds (benzo(a)pyrene, 

benzo(e)pyrene and perylene) to several nanograms per milliliter for other PAHs, placing the sensitivity of the 

method above or comparable to LC-MS techniques using ESI or APPI ionization. Notably, for benzo(a)pyrene, 

the detection limit equaled that of the GC-MS, while the analysis required no preliminary sample preparation, 

extraction, or concentration. This substantially simplifies the workflow and reduces analysis time. The findings 

clearly indicate that 109AgNPET LDI MS has strong potential for application in rapid environmental monitoring 

of hydrophobic organic contaminants, offering a balance of sensitivity, selectivity, and operational simplicity that 

makes it an attractive alternative or complement to existing chromatographic methods. 
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