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a b s t r a c t
Accurate quantitative analysis using in vivo solid phase microextraction (SPME) for semi-solid tissue can be challenging due to the complexity of the sample matrix. In this paper, a comprehensive study was carried out on the
extraction kinetics of SPME in the semi-solid sample, and subsequently proposed a new theoretical model to interpret the kinetic extraction process. Theoretically derived mathematical expressions well described the experimental desorption time proﬁles of the SPME process. Modelling experiments were also carried out to study the
effect of sample tortuosity and binding matrix on the parameters affecting the extraction kinetics. Seven
polyaromatic hydrocarbons (PAHs) and eight polychlorinated biphenyls (PCBs) in agarose gel and in real ﬁsh tissue were used for these experiments. The experimental data showed excellent agreement with theoretical prediction while providing excellent interpretation of the effect of tortuosity and binding matrix. Based on the
theoretical model, an on-ﬁber standard calibration method with fewer internal standards was developed. The
newly developed calibration method was used to quantify PAHs and PCBs in agarose gel and ﬁsh tissue. By
using the proposed calibration method, a large number of organic compounds can be quantiﬁed with fewer internal standards. Current study provides the theoretical foundation for in vivo SPME quantitative semi-solid tissue analysis in the future.
© 2018 Elsevier B.V. All rights reserved.
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Since its introduction in 1989, solid phase microextraction (SPME)
has been well accepted by the analytical chemistry community due to
its miniaturized format, the ability for high throughput analysis, minimal need for organic solvent (Pawliszyn, 2012), and the combination
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of sampling and sample preparation into a single step. The technique
has been well applied to gas, aqueous and solid sample analysis.
Among them, in vivo sampling has gained more attention due to its
unique format and convenient design (Ouyang et al., 2011b). In vivo
sampling approach has been used for studying the environmental fate
of organic pollutants in animal and plant (Chen et al., 2015; Xu et al.,
2014b); monitoring the volatile and semi-volatile emissions from
micro-organisms, insects, plants, and human breath (Augusto and Luiz
Pires Valente, 2002; Bessonneau et al., 2017); quantitative analysis of
targeted compounds (Roszkowska et al., 2018a, 2018b) and qualitative
screening the non-targeted compounds in metabolomics studies (Lord
et al., 2011).
Like any quantitative method, SPME is a non-exhaustive sampling
technique that requires calibration to correlate the extracted amount
to the original concentration of analytes in the sample matrix. Although
in vivo SPME has been widely applied, accurate quantitative analysis can
still be challenging, especially for the semi-solid samples (Ouyang et al.,
2011b, 2011a; Roszkowska et al., 2018a, 2018b). Some of the reasons for
the challenge may be due to vague theoretical model for the extraction
kinetic process in the semi-solid sample, in which the ﬁrst-order kinetic
model has been commonly used to describe the sampling kinetics of
SPME. However, Xu et al. (2016b) pointed out that the sampling kinetics
in semi-solid sample was different for aqueous and gaseous systems,
where the mass transfer process was dominated by convection, and
the boundary layer between the SPME ﬁber surface and bulk sample.
Thus, using the ﬁrst-order kinetic model to describe the kinetic process
may be inaccurate for a semi-solid sampling process. It is important to
note that in the semi-solid sample, diffusion process usually dominate
the mass transfer whereas convection is negligible. Thus, diffusion in
the tissue matrix and the ﬁber coating are the rate-limiting steps for
SPME, and the kinetic process was not likely a ﬁrst order process.
Besides the extraction kinetic model of SPME, the intrinsic complexity of the semi-solid sample may also affect accurate quantiﬁcation of
analytes (Zhang et al., 2011b, 2011a, 2010a, 2010b). The complexity of
sample matrix includes the tortuosity and protein/lipid binding matrices that would cause variation on mass transfer of the analytes. Although, research has been carried out to investigate the effect of
binding matrix on the aqueous sampling (Jiang et al., 2015b; Xu et al.,
2016a), limited work has been done on semi-solid sampling, especially
on the analytes kinetic processes. Zhang et al. (2011a) ﬁrst studied the
effect of the sample tortuosity and binding matrices on the kinetics of
analytes during sampling. The study indicated that the tortuosity of
the tissue could inﬂuence the diffusion path of the chemicals, while
the binding matrix affected the chemicals distribution constant between the sample and the SPME ﬁber coating. Moreover, the authors
proposed that kinetic calibration method based on loaded ﬁber with
stable isotope or performance reference compounds (PRC) can be
employed to correct the variation caused by the sample tortuosity and
the matrix binding effect.
It is important to state that the kinetic calibration method, using onﬁber standard or stable isotope method was also developed on the basis
of the symmetric relationship between absorption and desorption process (Chen and Pawliszyn, 2004; Cui et al., 2013). However, this calibration method was widely used for sampling aqueous and gaseous
systems when external matrix-matched calibration methods were difﬁcult to apply, sample matrix was complicated, or analytes equilibration
time was too long. In addition, the method had implicit challenges such
as difﬁculty in obtaining deuterated or 13C-labeled compounds to be
used as internal standards, which can be very expensive. Subsequently,
provision was made by developing the one-calibrant (Ouyang et al.,
2009) and standard-free (Ouyang et al., 2008) calibration methods for
aqueous sampling to address the issue with the internal standards.
However, no research work has been carried out when it comes to thorough studies on sampling from semi-solid samples.
In this study, ﬁrstly, we studied the sampling kinetic process of SPME
for semi-solid samples and proposed a new theoretical model based on
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diffusion to describe the extraction kinetic process. The effect of sample
tortuosity and binding matrix on the kinetic process was further investigated. Subsequently, an on-ﬁber standard calibration method with internal standards was proposed for SPME semi-solid tissue quantitative
analysis of polyaromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) from agarose gel and ﬁsh tissue. The proposed calibration method can not only calibrate the complex matrix effect on tissue
sampling, but also signiﬁcantly reduce the number of internal standards
that are either expensive or difﬁcult to obtain. Subsequently, a large
range of HOCs can be accurately quantiﬁed from single SPME sampling.
2. Materials and methods
2.1. Materials
Solid PAHs including acenaphthene (ACE), ﬂuorene (FLU), phenanthrene (PHE), anthracene (ANT), ﬂuoranthene (FLA), pyrene (PYR),
and HPLC grade dichloromethane (DCM) were obtained from Sigma–
Aldrich (Shanghai, China). PCBs including 2-chlorobiphenyl, pentachlorobenzene, 4-chlorobiphenyl, 2,5-dichlorobiphenyl, hexachlorobenzene, 3,3′-dichlorobiphenyl, 2,2′,5-trichlorobiphenyl, 3,3′,4,4′tetrachlorobiphenyl were purchased from J&K Scientiﬁc (Beijing,
China). Stock solution was prepared by dissolving known amounts of
PAHs and PCBs in DCM to obtain 5000 mg L−1 and 1000 mg L−1, respectively. Agarose gel was prepared to mimic the semi-solid tissue, while
the bovine serum albumin (BSA) was selected as a model complex matrix. Both agar powder and BSA were obtained from Sigma–Aldrich. An
SYLGARD 184 silicone elastomer kit purchased from Dow Corning
(Shanghai, China) was used to prepare a standard gas generation vial.
Homemade polydimethylsiloxane (PDMS) ﬁber (1 cm) with a thickness
of 44 μm, and 0.18 μL volume were used for the SPME experiments. The
detailed procedure for the preparation of PDMS ﬁbers can be found in
the literature (Xu et al., 2014a). Fish sample used in the experiments
was purchased from the local supermarket.
An Agilent 6890 gas chromatography (GC) coupled with a 5975
mass spectrometry (MS) (CA, USA) was used for analytes separation
and quantiﬁcation. Chromatographic separation was attained on a HP5MS (30 m × 0.25 mm I.D. × 0.25 μm) fused silica column from Agilent,
using helium as the carrier gas. Identiﬁcation and quantiﬁcation was obtained with the mass spectrometer in SIM mode. The selected ions were
128, 154, 166, 178, 178, 202 and 202 for NAP, ACE, FLU, PHE, ANT, FLA,
PYR, respectively. Besides, a GERSTEL Multi-Purpose System (MPS)
was applied for the automation process (Mülheim an der Ruhr,
German).
2.2. Preparation of agarose gel simulation sample
Agarose gel has been widely used to study the diffusion mechanism
of chemicals in semi-solid tissue due to the similarity of porous structures in both matrices (Nicholson and Phillips, 1981; Togunde et al.,
2012; Zhang et al., 2011a; Zhou et al., 2008). However, agarose gel
alone only mimic the diffusion path (tortuosity) of tissue without considering the effect of the binding matrix (Togunde et al., 2012). Therefore, BSA was added to mimic the protein binding in tissue. The
detailed preparation of 0.8% agarose gel with different concentrations
of BSA was described in our previous paper (Jiang et al., 2015c). Brieﬂy,
0.80 g of agar powder was dissolved in 90 mL phosphate-buffered saline
(PBS) buffer, and hand-shaken thoroughly before incubating at 90 °C in
a water bath for 30 min. After that, the solution was transferred to another water bath at 45 °C and incubated for another 20 min. Subsequently, 10 mL PBS buffer with different concentrations of BSA were
added, and the mixture was hand-shaken thoroughly. After 2 min
mixing, 8.00 g of the mixture was transferred into 10 mL sampling
vial. The mixture was cooled at room temperature for at least 3 h before
being used within a 24 h period.
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Two types of agarose gel with BSA were prepared. A type consisted
of different concentrations of gel (0.5%, 0.8%, 1.5%, and 3.0%) but with
constant concentration of BSA (1%) was used for mimicking tissues
with different tortuosity. The other type was prepared with 0.8% of agarose gel but with varying BSA concentrations (0%, 0.5%, 1%, 2%, and 3%)
was used to mimic the tissue with different concentrations of binding
matrix.
2.3. Fish sample preparation
Real ﬁsh sample was used to validate the proposed kinetic model.
The ﬁsh obtained from the local supermarket was cultured in the lab
in deionized water for a week to ensure non-detectable background of
PAHs and PCBs in the ﬁsh tissue. Prior to the analysis, if PAHs and
PCBs were detected in the ﬁsh tissue, that batch of ﬁsh would be further
cultured or a new batch of ﬁsh were purchase from another supermarket. For the actual experiments, the ﬁsh was ﬁrstly euthanized then, the
tissue of interest was removed and homogenized in a blender. Finally,
8 g of the homogenized ﬁsh tissue were transferred to a 10 mL sampling
vial using a thick glass rod.
2.4. Desorption time proﬁles of PAHs in agarose gel simulation sample
Sorption time proﬁles were usually conducted to study the analytes
kinetic process of the extraction. The proﬁles can be obtained through
the extraction of analytes from the samples spiked with constant concentrations of targeted compounds for different periods of time. However, it can be very difﬁcult to guarantee that the targeted amounts of
the compounds spiked into the agarose gel matrices were evenly distributed. In this study therefore, the desorption time proﬁle was carried
out to investigate the SPME kinetic process since extraction and desorption processes are isotropic (Chen and Pawliszyn, 2004). The SPME desorption experiment was carried out by ﬁrst pre-loading the ﬁber with a
constant amount by means of a standard gas generator, which was constructed according to the previously published work (Jiang et al.,
2015a). After loading the ﬁber with PAHs, they were desorbed in the
sample matrices at a pre-determined time intervals, and the amount
left on the ﬁber was quantiﬁed by GC/MS. All the SPME experiments
in the current study were carried out using the GERSTEL MPS
autosampler with MAESTRO software. The automation process minimized the experimental error since there were no human interventions
and thus increased the efﬁciency. Desorption time proﬁles were obtained for 7 PAHs in 8 types of simulation samples and 2 ﬁsh samples.
2.5. Statistical analysis and quality control
The data was processed with GraphPad Prism 7.0. The desorption
rate constants were obtained from the time proﬁles with each sampling
point performed in triplicate. A liquid injection calibration curve was
conducted to obtain the relationship between the GC/MS peak area
and the PAHs injection amount. The correlation coefﬁcient of the calibration curves for all the compounds was higher than 0.99. The stability
of the standard gas generator to provide consistent amounts of PAHs
was monitored by direct sampling without ﬁber exposure to the sample
matrix. The stability of the instrument was also monitored by injecting a
quality control standard solution after every 9 sample injections.
3. Results and discussion

loaded SPME liquid coating (like PDMS) was exposed to a sample matrix, the extracted chemicals desorbed from the ﬁber and diffused to
the sample matrix (Xu et al., 2016b). The concentration proﬁle of
chemicals on the ﬁber and in the sample matrix can be depicted as
shown in Fig. 1, which revealed no clear diffusive boundary layer between two different phases in direct contact. This is different from
what is observed for aqueous or gaseous systems, where the boundary
layer exists with constant thickness between the sample matrix and
ﬁber coating surface. According to Fick's diffusion law, the desorption
amount of chemicals from the ﬁber (qf(t)) and the amount in the sample matrix (ns(t)) can be described by Eqs. (1) and (2). Detailed derivation of the equations can be found in the book published by
Schwarzenbach (Schwarzenbach et al., 2003).
q f ðt Þ ¼

 12

1 
1 
D f t 2 C 0f −C f =s
π

ð1Þ

ns ðt Þ ¼

 12


1
1
ðDs t Þ2 C s= f −C 0s
π

ð2Þ

where C0f and C0s are the initial concentration of chemicals on the ﬁber
and in the sample, respectively. Cf/s and Cs/f are the concentrations at
both sides of coating surface relative to the sample. Df and Ds are diffusion coefﬁcients in ﬁber coating and sample, respectively. By integrating
C

the Eqs. (1) and (2), given that K fs ¼ C s=f =sf resulted in Eq. (3).
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The previous study (Xu et al., 2016b) demonstrated that the kinetic
model of SPME sampling procedure in a semi-solid sample does not follow the ﬁrst-order kinetic process because there is no bulk movement
within the samples, convection mass transfer was negligible and diffusion processes dominated the mass transfer of analytes. When pre-
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When C0s = 0, Eq. (5) can be rearranged to Eq. (6).
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1
¼ ðaÞt 2 þ 1
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Qf(t) is the amount of chemical left on the ﬁber after desorption.
Eq. (9) indicates that

3.1. Kinetics of analytes in a semi-solid sample during sampling

ð3Þ

Q f ðtÞ
q0f

1

is linearly correlated to t 2 in the same sample
1

matrix, and the slope of the curve equals, ðDπs Þ2 K fs1V f , which can be deﬁned
as desorption time constant (a).
Different from the ﬁrst-order kinetic equation, in which the desorption amount and the desorption time are deﬁned to be an exponential
relationship, the currently proposed model shows a linear relationship
between the desorption amount and the square root of desorption
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Fig. 1. Concentration proﬁles of chemicals between SPME coating and semi-solid coating. Red solid curve, desorption process; green dashed, extraction process.

time. Results showed that Eq. (9) had much better ﬁtting coefﬁcients
(higher than 0.9605, Fig. 2) compared to the ones ﬁtted by the ﬁrstorder equation, which were 0.9181, 0.7656 and 0.8327 for ACE, PHE,
and PYR, respectively (Fig. S1). The ﬁtting coefﬁcients from the proposed model for NAP, FLU, ANT, and FLA were 0.9857, 0.9730, 0.9293
and 0.9807, respectively, which were in excellent agreement with the
proposed model.

3.2. Effect of the sample matrix on the desorption time constant
The slopes of the curves in Fig. 2 correlated to the desorption time
constant (a) of the analytes during SPME process, and also indicate
how fast the desorption process reaches equilibrium. The desorption
time constants of the 7 PAHs in the different sample matrices are
shown in Table 1. As shown, the desorption time constant decreased
as the concentration of agarose gel increased, while increasing with increase in the BSA concentration. In addition, the time constant was observed to decrease as the hydrophobicity of the compound increased.

Table 1 also shows the desorption time constants of the 7 PAHs in
different concentrations of agarose gel with a constant BSA concentration. Since the amount of agarose gel determined the tortuosity of the
sample matrix, changes in desorption time constants in the samples
with varying concentrations of agarose gel indicated that the tortuosity
of the sample inﬂuences the sampling kinetic process. According to literature, the tortuosity determined the diffusion path of the chemicals
and the diffusion coefﬁcient. Effective diffusion coefﬁcient in a nonaqueous sample (Ds) can be corrected by the parameter of tortuosity
(τ). Ds is the diffusion coefﬁcient in aqueous (Du) divided by τ2
(Schwarzenbach et al., 2003). Accordingly, the effective diffusion coefﬁcient decreased as the tortuosity increased. Based on Eq. (8), decrease of
diffusion coefﬁcient result in a decrease in the desorption time constants. Thus, higher tortuosity causes decrease in the desorption time
constant and the kinetic process. Table 1 shows the experimental results, which were in agreement with the proposed theory.
Table 1 also shows the effect of complex matrix on the sampling kinetic process. The presence of BSA not only signiﬁcantly enhanced the
desorption time constants, but also increases as the concentration of
BSA increased. The underlying principle can be explained by rewriting Eq. (8) follows:


Ds
π

12

1
¼
K fs V f

 12
Ds
1 1
ðK BSA C BSA þ 1Þ
π V f K ff

ð10Þ

where Kff is the distribution coefﬁcient of the chemicals between ﬁber
coating and sample without complex matrix, while Kfs is the distribution

f

f,0

a¼

Table 1
Desorption time constants of PAHs in different ratios of gel with 1% BSA and in 0.8% gel
with different concentrations of BSA.
a

Fig. 2. Desorption time proﬁles of PAHs in the sample with 1.5% agarose gel and 1% BSA
ﬁtted by Eq. (7).

NAP
ACE
FLU
PHE
ANT
PLA
PYR

1% BSA, diff. gel%

0.8% gel, diff. BSA%

0.8%

1.5%

3.0%

0.0%

0.5%

1.0%

2.0%

3.0%

logKow

0.058
0.039
0.034
0.026
0.024
0.020
0.018

0.054
0.035
0.031
0.024
0.022
0.021
0.019

0.044
0.032
0.027
0.021
0.020
0.020
0.017

0.039
0.023
0.021
0.016
0.015
0.009
0.008

0.058
0.030
0.027
0.021
0.019
0.017
0.017

0.064
0.039
0.034
0.026
0.024
0.020
0.018

0.067
0.047
0.042
0.036
0.033
0.031
0.030

0.075
0.054
0.048
0.038
0.037
0.034
0.031

3.37
4.07
4.18
4.46
4.50
4.90
4.88
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coefﬁcient between ﬁber coating and sample with complex matrix, K fs
¼ K ff 

1
K BSA C BSA þ1

(Jiang et al., 2015c). KBSA is the distribution coefﬁcient

between complex matrix and sample, and CBSA is the concentration of
complex matrix.
For samples with constant gel and different concentrations of BSA,
the diffusion coefﬁcient (Ds), and the distribution coefﬁcients (Kff and
KBSA) were constant. According to Eq. (10), the desorption time constant
was linearly proportional to the concentration of the complex matrix
(CBSA) in the sample. This is clearly demonstrated in Fig. 3 where the experimental results agreed well with the theoretical prediction. The results imply that different tissues with different amount of lipid cannot
have the same sampling rate. Thus, when using an external calibration
method, the calibration curve should be obtained using exact matrix
match.
3.3. Calibration method based on the newly proposed kinetic model
The main purpose of studying the kinetic process of SPME applied to
semi-solid was to develop a reliable calibration method, which will also
provide better understanding of the kinetic processes of analytes in tissues during the sampling process. The proposed calibration method was
used to show there is a direct linear correlation between the extracted
amount and the analytes concentration in the sample due to isotropy.
According to the proposed SPME kinetic model, the extracted amount
of the analytes in the semi-solid sample can be described by Eq. (11).
Detailed derivation can be found in SI.
n f ðt Þ
neq
f


¼

Ds
π

12

1 1
t2
K fs V f

ð11Þ

neq
f

where nf(t) and
are the amount extracted after t min exposure and
the equilibrium extracted amount, respectively. The extracted time con-

relationship in agarose gel and ﬁsh tissue was also experimentally demonstrated in literature (Togunde et al., 2012; Xu et al., 2016b; Zhang
et al., 2011a).
It is important to state also that compounds that demonstrate isotropic relationship for the extraction and desorption process, will also have
the same time constants for both processes. The calibration methods of
on-ﬁber standard calibration or the PRC calibration method (Chen and
Pawliszyn, 2004; Cui et al., 2013) was developed based on the isotropic
relationship for the extraction and desorption process. The deuterated
compounds can be used as internal standards to obtain the time constants of target analytes. Theoretically, internal standards for all the target analytes should be obtained when using this method. However, the
calibration method can also be used with fewer internal standards.
The underlying principle of being able to use fewer internal standards is because of the relationship between the time constants and
the physiochemical properties such as the diffusion coefﬁcients of the
targeted compounds. From Table 1, the desorption time constants decreased as the hydrophobicity of the compounds increased in the
same sample matrix. However, no clear relationship was found between
the desorption time constants and the Kow of the compounds. Instead,
there was a very good linear correlation between the desorption time
constants and the square root of diffusion coefﬁcients of compounds.
Since the diffusion coefﬁcient can be described by molar volume of com−4

pounds, Du ¼ 2:310
(Schwarzenbach et al., 2003), the relationship be0:71
Vi
tween the time constant and diffusion coefﬁcient can be rewritten as
0:355

Eq. (12). Time constant (a) was linearly proportional to the 1=V i
and the linearity of each analyte was within the range 0.9542 to
0.9929 for all 7 PAHs in the different sample matrices (Fig. S2).

a¼

2:3  10−4
πτ2 V

0:71
i

!12

1
K fs V f

ð12Þ

1

stant, a ¼ ðDπs Þ2 K fs1V f , is the same as the desorption time constant
(Eq. (8)). By knowing the extraction time constant, and the extracted
amount (nf(t)), Eq. (11) can be used to calculate the equilibrium exeq
0
0
tracted amount, neq
f . For in vivo SPME, nf = KfsVfCs , where Cs is the original concentration of analytes in the sample. Since the desorption
process is being used for quantiﬁcation, it is worth noting that there is
isotropic relation between the extraction and desorption processes of
the analytes. This is demonstrated by combining Eqs. (7) and (11),
which then gives the new expression,

Q f ðtÞ
q0f

þ

n f ðtÞ
neq
f

¼ 1, indicating isotro-

pic relationship between extraction and desorption process. This

The signiﬁcance of the relationship between time constants and the
diffusion coefﬁcients of compounds was that fewer calibrants could be
used successfully for on-ﬁber standard calibration since the time constants of compounds, even without internal standards, can be calculated
from their molar volumes. Also the desorption time constants of 8 PCBs
in agarose gel with 3% BSA was determined to further investigate
whether the above relationship can be extended to different groups of
compounds. The desorption time constants of PCBs together with the
0:355

ones for 7 PAHs were plotted with the values of 1=V i
for each compound. A linear curve with relatively good regression (Fig. 4) was also

2

Fig. 3. The linear correlation between desorption time constants (a) and concentration of
complex matrix (CBSA).

Fig. 4. The linear relationship between desorption time constants and molar volume of 7
PAHs and 8 PCBs in 0.8% gel with 3% BSA.
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observed, demonstrating the applicability of the linear relationship between different groups of compounds.
The linear relationship between time constants and diffusion coefﬁcient can be further explained from Eq. (10), in which KBSACBSA + 1 can
be simpliﬁed into KBSACBSA when KBSACBSA ≫ 1. That implies, the a value
pﬃﬃﬃﬃﬃ
will be linearly dependent on Ds if the ratio, KBSA/Kff was constant. KBSA
and Kff are deﬁned as the partition coefﬁcients of organic compounds in
BSA and PDMS ﬁber coating respectively. In literature, both values have
been well studied and linear correlations between these values and the
Kow were commonly observed. For example, Mayer et al. (2000) reported a linear correlation Kff = 0.123Kow for PAHs, PCBs and pesticides
with logKow ranging from 4.47 to 7.51. In the article published by Endo
et al.,(Endo and Goss, 2011), a linear correlation KBSA = 0.200Kow1.01 was
also found for the compounds with logKow ≤ 5. Similar correlation also
found for the partition coefﬁcients between dissolved organic carbon
(DOM) or lipid content and water. Burkhard (Burkhard, 2000) summarized N70 references and observed a relationship of KDOM = 0.08Kow at
95% conﬁdence limits by a factor of 20 in either direction, while Endo
(Endo et al., 2011) summarized the partition coefﬁcients of 156 neutral
organic compounds between liposomes and water, and found the correlation of logKlip, w = (1.01 ± 0.02) log Kow + (0.12 ± 0.07). The above
reported correlation also indicate that the ratio of Kmatrix/Kff is constant,
which was also demonstrated by Pei reporting a relative constant value
of Kprotein, lipid/KPDMS for compounds with Kow values that extend to more
than six orders of magnitude (Pei et al., 2017). It is worth to note that,
although the linear relationship between time constants and diffusion
coefﬁcient can be applied for compounds with a large range of Kow, it
may not work for the compounds with kinetic parameters that cannot
meet the criteria of Eq. (4).
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4. Conclusion
Application of a proper calibration method is very critical when
using non-exhaustive sampling techniques like SPME for quantitative
analysis. In this study, we proposed a new theoretical model to further
provide a better understanding of the sampling kinetics of the analytes
during SPME in the semi-solid sample. The model well explained the effect of binding matrix and tortuosity on the SPME tissue sampling.
Based on the model, the relationship between the sampling kinetic parameters and the properties of the targeted compounds was
established, and a novel on-ﬁber standard calibration method with
fewer calibrants was developed to quantify PAHs and PCBs in tissue
sample. The calibration method can be applied to very complex tissue
sample with fewer internal standards at a relatively lower cost. In addition, as a green analytical method for environmental sampling, current
proposed method extended the green aspects of the SPME. The proposed sampling kinetic model provides the theoretical foundation for
SPME semi-solid sampling, while the calibration method will promote
the wide application of in vivo SPME.
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Appendix A. Supplementary data

3.4. Application of proposed calibration method for ﬁsh tissue sampling
The concept of the linear correlation between time constants and the
molar volume of the compounds was further applied to quantitative
analysis of PAHs and PCBs in real tissue sampling. The desorption time
proﬁles of 7 PAHs and 8 PCBs in ﬁsh tissue were obtained, and the desorption time constants were obtained by ﬁtting the proﬁles with the
proposed model (Eq. (7)). As shown in Fig. 5, there was linear correla0:355

tion between desorption time constant and 1=V i
found for all
PAHs and PCBs in both tilapia belly and back tissue with coefﬁcients of
0.8411 and 0.8653, respectively. This result demonstrates the feasibility
of the proposed kinetic model and the developed on-ﬁber standard calibration method with fewer calibrants for quantitative analysis of semisolid samples.

2

2

Fig. 5. The linear relationship between desorption time constant and molar volume of 7
PAHs and 8 PCBs in Tilapia tissue.

Supporting information includes three ﬁgures and a text paragraph
showing the mathematical deduction process for the kinetic equation
for SPME semi-solid sampling. Supplementary data to this article can
be found online at https://doi.org/10.1016/j.scitotenv.2018.11.226.
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