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Abstract
Quantification of ultra-trace analytes in complex biological samples using micro-solid-phase extraction followed by direct
detection with internal extractive electrospray ionization mass spectrometry (μSPE–iEESI–MS) was demonstrated. 1-
Hydroxypyrene (1-OHP) and papaverine at attomole levels in human raw urine samples were analyzed under negative and
positive ion detection mode, respectively. The μSPE was simply prepared by packing a disposable syringe filter with octadecyl
carbon chain (C18)-bondedmicro silica particles, which were then treated as the Bbulk sample^ after the analytes were efficiently
enriched by the C18 particles. Under the optimized experimental conditions, the analytes were readily eluted by isopropanol/
water (80/20, V/V) at a high voltage of ± 4.0 kV, producing analyte ions under ambient conditions. The limit of detection (LOD)
was 0.02 pg/L (9.2 amol) for 1-hydroxypyrene and 0.02 pg/L (5.9 amol) for papaverine. The acceptable linearity (R2 > 0.99),
signal stability (RSD ≤ 10.7%), spike recoveries (91–95%), and comparable results for real urine samples were also achieved,
opening up possibilities for quantitative analysis of trace compounds (at attomole levels) in complex bio-samples.
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Introduction

Quantification of ultra-trace analytes (sub-ng–μg/L) such as the
metabolites of pharmaceuticals, carcinogenic chemicals, and
many other noxious compounds in complex biological samples
is of increasing interest in life science, food safety, drug discov-
ery, and other related fields [1–5]. For instance, 1-
hydroxypyrene is an important urinary biomarker for

evaluation of exposure to polycyclic aromatic hydrocarbons
(PAHs); papaverine is clinically used as a bronchodilator to
relax smooth muscles, smooth musculature of the larger blood
vessels [6]. However, to date, the behaviors and function mech-
anism of these compounds in human body are still not fully
understood. Therefore, a robust analytical method is urgently
needed to examine and evaluate urinary 1-hydroxypyrene and
papaverine at ultra-trace levels.

Solid-phase extraction (SPE) [7, 8] and solid-phase
microextraction (SPME) [9–11] are a kind of efficient sample
enrichment technique, which is based on the interactions be-
tween analytes and adsorbents, including π–π, electrostatic,
and hydrophobic interactions [12]. However, the amount of
analytes extracted by SPME is limited, depending on the equi-
librium between analytes and adsorbent (either a small fiber or
tube coated with sorptive material). In contrast, SPE allows
enrichment of a larger volume of samples by using various
packing materials, e.g., porous particles with large surface
areas [12]. Previous studies have shown that the amount of
analytes extracted via SPE would be significantly higher (two
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orders of magnitude) than that extracted via SPME [12, 13],
ensuring a much lower detection limit. Recently, SPE was
integrated with paper spray ionization for pre-concentration
of drugs at nanogram-per-liter to microgram-per-liter levels;
however, only a small volume (10–100 μL) of biosample [14]
was demonstrated, preventing further improvement of sensi-
tivity. Therefore, highly efficient detection of analytes at ex-
tremely low (attomole) levels remains a challenge for mass
spectrometry analysis. Since large-volume urine samples are
noninvasively available [15], urine is often preferably
employed to evaluate drug abuse and chemical hazard
exposure.

Pre-concentration with SPE, followed by (LC/GC-)MS de-
tection [16–19], was a common strategy for sensitive analysis
of various species. In recent years, various ambient mass spec-
trometries (AMS) [20–23] were developed and widely applied
due to their high sensitivity, high specificity, highly efficient
ionization, and minimized (or without) sample pretreatment,
e.g., desorption electrospray ionization (DESI) [1, 2], direct
analysis in real time (DART) [24], extractive electrospray ion-
ization (EESI) [25], microwave plasma torch (MPT) [26, 27],
and desorption atmospheric pressure chemical ionization
(DAPCI) [28]. Among these techniques, EESI was one of
the most efficient ionization methods which used two separate
sprayers, one to nebulize the sample solution and the other to
produce charged microdroplets of solvent. Liquid–liquid ex-
traction occurred when the formed microdroplets of samples
and charged solvent collided. Consequently, the desired
analytes were extracted and ionized more efficiently. This
technique allowed direct and sensitive detection of analytes
without being influenced by complex matrices [20, 25,
29–34]. As an improved EESI, internal extractive electrospray
ionization mass spectrometry (iEESI) facilitates direct MS
analysis of bulk samples (e.g., tissue, leaf, fruit) by infusing
extraction solvent (e.g., methanol, water) into the bulk sample
through an inserted capillary. A stable electrospray plume is
then generated and transferred to the MS inlet. Considering
that the matrix effect and ionization suppression are difficult to
be thoroughly eliminated in AMS, it is of sustainable interest
to improve the sensitivity and reliability of mass spectrometry,
even with affordable compromise on the analytical speed.

Herein, a disposable micro-solid-phase extraction (μSPE)
device for processing a large volume of urine samples was
prepared by a wet packing method. The μSPE was simply
prepared by packing a cheap syringe filter with octadecyl car-
bon chain-bonded micro silica particles (C18), which pre-
concentrated the trace analytes such as 1-hydroxypyrene
and/or papaverine from a raw urine sample when it flowed
through the μSPE device. After enrichment, the μSPE device
loaded with analytes was treated as the Bbulk sample,^ which
was then directly analyzed by internal extractive electrospray
ionization mass spectrometry (iEESI–MS) for direct MS/MS
characterization and quantification. The linearity, detection

limit, and spike recovery were investigated. The method was
successfully applied to analyzing real urine samples collected
from different people with consents.

Experimental

Chemicals and reagents

1-Hydroxypyrene (99%) was purchased from AuccStandard
Inc. (New Haven, CT 06513, USA). Papaverine (≥ 98%) was
a gift from Jiangxi provincial public security criminal science
and technology research institute. The stock solutions of 1-
hydroxypyrene (5 μg/L) and papaverine (1 μg/L) were pre-
pared using methanol. Reagents of acetonitrile, methanol,
acetic acid, and acetone, of analytical grade, were purchased
from Merck (Darmstadt, Germany). Ultrapure water
(18.2 MΩ/cm) was produced by a Milli-Q device (Millipore,
Milford, MA). The SPE packings (C18, 40–75 μm in particle
size, specific surface area of 300 m2/g) and disposable syringe
(5 mL and 30 mL, respectively) were purchased from
Changchun Boda Weiye Instrument Co., Ltd. (Changchun,
China). A disposable syringe filter (with an aperture inner
diameter of 0.44 μm, filter diameter of 13 mm) was purchased
from Tianjin Navigator Lab Instrument Co., Ltd. (Tianjin,
China).

μSPE–iEESI–MS

The concept of μSPE–iEESI–MS was schematically illustrat-
ed in Fig. 1, mainly including three parts: fabrication ofμSPE,
sample loading, and iEESI–MS analysis, respectively.
Figure 1(a) demonstrates the setup of the μSPE device. In
brief, a disposable syringe filter was assembled to a 5-mL
disposable syringe, allowing the whole assembly to coaxially
align inside a centrifuge tube (50 mL). One milliliter of pack-
ing slurry, namely the μSPE packing material (C18)
suspended in methanol (1 mg/mL), was loaded into the reser-
voir of the small syringe. Then, the tube was tightly covered
and centrifuged at a speed of 6000 rpm for 1 min (Beckman
Coulter Inc., CA, USA), making the SPE packings (C18) to be
evenly packed in the syringe filter. The filter, after it was
washed with water (1 mL), was installed to a 30-mL syringe
for urinary sample loading. For example, the undiluted human
urine was added into the syringe reservoir (20 mL each time,
five times in total, Fig. 1(b)), and then centrifuged at 6000 rpm
for 10 min after each sample loading, allowing the analytes to
be thoroughly captured by the C18 material inside the filter
(Fig. 1(c)). After sample loading, the filter was then treated as
the Bbulk sample^ (Fig. 1(d)) and fluxed with deionized water
(1 mL) at 6000 rpm for 1 min. After matrix elimination, the
analyte-loaded filter was directly eluted with isopropanol/
water (80/20, V/V) solution to produce the analyte ions (Fig.
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1(e)) for mass analysis. Note that for the steps shown in Fig.
1(a–c), the sample preparation was conducted in parallel with
multiple tubes (e.g., 6) in this work. Thus, the overall time for
μSPE preparation was substantially reduced. The procedure
facilitates the removal of a complex matrix of raw urine at the
maximal degree with minimal sample loss.

An Orbitrap Fusion™ Tribrid™ mass spectrometer
(Thermo Scientific, San Jose, CA, USA), which was coupled
with a homemadeμSPE–iEESI source, was used as a detector.
The positive or negative ion detection mode was used for MS
analysis. The ionization voltage was set at ± 4.0 kV accord-
ingly, and the capillary temperature was set at 320 °C. Mass
spectra were recorded in the mass range ofm/z 50–500, with a
maximum ion injection time of 100 ms. Collision-induced
dissociation (CID) experiments were performed by applying
30–40% collision energy (40% for 1-hydroxypyrene and 30%
for papaverine) for 30 ms to the precursor ions, which were
isolated with a mass-to-charge ratio width of 1.2 Da. For better
CID efficiency, the activation Q value was thus adjusted to
0.35 and collision energy was set to 40% during the CID
process. The MS/MS spectra were collected with a recording
time of 30 s.

HPLC conditions

The concentrations of 1-hydroxypyrene and papaverine were
also measured by HPLC–MS/MS. Chromatographic separa-
tion (HPLC, Agilent 1260) was performed using an Eclipse
Plus C18 column (3.5 μm, 4.6 × 100 mm). A mixture of ace-
tonitrile and water (75:25, ν/ν) with a flow rate of
0.8 mL min−1 was used as eluent. Sample pretreatment for

HPLC–MS/MS analysis was detailed in the Electronic
Supplementary Material (ESM).

Urine samples

Standard solutions of 1-hydroxypyrene and papaverine were
prepared by appropriate dilution of the stock solutions using
methanol. The urine samples in which none of the targeted
compounds was detected were used as the blank urine sam-
ples. Spiked samples were prepared by adding different con-
centrations of analytes into blank urine samples. Real urine
samples from five healthy volunteers were collected with their
consents before and after metabolism for about 12 h since they
had sufficient barbecue foods. Another six undiluted raw urine
samples were donated from a local Bureau of Drug Abuse
Control (BDAC), where the samples were collected from six
adults exposed to papaverine with different dosages. All of the
urine samples were stored in − 80 °C before use. One hundred
milliliters of each urine sample was firstly pre-concentrated
through μSPE, and followed by direct analysis using iEESI-
MS.

Results and discussion

Characteristic spectra of analytes in urine samples

1-Hydroxypyrene has a strong tendency to be deprotonated.
Thus, its quantitative detection was demonstrated by μSPE–
iEESI–MS under the negative ion detection mode. As the
reference experiment, the mass spectra of authentic 1-

Fig. 1 The concept and experimental setup of μSPE–iEESI–MS
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hydroxypyrene spiked into the blank urine sample were re-
corded using a working solution of 1-hydroxypyrene of
0.01 ng/L. As a result (Fig. 2A), the predominant peak at m/
z 217.0649 observed in the full-scan mass spectrum was at-
tributed to the deprotonated molecular ions [M−H]− m/z
217.0649 (theoretical value of m/z 217.0647, Δm
0.92 ppm). The deprotonated 1-hydroxypyrene formed a sta-
ble four-ring structure, which was scarcely decomposed into
the fragments during the CID experiments. Themain fragment
ions of protonated 1-hydroxypyrene were detected at m/z
189.070 ([M−H−CO]−) (Fig. 2A, inset), which were formed
by the neutral loss of CO (28 Da) from the precursor ions [35].

Since papaverine is apt to form positive ions, it was detect-
ed by μSPE–iEESI–MS under the positive ion detection

mode. The protonated molecular ion of papaverine (Fig. 2B)
was clearly detected at [M+H]+ m/z 340.1545 (theoretical val-
ue m/z 340.1543, Δm 0.58 ppm) when the urine sample con-
taining 0.05 of ng/L papaverine was analyzed under the opti-
mized conditions. In theMS/MS spectrum (Fig. 2B, inset), the
characteristic fragment ions of m/z 202.0878 were detected
with high abundance, which were derived from the protonated
papaverine by the loss of the benzyl moiety [35].

Effects of extraction solvent compositions and flow
rates

For better performance of μSPE–iEESI–MS, parameters in-
cluding compositions of extraction solvent, sorbent amount,

Fig. 2 (A) The mass spectral
signals of 1-hydroxypyrene. The
deprotonated 1-hydroxypyrene
(m/z 217.0649) yielding the char-
acteristic fragment of m/z
189.070. (a) 1-Hydroxypyrene in
standard solution (0.1 μg/L); (b)
1-hydroxypyrene-spiked urine
sample (0.01 ng/L). (B) The mass
spectral signals of papaverine.
The protonated papaverine yield-
ing the fragment ions of m/z
202.0878. (a) papaverine in stan-
dard solution (0.1 μg/L); (b)
papaverine-spiked urine sample
(0.05 ng/L)
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and the flow rates of extraction solvent were experimentally
optimized using the characteristic fragments (m/z 189.070) of
MS/MS experiments. The signal intensity increased notably
when the eluent flow rates increased from 10 to 50 μL/min
(Fig. 3a), probably because more analytes were eluted when a
higher solvent flow rate was used. However, the signal inten-
sity decreased when the flow rate was higher than 50 μL/min,
probably due to the fact that a large amount of solvent would
also dilute the analyte. Compromisingly, the solvent flow rate
was optimized to be 50μL/min, with an infusion time of 3min
per sample. That is, the solvent consumption was estimated to
be 150 μL.

The influence of the composition of elution solvents was
also investigated. A series of eluents including methanol/
water (20/80, 40/60, 60/40, 80/20, V/V), acetonitrile/water
(20/80, 40/60, 60/40, 80/20, V/V), isopropanol/water (20/80,
40/60, 60/40, 80/20, V/V) were evaluated by μSPE–iEESI–
MS/MS. Generally, increasing the organic content resulted in
better signal intensity (Fig. 3b); thus, the ratio of 80/20 (V/V)
was selected as the optimal condition. On the other hand,
comparedwithmethanol and acetonitrile, isopropanol brought

lower background noises and better stability of electrospray
[36], probably because isopropanol performed better on the
physiochemical features such as water-miscible, volatility,
low surface tension, and chemically inactive than the other
two compounds.

Adsorption capacity of C18-μSPE

In order to evaluate the adsorption capacity of C18 packed
μSPE, a small volume (e.g., 1–20 mL, each time) of 1-
hydroxypyrene standard solution (4 μg/L) was sequentially
loaded to the μSPE device following the sample loading
procedure. After each sample loading, the effluent was col-
lected for HPLC–MS/MS detection as described in the

Fig. 3 Optimization of experimental conditions. (a) Effects of the elution
solvent flow rate; (b) effects of the elution solvent compositions for
μSPE–iEESI–MS. The error bars represent standard deviations of three
replicates (n = 3)

Fig. 4 The calibration curves of μSPE–iEESI–MS/MS for 1-
hydroxypyrene (m/z 189.070) and papaverine (m/z 202.0878). The error
bars represent standard deviations of three replicates (n = 3). (a) 1-
Hydroxypyrene in urine samples. The characteristic fragments (m/z
189.070) are indicated in red, while the precursor ions of 1-
hydroxypyrene (m/z 217.0649) are in black. (b) Papaverine in urine sam-
ples. The characteristic fragments (m/z 202.0878) are in red, while the
precursor ions of papaverine (m/z 340.1565) are in black
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literature [37]. If the 1-hydroxypyrene was not detectable
(S/N = 3) in the waste solution, the next loading of 1-
hydroxypyrene standard solution (4 μg/L) would be repeat-
ed. Consequently, the adsorption capacity of C18-μSPE
packings (1.0 mg in total) was found to be 0.4 μg for 1-
hydroxypyrene, with the recovery of 91.1 ± 7.6%.

Accordingly, the adsorption capacity of C18-μSPE for pa-
paverine was evaluated to be more than 0.4 μg (the maximum
value was not achieved), with the recovery of 93.1 ± 3.7%.
The results indicated that the μSPE used in this work could
accommodate the targeted analytes in 100 mL of urine sam-
ples with sufficient capacity.

Influence of matrix effect by μSPE

Since the complex matrices of urine, including salts and other
compounds, may cause significant background disturbance
and suppress the electrospray ionization efficiency of target
analytes [36], it is necessary to evaluate the influence of ma-
trices. For the analysis of undiluted raw urine samples spiked
with 0.01 ng/L 1-hydroxypyrene or papaverine, dominant sig-
nals were confidently detected by μSPE–iEESI–MS/MS, and
no detectable suppression on the analytes was observed.
These findings suggested that the analytes were selectively
trapped by μSPE, and therefore, the matrices in raw urine
samples imposed no obvious influence on urinary analysis
of analytes by μSPE–iEESI–MS/MS.

Linearity of μSPE–iEESI–MS/MS

Under the optimized experimental conditions, the linearity of
each calibration curve was examined for different concentra-
tion ranges with at least six standard points (100 mL for each
data point). 1-Hydroxypyrene was analyzed in the concentra-
tion range of 0.0001–0.1 ng/L by μSPE–iEESI–MS/MS un-
der the negative ion detection mode. Noteworthily, the

calibration curves for quantification were constructed by peak
intensity of characteristic ions of analytes at the same time
duration for control procedures. Extracted ion current (EIC)
obtained in the way as reported [38] for 1-hydroxypyrene at
different concentrations (0.0001–0.1 ng/L) showed good sta-
bility (ESM Fig. S1). The signal intensity of the characteristic
fragment [M−H−CO]− m/z 189.070 responded linearly to 1-
hydroxypyrene concentration levels over the range of 0.0001–
0.1 ng/L, with a correlation coefficient of 0.99, as shown
Fig. 4a.

Similarly, papaverine was studied in the concentration
range of 0.00005–0.05 ng/L under positive ion detection
mode. The result showed that the characteristic signal of pa-
paverine atm/z 202.0878 was also linearly correlated with the
papaverine concentrations over the range of 0.00005–0.05 ng/
L (R2 = 0.99, Fig. 4b).

Limit of detection of μSPE–iEESI–MS/MS

The LOD of this method was calculated following the process
described in literature [39] using a sample with an analyte
level at 0.0001 ng/L (n = 20, S/N = 3). As a result, the LOD
for 1-hydroxypyrene and papaverine was about 0.02 pg/L
(9.2 amol, n = 20, S/N = 3) and 0.02 pg/L (5.9 amol, n = 20,
S/N = 3), respectively (see ESM for detailed calculations). The
LOD values obtained by μSPE–iEESI–MS were far lower
than those obtained with HPLC–MS for urine analysis
(ESM Table S1) [40–42]. To date, the LOD of conventional
HPLC–MS(/MS) was about 0.0001–0.5 μg/L [35] [40, 41,
43–47] for 1-hydroxypyrene and 0.02–1.6 μg/L [48–51] for
papaverine (ESMTable S1), respectively. Probably, the highly
efficient μSPE packing material (C18, with a surface area up
to 300 m2/g), large volume of urine sample (100 mL) concen-
trated, and small volume of elution (~ 150 μL) in this study
were the main reasons, which ensured the highest degree of
enrichment of various analytes without being diluted.

Table 1 Analytical results for μSPE–iEESI–MS/MS analysis of spiked urine samples

Analyte Spiked conc. (ng/L) Signal intensity (cps) Mean value Standard deviation RSD (%)

1-Hydroxypyrene 1.0E−4 359 348 368 358 11 3.1

5.0E−4 406 390 329 375 41 10.3

0.005 415 443 421 426 15 3.3

0.01 469 508 538 505 97 6.9

0.05 963 915 843 907 60 6.6

0.1 1368 1405 1576 1450 110 7.7

Papaverine 5.0E−5 186 170 154 170 16 9.4

1.0E−4 218 214 240 224 14 6.3

0.005 514 558 632 568 60 10.7

0.01 1083 976 1176 1078 100 9.3

0.025 2366 2689 2234 2433 239 9.8

0.05 4054 4771 4167 4330 385 8.9
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Additionally, the direct analysis of analyte-loaded μSPE using
iEESI and the high sensitivity of the MS/MS detector may
also play a role in ensuring an ultra-low detection limit. It is
worth noting that this work aimed at developing an effective
method for ultra-trace analysis, though a relatively large
amount of sample (100 mL) and long sample preparation time
(10 min × 5 aliquots) were needed. However, one can also
obtain a satisfactory LOD as needed by condensing fewer
aliquots (e.g., 25 mL) [35].

Repeatability and recovery of μSPE–iEESI–MS/MS

As shown in Table 1, the relative standard deviations (RSD,
n = 3) for 1-hydroxypyrene detection ranged from 3.1 to
10.3% in the concentration range of 0.0001–0.1 ng/L, indicat-
ing a good repeatability for 1-hydroxypyrene. Furthermore,
the recovery for 1-hydroxypyrene was estimated based on
the quantity of 1-hydroxypyrene detected as a percentage of

the amount added to the sample. With two different concen-
trations of 0.001 and 0.25 ng/L spiked to real urine samples,
recoveries of 91 and 95% were obtained, showing good per-
formance of μSPE–iEESI–MS for urinary analysis.

As for papaverine, a similar analytical procedure was con-
ducted. The relative standard deviations (RSD, n = 3) for pa-
paverine were between 6.3 and 10.7% (Table 1). With two
different concentrations of 0.0001 and 0.0025 ng/L spiked to
real urine samples, recoveries of 95 and 106% were obtained,
respectively. The results also showed good analytical perfor-
mance of μSPE–iEESI–MS for papaverine analysis.

μSPE–iEESI–MS/MS analysis of real urine samples

The approach was also applied to the analysis of real urine
samples, and the results were compared with HPLC-MS/MS
analysis. Table 2 summarizes the analytical results of five
urine samples collected from five volunteers before and after

Table 3 The analytical results of six urine samples for papaverine detection

Code of
drug users

μSPE–iEESI–MS/MS HPLC–MS/MS

Signal intensity Mean value Concentration (ng/L) RSD (%) Values founda (ng/L) RSD (%) REb (%)

1 811 923 987 907 0.0085 9.8 0.0068 4.2 20

2 1080 1010 1130 1073 0.0104 5.6 0.0098 2.0 5.7

3 443 425 465 444 0.0031 4.5 0.0017 8.2 45

4 444 424 387 418 0.0028 6.9 0.0012 7.9 57

5 196 207 203 202 0.0003 2.8 – – –

6 879 900 965 915 0.0086 4.9 0.0071 5.0 17.4

a The data were the mean value of 3 replicate measurements for each sample
b RE%= (values found by μSPE–iEESI–MS/MS − values found by HPLC–MS) ÷ values found by μSPE-iEESI-MS/MS × 100%

Table 2 The analytical results of five urine samples collected before and after the barbecue

Volunteers Diet μSPE–iEESI–MS/MS HPLC–MS/MS

Signal intensity Mean value Concentration
(ng/L)

RSD (%) Values founda (ng/L) RSD (%) REb (%)

1-MYG B 396 344 356 365 0.0004 6.1 – – –

A 423 461 467 450 0.0081 4.3 – – –

2-LN B 399 401 365 388 0.0024 4.3 – – –

A 496 521 445 487 0.0114 6.5 0.0100 6.1 17.5

3-YLN B 382 465 386 411 0.0045 9.3 – – –

A 617 574 593 595 0.0212 3.0 0.0182 8.3 14.1

4-WXX B 400 431 440 424 0.0057 4.0 – – –

A 794 812 632 746 0.0349 10.9 0.0311 4.4 10.8

5-LAY B 452 500 493 482 0.0110 4.4 0.0100 5.7 15.5

A 926 875 728 843 0.0436 10 0.0396 3.5 9.2

A samples collected after barbecue, B samples collected before barbecue
a The data are the mean value of three replicate measurements for each sample
b RE%= (values found by μSPE–iEESI–MS/MS − values found by HPLC–MS) ÷ values found by μSPE–iEESI–MS/MS × 100%
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barbecue foods. The results showed that before the barbecue,
only trace levels of 1-OHP were detectable (0.0004–0.011 ng/
L) by μSPE–iEESI–MS/MS, but with a notable increase after
the barbecue (0.008–0.044 ng/L). The results were generally
in agreement with that of the HPLC–MS/MS analysis, though
in some samples the analytes could not be detected by HPLC–
MS/MS (see ESM for more information). Table 3 shows the
analytical results of another six urine samples donated by the
local BDAC where urinary analyses were often conducted to
monitor drug abuse. It can be seen that different concentration
levels of papaverine (0.0003–0.01 ng/L) were detected using
μSPE–iEESI–MS/MS, with the RSD less than 10% (n ≥ 3). It
is worth noting that the values detected by HPLC–MS/MS
were slightly lower than those obtained by μSPE–iEESI–
MS/MS, probably because the concentrations of papaverine
were generally much lower (less than 0.01 ng/L) in the ana-
lyzed samples and thus mass loss may easily occur during
sample manipulation. As a result, the μSPE–iEESI–MS/MS
was proven to be a more reliable method than HPLC–MS/MS
in this case, showing potential applications in urine analysis at
ultra-trace levels.

Conclusions

In this study, a facile μSPE device was prepared using a
disposable syringe filter, which was subsequently treated
as a Bbulk sample^ for direct iEESI–MS analysis. The de-
veloped method can be reliably used for rapid quantitative
detection of trace analytes in undiluted human raw urine,
with the LOD down to attomol levels in either negative or
positive ion detection mode. The main advantage of this
approach is that it allowed close study of the behavior of
1-hydroxypyrene and papaverine in the human body at
ultra-trace levels. The μSPE device enabled efficient en-
richment of trace analytes. On the other hand, direct analy-
sis with iEESI–MS avoided offline elution and mass loss of
analytes. Therefore, the μSPE–iEESI–MS method
established in this work was a promising analytical tool
for sensitive quantification of various ultra-trace analytes
in complex matrix samples.
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