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a b s t r a c t

In this paper, an ultrasound-assisted headspace liquid-phase microextraction with in-drop derivatization
was developed for the extraction and determination of hexanal and heptanal as the biomarkers in human
blood. In the method, a polychloroprene rubber (PCR) tube was utilized as container to load extraction
solvent (methyl cyanide) and derivatization reagent (2,4-dinitrophenylhydrazine, 2,4-DNPH). Volatile
aldehydes were headspace extracted and simultaneously derivatized in the droplet, followed by LC-UV
detection of the formed hydrazones. The stability of organic solvent and the sensitivity of the method
igh-performance liquid chromatography
arbonyl compounds
lood analysis

enhanced greatly. Under the optimal conditions, good linearity was obtained in the concentration range
of 0.01–10 �mol L−1 (r > 0.997) and the limits of detection (LOD) for hexanal and heptanal were 0.79
and 0.80 nmol L−1, respectively. The recoveries in blood sample ranged from 75.2% to 101.1% with the
inter- and intra-day precisions less than 9.8%. The method possesses the advantages such as simplicity,
sensitivity, efficiency, low consumption of solvent, and little interference from sample matrix. It provides
great potential for the investigation of volatile disease biomarkers (aldehydes) in complex biological

samples.

. Introduction

Aldehyde compounds such as formaldehyde, acetaldehyde,
crolein, hexanal and heptanal generated by human body have
een much investigated, since elevated level of aldehydes is con-
idered as the biomarker of different diseases [1–7]. Most of the
ldehyde compounds are formed by free-radical-induced reac-
ion with injured or dying cellular lipid [8–10]. The presence
f aldehydes has been related to various pathological conditions
uch as atherosclerosis, carcinogenesis, and precancerous dyspla-
ia [11–13]. High levels of hexanal and heptanal were found in the
lood of lung cancer patients [14]. Therefore, it is of great impor-
ance in the determination of these aldehydes in blood analysis of
he early clinical diagnosis.

However, the determination of aldehydes is difficult because

hese molecules are volatile, unstable, highly water-soluble and
ack a chromophore or fluorophore [15]. To improve the sensi-
ivity and precision in the determination of these compounds,
amples must be derivatized usually with a substituted hydrox-
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ylamine or hydrazine. The formed derivatives are separated by
chromatographic techniques coupled with sensitive detectors [16].
In addition, owing to the complexity of sample matrices and the
relative low concentration of aldehydes in blood samples, sam-
ple cleanup and enrichment procedure are necessary to improve
the sensitivity of method. Different analytical methods have been
developed to extract aldehydes. The most extensively used meth-
ods for the extraction of aldehydes in complex samples are solid
phase microextraction (SPME) [17,18], the method is attractive
due to its solvent-free, simplicity and rapidity [19–27]. Recently,
Lord et al. applied a solid phase analytical derivatization device to
fully automate extraction, derivatization and liquid chromatogra-
phy and detected malondialdehyde in human plasma [15]. Zhang et
al. have presented a new method for the determination of aldehy-
des in plasma, which is based on polymer monolith microextraction
(PMME) with in situ derivatization, followed by HPLC/DAD detec-
tion [28].

Apart from SPME, more attention has been focused on
miniaturized and solvent-free liquid-phase extraction technique.

Liquid-phase microextraction (LPME), also called single-drop
microextraction (SDME), which was introduced by Jeannot,
Cantwell [29,30], and He and Lee [31] in 1996, meet the trends of
development. It is now becoming one of the most common meth-
ods of sample preparation, particularly for the extraction of organic
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ompounds from environmental and biological samples. Thereinto,
eadspace single-drop microextraction (HS-LPME) is a good choice
o analyze volatile and semivolatile compounds in different matri-
es without any interference of the sample matrix [32,33]. It has
een extensively applied in various real samples in recent years
ue to its simplicity, available experimental setup, fast analysis and

ow consumption of organic solvent. Liu developed SDME for the
nalysis of anisaldehyde isomers in human urine and blood serum
34]. In 2008, SDME method was also used to determine volatile
ldehydes in fresh cucumbers [35]. Fiamegos and Stalikas deter-
ined the carbonyl compounds in biological and oil samples by
S-LPME with in-drop derivatization [36]. Recently, Xie et al. ana-

yzed small molecular aldehydes (SMAs) in single puff smoke by
oupling extraction and derivatization in single drop (EDSD) with
ALDI-FTICR-MS detection [37].
Nevertheless, the disadvantages of HS-SDME are obvious, and

he application of the method is also restricted by some important
actors. Firstly, because of the small contact area between micro-
rop and the tip of microsyringe needle, the surface tension is
elatively low, and the volume of organic solvent is usually no larger
han 5 �L. Secondly, the microdrop easily falls down from the tip
f microsyringe needle at a large volume, so careful and elaborate
anual operation is required in the experiment.
In our previous studies, we developed an ultrasound-assisted

eadspace liquid-phase microextraction (UAHS-LPME) method,
ith a cone-shaped polychloroprene rubber tube (PCR) as extrac-

ion solvent holder to overcome the above-mentioned problems.
t has been successfully applied in the analysis of volatile organic
ompounds in real aqueous samples [38,39]. In this work, in-drop
erivatization and simultaneous extraction was introduced into the
ethod. The feasibility of the new method was tested, and it was

pplied in the analysis of volatile cancer biomarkers (hexanal and
eptanal) in complex biological matrix.

. Experimental

.1. Reagents and chemicals

Hexanal (98%) and heptanal (97%) were purchased from ABCR
mbH & Co. KG (Germany). 2,4-dinitrophenylhydrazine (2,4-
NPH, 99.6%) was obtained from Chem Service Inc. (West Chester,
A, USA) and it was recrystallized once in acetonitrile–water (1:5)
olution before use. Formic acid (96%) was purchased from TEDIA
ompany Inc. (Tedia Company, Inc., Fairfield, OH, USA). HPLC-grade
ethanol and methyl cyanide were obtained from Fisher Chemi-

als (Fisher Chemicals, Fair Lawn, NJ, USA). n-Heptane, cyclohexane,
arbon tetrachloride, hexane, isopropanol and sodium chloride
ere all of analytical grade and also purchased from Sinopharm
hemical Reagent Co., Ltd. (Shanghai, P.R. China). The water used
as ultrapure water (Millipore Simplicity 185, Corporation, Biller-

ca, MA, USA).

.2. Preparation of standard solutions

The individual stock standard solution was prepared in
ethanol at a concentration of 5 mmol L−1. The daily standard
orking solutions of different concentrations were obtained by
iluting the stock solutions with distilling water. All solutions pre-
ared were stored at 4 ◦C.
.3. Instruments

The chromatographic analysis was performed on an Agilent
100 HPLC system (Agilent Technologies, Palo Alto, CA, USA)
quipped with a quatpump, a manual injector (20 �L injection
217 (2010) 2371–2375

loop), a variable wavelength detector (VWD). A personal com-
puter equipped with an Agilent ChemStation program for LC was
used to process chromatographic data. The analytes were sepa-
rated on Venusil, XBP C18 column (250 mm × 4.6 mm, 5 �m), which
was bought from Agela Technologies Inc. (Beijing, P.R. China). The
mobile phase was a mixture of methanol–water (87:13, volume
ratio) and the flow rate was 1.0 mL min−1. The column temperature
was 30 ◦C and the detection wavelength was 360 nm. An ultra-
sonicator (KQ-100DE ultrasonicator, KunShan, China) was used
for extraction and a 25 �L LC microsyringe bought from Shanghai
GaoGe Industrial and Trading Co., Ltd. (Shanghai, P.R. China) was
used for injection.

2.4. UAHS-LPME procedure

The schematic diagram of the novel UAHS-LPME apparatus is
shown in literature [39] with minor modification. Sample solution
(5 mL) and different amounts of salt (sodium chloride, 0–0.2 g/mL)
were added into a 10 mL sample vial. The PCR tube loaded with
organic solvent containing 2,4-DNPH and formic acid was foisted
into the rubber stopper of sample vial, then it was covered with the
stopper and sealed with parafilm. Afterwards, the sample vial was
placed into an ultrasonicator with hot water of constant tempera-
ture for extraction. After ultrasound-assisted headspace extraction
was completed, 2 �L ammonia was added into the PCR tube to
adjust pH value of the extractant, then organic solvent loaded with
the derivatives of hexanal and heptanal was removed from the PCR
tube by a microsyringe and the entire microdrop was injected into
HPLC for analysis.

2.5. Blood sample preparation

The blood samples from 5 healthy people and 12 lung cancer
patients were obtained from Hubei Cancer Hospital, Wuhan, China.
Ethical approval for the study was obtained from the Ethnics Com-
mittee of Hubei Cancer Hospital prior to the collection and analysis
of human blood samples. The blood samples were stored at 4 ◦C
in the refrigerator and were not further pretreated before use. In
the serum analysis, 500 �L of serum was diluted tenfold by ultra-
pure water for the determination of aldehydes. The derivatization
and extraction procedure was the same as that described above for
UAHS-LPME.

3. Results and discussion

3.1. Selection of extractant

Selecting an appropriate extractant is essential for HS-LPME
method. It should have a relatively high boiling point, a high affinity
to the analytes, and high surface tension to keep it suspending at the
bottom of the PCR tube. In this work, several organic solvents were
tested as extraction solvent, including n-heptane, cyclohexane, car-
bon tetrachloride, methyl cyanide, hexane, and isopropanol, and
the results are shown in Fig. 1. It can be seen that good extrac-
tion efficiency is obtained when methyl cyanide is used as organic
extractant. Therefore, methyl cyanide was chosen as extractant
in the following experiments. The effect of extractant volume on
the extraction efficiency was studied in the range of 5–25 �L. The
chromatographic peak areas of aldehyde derivatives in relation to
the volume of organic solvent are shown in Fig. 2. As indicated by
Fig. 2, the peak areas decreased with the increase of the extrac-

tant volume. The decrease can be explained by the diluting effect
of large volume of extractant. The maximum peak response was
obtained when 5 �L methyl cyanide was used. However, the sam-
pling after extraction was difficult to carry out when the extractant
volume was less than 10 �L. Therefore, a 10 �L of methyl cyanide
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Fig. 1. Effect of extraction solvents on the extraction efficiency. Conditions: 5 mL
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orking solution; aldehydes concentration: each 5 �mol L−1; ultrasonic extrac-
ion time: 15 min; temperature: 35 ◦C; extraction solvent:10 �L different solvents
ontaining 25 mmol L−1 2,4-DNPH, 3 �L formic acid. 1-Heptane, 2-cyclohexane, 3-
ethyl cyanide, 4-isopropanol, 5-carbon tetrachloride, 6-hexane.

as selected to ensure the entire injection and good reproducibil-
ty. The remaining amount of extractant after the extraction was
.5 ± 0.5 �L.

.2. Optimization of derivatization conditions

The influence of the concentration of derivatization reagent 2,4-
NPH on the derivatization efficiency was studied in the range
f 2–40 mmol L−1. The results showed that peak areas of the
erivatives of hexanal and heptanal increased with the increase
f 2,4-DNPH concentration in the range of 2–20 mmol L−1. The
ecrease of the peak signal of aldehyde derivatives at higher
oncentration of 2,4-DNPH could be explained for the increased
xtraction of 2,4-DNPH into the extractant at the high ratio of 2,4-
NPH to aldehydes. Therefore, 20 mmol L−1 2,4-DNPH was adopted
or the following experiments.
Acid acts as catalyzer in the derivatization reaction of aldehy-

es with 2,4-DNPH. In this experiment, formic acid was added in
he extraction solvent and its volume was optimized. The results
howed that peak areas of the aldehyde derivatives increased with

ig. 2. Effect of the volume of extraction solvent on the extraction efficiency. The
ther conditions are the same as shown in Fig. 1.
Fig. 3. Effect of extraction temperature on the extraction efficiency. The other con-
ditions are the same as shown in Fig. 2.

the increase of the volume of formic acid. The maximum peak signal
was obtained when 3 �L formic acid was added, and the pH value
of the extraction solvent was about 2.0. Accordingly, 3 �L formic
acid was selected in this experiment.

3.3. Effect of extraction temperature and extraction time

It is known that high temperature can accelerate the volatiliza-
tion of aldehyde and increase the reaction rate of the derivatization
of aldehyde. Effect of the extraction temperature on the extraction
and derivatization efficiency was studied in the range of 20–50 ◦C.
As Fig. 3 illustrated, the peak areas of aldehyde derivatives increase
with the enhanced temperature. However, the increasing rate of
the peak areas of aldehyde derivatives slows down when the tem-
perature is above 40 ◦C. Because the temperature above 40 ◦C may
lead to the increased volatilization loss of the organic solvent and
the bad repeatability of the method. Hence, 40 ◦C was selected as
optimum extraction temperature in subsequent experiments.

The influence of extraction time on the peak response was inves-

tigated and a graph of peak area versus extraction time is shown
in Fig. 4. It can be seen that the peak area of the aldehyde deriva-
tives increases steadily with extraction time from 5 to 20 min. In
the beginning of the extraction, low concentration aldehydes react

Fig. 4. Effect of extraction time on the extraction efficiency. Conditions: 5 mL work-
ing solution of aldehyde compounds (each 5 �mol L−1), temperature at 40 ◦C, 10 �L
solvent containing 20 mmol L−1 2,4-DNPH, 3 �L formic acid.
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Table 1
The linear equation and the limit of detection.

Analytes Linear equation r Limits of
detection
(nmol L−1)

Linear range
(�mol L−1)

Hexanal y = 215.26x + 0.0016 0.9978 0.79 0.01-10
Heptanal y = 255.289x + 9.571 0.9999 0.80 0.01-10
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Fig. 6. Chromatograms of blank and spiked healthy blood samples (A) blank plasma
sample; (B) plasma sample spiked with 0.1 �mol L−1 of each aldehydes; (C) plasma
sample spiked with 1 �mol L−1 of each aldehydes.

Table 3
Results of analysis of hexanal and heptanal in plasma.

Subject Hexanal
concentration

−1

Heptanal
concentration

−1

T
R

ig. 5. Effect of salt concentration on the extraction efficiency. The other conditions
re the same as shown in Fig. 4.

ith derivatization reagent rapidly due to the relative fast derivati-
ation rate and a large excess of the derivatization reagent. Further
ncreasing the extraction time, the increase of the peak areas slows
own because of the reduced derivatization reaction rate at a small
xcess of DNPH. Additionally, longer ultrasonic extraction time will
ncrease the volatilization loss of solvent microdrop. So, 20 min of
ltrasonic extraction time was selected for further work.

.4. Salt effect

The effect of ionic strength was examined by adding various
mounts of sodium chloride from 0 to 0.2 g mL−1 to the 5 mL sam-
le solution. Other experimental conditions were kept constant.
he results in Fig. 5 show that the peak areas of the aldehyde deriva-
ives increase with NaCl concentration up to 0.1 g mL−1, and then
ecrease with further increasing of salt concentration. Based on
hese results, 0.1 g mL−1 of NaCl was chosen.

.5. Comparison of HS-LPME and UAHS-LPME

The extraction efficiency of UAHS-LPME was compared with

hat of traditional HS-LPME under optimum conditions in both
ases. In traditional HS-LPME, the extractant microdrop was sus-
ended at the tip of microsyringe needle, aldehyde solution was
eadspace extracted with the assistance of ultrasound. 4 �L was

able 2
ecovery and reproducibility of the method (n = 6).

Analytes Original (�mol L−1) Added (�mol L−1)

Hexanal 0.098 0.1
1.0

Heptanal 0.056 0.1
1.0
(�mol L ) (�mol L )

Patient (n = 12) 0.80–6.3 1.4–2.8
Control (n = 5) 0.29–0.98 0.19–0.69

the largest extractant volume, otherwise, the droplet would fall off
the needle tip. Other conditions were the same as those used for
UAHS-LPME. Experimental results showed that the extraction effi-
ciencies of UAHS-LPME were 15.1 and 10.5 times higher for hexanal
and heptanal than those in HS-LPME, respectively.

3.6. Quantitative aspects

In order to evaluate the effectiveness of UAHS-LPME, parameters
such as linearity, limit of detection and precision were calculated
at the optimized experimental conditions. The results are given
in Table 1. The linearity ranges from 0.01 to 10.00 �mol L−1 and
the linear regression coefficients (r) of the calibration functions are
0.9978 and 0.9999 for hexanal and heptanal, respectively. The lim-
its of detection (LOD, S/N = 3) of hexanal and heptanal are 0.79 and
0.80 nmol L−1, respectively. The recoveries of hexanal and heptanal
spiked at two concentration levels (0.1, 1 �mol L−1) in the plasma
sample are calculated and the results are shown in Table 2. The
repeatability expressed by relative standard deviation (RSD) was
tested in two different concentration levels and the values are less
than 9.8% at 0.1 �mol L−1 and less than 9.0% at 1.0 �mol L−1 for
the two analytes. The chromatograms of blank and spiked healthy
blood samples are shown in Fig. 6.

3.7. Application in real samples

The UAHS-LPME with in-drop derivatization method was

applied to determine hexanal and heptanal in human blood from
control subjects and patients. Blood samples from 12 lung can-
cer patients and 5 control subjects were analyzed. The results are
summarized in Table 3. It illustrates that the concentrations of hex-

Recovery (%) Precision (RSD%)

Intra-day (n = 6) Inter-day (n = 6)

92.9 6.5 9.8
101.1 9.0 6.0

75.2 7.6 6.9
77.7 5.6 6.8
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ange from 0.80 to 6.3 �mol L−1 and from 1.4 to 2.8 �mol L−1,
espectively. However, their concentrations in normal people are
n the range of 0.29–0.98 and 0.19–0.69 �mol L−1, respectively.
bviously, the concentrations of hexanal and heptanal detected

n the blood of lung cancer patients are higher than that in
he normal people, and it suggests that hexanal and heptanal
n blood can be considered as the potential biomarkers of lung
ancer.

. Conclusion

In this work, ultrasound-assisted headspace liquid-phase
icroextraction with in-drop derivatization has been developed

or the analysis of cancer biomarker aldehydes in blood. A PCR
ube was introduced to load the organic extractant instead of

microsyringe, allowing more extractant to be suspended and
mproving the stability of microdrop which ultimately enhanced
he extraction efficiency greatly. Furthermore, the successful
pplication of this method in the determination of hexanal
nd heptanal in human blood proved that another outstanding
dvantage of the method, that is, little interference from the
omplex biological matrix. Experimental results showed that hex-
nal and heptanal detected in patient blood was higher than
hat of normal people, which suggest that hexanal and heptanal
n blood could be considered as highly sensitive and poten-
ial biomarkers of lung cancer. Hence, the proposed method is
ttractive owing to its simplicity, low cost and short sample
reparation time, and it is a promising pretreatment method

n the analysis of volatile carbonyl compounds in the complex
iological samples and a valuable tool for early diagnosis of dis-
ase.
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