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In order to address time-consuming sample pre-treatment and separation prior to mass spectrometry (MS)

identifications, highly integrated chips were developed, but damage to any functional unit in these chips

would result in complete replacement. Herein, we propose a modular microfluidic platform comprising

pre-treatment, liquid chromatography (LC) separation and nanoelectrospray ionization (nESI) chips for

on-line enrichment, separation and nESI MS detection of pesticide metabolites and peptides. The pre-

treatment chip is applicable in enriching pyridalyl and its metabolites, and it achieves optimal desalination

efficiency, 98.5%, for polymerase chain reaction products. Additionally, the LC separation chip was fully

characterised, and it demonstrated satisfactory separation efficiency, quantification ability and pressure

durability. Finally, the modular microfluidic platform was used to identify the peptides in trypsin-digested

casein. Four additional peptides were identified, indicating an improvement in detection ability compared

with using off-line zip tips coupled with MS investigations. Because the proposed modular platform can

significantly reduce manual work, it would be a potential tool to achieve high throughput and automatic

MS identifications with low sample consumptions.
Introduction

In the past two decades, the development of metabolomics and
proteomics has facilitated the improvement of various mass
spectrometry (MS) approaches in sensitivity and throughput.1–3

Although liquid chromatography (LC) coupled with nano-
electrospray ionization (nESI) MS achieves enhanced sensitivity
with limited samples, its whole workow is complicated and
time-consuming due to comprehensive pre-treatments for
samples.4,5 Microuidic devices being compatible with nESI MS
present signicant advantages in high throughput and auto-
matic sample manipulations.6–8 Therefore, microuidic devices
coupled with nESI MS, particularly microuidic LC-nESI MS,
are regarded as an ideal tool to investigate metabolites and
peptides.9,10
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Various enrichment pre-treatments, such as solid phase
extraction (SPE),11 are generally indispensable in metabolic
identications due to the low content of metabolites.12–14

Nevertheless, complex manual workow in these strategies
reduces their throughputs if enrichment units are off-line
coupled with the MS detections.15 Moreover, satisfactory
recoveries are generally required because of the low sample
content.16–18 In this sense, developing an on-line pre-treatment,
separation and MS identication analytical platform should be
of great practical signicance.19

Additionally, peptide samples in proteomics are generally
prepared by enzyme-assisted digestion20 or 2D gel electropho-
resis,21 both of which introduce salts into samples.6,22 On-line
coupling of microuidic devices with matrix-assisted laser
desorption ionization MS (MALDI MS) is complex, results in
relatively poor throughput,23 although the salt tolerance of
MALDI MS is excellent.8 In contrast, despite an inevitable
sample loss,24 the desalination prior to nESI MS identications
is indispensable, otherwise the ionization suppression would
be considerable due to the salts in the samples. Despite several
microuidic desalination strategies,25–28 desalination using zip
tips is still one of the most useful approaches in proteomics. It
is interesting to note that the stationary phase in both the SPE
column and the zip tip is packed silica particles,29 and this
provides the feasibility of developing a universal micro-device
RSC Adv., 2018, 8, 39811–39817 | 39811
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Fig. 1 Pre-treatment (A), LC separation (B) and nESI (C) chips in the
modular microfluidic platform. (D) Monolithic nESI nozzle in the nESI
chip under the microscope.
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that not only enriches analytes in metabolomics but also
desalinates peptides in proteomics.

Moreover, monolithic nESI nozzles30 attributed to their
improved dead volume31–33 have revealed an enhanced repro-
ducibility compared with that of integrating commercial nESI
tips in microuidic devices.34,35 The monolithic nESI emitters
have been used in real-time mass calibration,36 investigating
peruoroalkyl acids37 and other pesticides,38–40 all of which
indicated their excellent compatibility with various microuidic
applications. In this sense, a monolithic nESI ionization
module would be a useful component in a versatile microuidic
platform for metabolic and proteomic identications.41–43

Furthermore, modular microuidic platforms have shown
preponderances in simplifying their coupling with other func-
tional components, such as the injection valve and mass spec-
trometer.44 Finally, their modular conguration would also
allow the replacement of the damaged functional units, which
conventionally result in abandoning the whole highly inte-
grated microuidic device.45,46

Herein, we propose a microuidic platform, composed of
pre-treatment, separation, and nESI modules, to be coupled
with a time-of-ight mass spectrometer (TOF-MS) for the
investigations of pesticide metabolites and peptides. A C18 SPE
chip was prepared for enriching pesticide metabolites and
desalinating peptide samples. Furthermore, microuidic LC
and monolithic nESI modules were prepared and on-line-
coupled with the pre-treatment module and a TOF-MS to
inhibit sample loss, thus improving the sensitivity. The desali-
nation efficiency of the proposed microuidic platform and its
applicability in peptide identications were compared with
those of its counterparts by inductively coupled plasma atomic
emission spectroscopy (ICP AES) and MALDI TOF-MS. Addi-
tionally, the proposed platform was applied to determine pyr-
idalyl and its metabolites in the excrement of Helicoverpa
armigera (H. armigera) and identify peptides in trypsin-digested
casein. Considering the advantages in its user-friendly aspect,
the proposed modular microuidic platform is an ideal poten-
tial option to implement metabolic and proteomic
identications.

Materials and methods
Fabrication of three modules

Photomasks (ESI, Fig. S1A and B†) were designed with Free-
Hand (Adobe, San Jose, USA) and produced by Caifeng Graphic
(Wuhan, China). Micro-channels (40 mm in depth) in the pre-
treatment module (ESI, Fig. S1A†) comprised two equilateral
triangles (30� apex angle, 2.5 mm wide, and 5.4 mm high) and
one rectangle region (2 mm � 2.5 mm). The lengths of the
rectangle regions in pre-treatment and LC separation modules
were 2.5 mm and 20 mm, respectively (ESI, Fig. S1A and B†).
Micro-pillar (20 mm diameter) arrays were integrated in both
modules to avoid the collapse of channels.

Molds of three microuidic modules were prepared with Su-
8 photoresist (MicroChem, Westborough, USA) according to
a standard photolithography approach.36,43 Briey, silicon
wafers with photoresist were spun at 1700 rpm for 30 s, and
39812 | RSC Adv., 2018, 8, 39811–39817
sequentially baked at 65 �C and 95 �C for 2 min and 8 min,
respectively. Aer exposing to 180 mJ cm�2 UV light (350 nm)
for 5 min, the wafers were then immersed in the developer
solution for 2 min aer a post bake process (65 �C and 95 �C for
1 min and 8 min), and nally cleaned with isopropyl alcohol.

Pre-treatment and LC separation chips (Fig. 1A and B) were
both composed of a patterned polydimethylsiloxane (PDMS)
slab and a glass slide, both of which bonded to each other aer
treating in oxygen plasma. A holder, consisting of two
aluminium plates with drilled holes, a pair of screw nut and
mount, a rubber O-ring (1.8 mm i.d., 4.0 mm o.d.) and a porous
plate lter were used for maintaining silica particles (the
stationary phase) and introducing various solutions from
a tubing. Silica particles (5 mm diameter) were dispersed in
methanol aqueous solution (50 : 50, v/v), which was immedi-
ately infused into the enrichment and separation chips. Pre-
treatment and LC separation modules (ESI, Fig. S1C and D†)
were then obtained aer repeatedly infusing the stationary
phase. In the as-prepared nESI chip (Fig. 1C), which was fabri-
cated according to a reported method,36,41 a sharp and
symmetrical spray nozzle (Fig. 1D) was observed, and it would
facilitate a stable electrospray ionization.
Instrumentations

Pre-treatment, separation, and nESI chips were coupled with
a manual injection valve, a high pressure pump, and a 6224
TOF-MS (Agilent, Santa Clara, USA), as shown in the congu-
ration of the modular microuidic platform (Fig. 2) and its
instrumental setup (ESI, Fig. S2†). In the microuidic platform,
the pre-treatment chip was used to extract or desalinate samples
(Fig. 2A), and the sample solution in the sample loop was then
infused into the separation chip (Fig. 2B), which was coupled
with the TOF-MS by the on-line nESI chip.
Evaluations of three modules

The pre-treatment module was evaluated by extracting the
excrements of H. armigera fed with pyridalyl. Excrements (1 mg)
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Schematic configurations of the modular microfluidic platform
consisting of pretreatments, LC separation and nESI chips, an injection
valve, and a TOF-MS when loading (A) and investigating (B) samples.
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were ground in liquid nitrogen and dispersed in three-fold
volume of acetone. The mixture was treated in an ultrasound
generator (Shumei instrument, Kunshan, China) at 26 �C for
5 min, and then centrifuged at 7000 rpm for 10 min. Aer
extracting the residue for another two times, all supernatants
were combined and concentrated to 50 mL in a nitrogen
concentrator (Do-Chrom, Tianjin, China). Then, the pre-
treatment module was used to extract the concentrated solu-
tion according to the following procedure. First, the pre-
treatment chip was sequentially cleaned by infusing methanol
(100 mL), acetonitrile aqueous solution (40 mL, 50 : 50, v/v),
water (20 mL), acetonitrile aqueous solution (40 mL, 50 : 50, v/
v), and methanol (20 mL). The concentrated solution was then
loaded in the pre-treatment chip, which was sequentially eluted
by methanol (30 mL) and acetone (30 mL). All elution fractions
were collected and analyzed by a 1260 HPLC coupled with
a 6224 TOF-MS (Agilent, Santa Clara, USA).

Additionally, a polymerase chain reaction (PCR) product
(ESI, Table S1†) was desalinated with the pre-treatment module
to evaluate its desalination efficiency. The module was rst
cleaned by infusing a mixture of methanol (50 mL), water (49 mL)
and acetic acid (1 mL). Then, two methods were compared to
desalinate the PCR product. In the rst method, the chip was
sequentially rinsed with water (100 mL), ammonia aqueous
solution (100 mL), water (100 mL) and ammonium acetate (100
mL). Aer loading the PCR product (40 mL), the pre-treatment
chip was then eluted by 40 mM ammonium hydrogen
carbonate (40 mL) and 20% methanol aqueous solution (40 mL).
In the second method, the pre-treatment module was rinsed by
0.1% TFA aqueous solution (30 mL) and 0.1% TFA in acetonitrile
(30 mL) aer loading the PCR product (40 mL). All desalinated
elutions were collected and digested in two-fold volume of the
mixture composed of the nitric acid, sulfuric acid and water
(2 : 2 : 1, v/v/v). Digested elutions were dried in a mild nitrogen
ow, re-dissolved in water, and probed by ICP-AES (iCAP6000,
Thermo Scientic, Waltham, USA) to investigate the achieved
desalination efficiencies with the preceding two methods.

The separation module was evaluated by monitoring RhB (5
ng mL�1), reserpine (5 ng mL�1) and juvenile hormone III (5 ng
This journal is © The Royal Society of Chemistry 2018
mL�1). Its pressure durability was tested by injecting methanol
aqueous solutions (90 : 10, v/v) at different infusion rates.

Identications of trypsin-digested peptides

First, the enrichment chip was sequentially rinsed by A (50%
acetonitrile aqueous solution with 0.1% formic acid, 100 mL)
and B (0.1% formic acid aqueous solution, 100 mL) with a 20
mL min�1 infusion rate. Prior to investigations, peptide samples
were conditioned to pH 2.0–3.0 by adding formic acid. Aer
loading the digested casein (40 mL), peptides were desalinated
by B (30 mL) and eluted by A (20 mL) with a 15 mL min�1 infusion
rate. All eluted peptides were then on-line-introduced to the
separation module and identied by the nESI module and the
TOF-MS. At each peak in the total ion chromatogram, a decon-
volution process was imposed to all the collectedm/z of species,
thus obtaining identied peptides. As a comparison, the
digested casein was desalinated by a zip tip (Waters, Milford,
USA) and off-line-determined by a TOF-MS.

Moreover, the modular microuidic platform was used to
probe pyridalyl and metabolites in the concentrated solution
from the excrements of H. armigera. Finally, pyridalyl solutions
at different concentrations were detected to evaluate the
quantication with the modular microuidic platform.

Trypsin-digested a-casein

a-Casein (5 mg) was dissolved in ammonium bicarbonate buffer
(1 mL, 50 mM, pH 8.2) and digested by trypsin (125 mg) for 16 h
at 37 �C. The solution was then diluted to 10 ng mL�1 and
investigated by a MALDI TOF-MS (G2 HDMS, Waters, Milford,
USA) for comparison.

Chemicals

Poly(dimethylsiloxane) (PDMS), a-casein, silica particles, juve-
nile hormone III, rhodamine B (RhB) and reserpine were
purchased from Sigma-Aldrich Inc. (St. Louis, USA). All organic
solvents were obtained from Merck Ltd. (Darmstadt, Germany).
Double-distilled water used in this study was acquired from
a water puried system (Millipore, Bedford, USA).

Results and discussion
Evaluations of the pre-treatment chip

Extracted ion chromatograms (EICs) of pyridalyl and its two
potential metabolites, MP2 and MP3, were investigated (Fig. 3),
and all peaks corresponding to target substances were observed.
Moreover, their retention times were similar to those of their
counterparts in a reported work with an SPE column.47 These
results demonstrated the applicability of the pre-treatment
module as an alternative of SPE to extract pyridalyl and its
metabolites in the excrements of H. armigera. MP2 was only
observed in the acetone fraction, while pyridalyl and MP3 were
detected in bothmethanol and acetone elutions. This result was
probably because MP2 was more polar than pyridalyl and MP3,
resulting in its enhanced recovery in acetone.

The desalination performance of the pre-treatment chip was
also evaluated by treating PCR products. The residual K+
RSC Adv., 2018, 8, 39811–39817 | 39813
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Fig. 3 EICs of pyridalyl and two metabolites (MP2 and MP3) in the
excrements of H. armigera based on the pre-treatment chip and
HPLC-MS. These figures were extracted from total ion chromato-
grams with m/z 489.975, 440.027 and 453.999, all of which were the
mass-to-charge ratio of molecular ions ([M + H]+) for pyridalyl, MP2
and MP3.
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contents in the PCR products (Table 1) were compared between
two desalination methods. The residual amount obtained by
the rst method was less than one tenth of that obtained from
its counterpart by the second method, which achieved a 21.9%
residue relative to its counterpart in the blank control. These
results demonstrate that the rst method with 98.5% desali-
nation efficiency was superior to the second method (83.1%),
and both methods showed decent desalination efficiencies. A
zip tip was also used for desalination and achieved a 94.6%
clearance rate, indicating the effect of the pre-treatment chip.

Evaluations of the LC separation chip

The LC separation chip was evaluated by detecting RhB under
different injection volumes and ow rates (Table 2), and the
optimal experimental conditions were studied. Mean retention
times and peak widths decreased with an increase i ow rate
from 10 mL min�1 to 60 mL min�1 under different injection
volumes. This occurred because the greater ow rate inhibited
peak broadening within 10–60 mL min�1. Moreover, the best
plate numbers under different injection volumes were always
achieved with an optimal 30 mL min�1

ow rate, suggesting an
appropriate balance between the retention of sample with the
stationary phase and its peak broadening under this condition.
Furthermore, the mean plate number with a 2 mL injection
Table 1 Comparisons of two desalination methods with the pre-
treatment chip

Method Ccal
a (ng mL�1) Cdet

b (ng mL�1)

Method 1st 0.50 0.0075
Method 2nd 0.50 0.0847
Blank control 0.50 0.3867
Zip tip 0.50 0.0268

a Ccal is the calculated concentration of the magnesium ion without any
desalination. b Cdet is the detected concentration of the magnesium ion
with ICP-AES.

39814 | RSC Adv., 2018, 8, 39811–39817
volume enhanced compared with that of its counterpart with a 5
mL injection volume. This occurred because the limited bonding
sites of the stationary phase in the LC separation chip may be
relatively saturated when injecting a greater volume of the
sample. Thus, the peak broadening deteriorated, resulting in
a comparably smaller theoretical plate number.

Additionally, the LC separation module was used to separate
a mixture of reserpine ([M + H]+, m/z 609.28) and juvenile
hormone III ([M + H]+, m/z 267.19). Their peaks in EICs (Fig. 4)
were observed with different retention times. Furthermore, two
sample peaks were observed, which revealed that the LC
module yielded acceptable separation efficiency and peak
broadening, indicating a uniform lling of the silica particles.
Theoretical plate numbers for reserpine and juvenile hormone
III with the LC separation chip were 16.0 and 187, respectively,
and those for their counterparts were 131 and 854, respectively,
with a traditional LC, revealing an improved separation
performance compared with those for the proposed LC sepa-
ration chip. This occurred because the LC separation chip was
more compatible with low-volume samples (in nL and pL), and
a sample injection in microliters would result in peak width
broadening, thus deteriorating the separation performance of
the LC separation chip.

Pyridalyl solutions at different concentrations were probed
to evaluate the quantication with the LC separation module.
All peak areas and their errors are presented in a linear cali-
bration curve (Fig. 5). The linear range was 0.26–3.78 ng mL�1,
and the limit of detection (s/n ¼ 3) was 0.14 ng mL�1, which was
relative to those of its counterpart from a commercial LC
column, which achieved a linear range and limit of detection as
0.26–5.67 and 0.11 ng mL�1, respectively. All of these results
suggest the applicability of the LC separation module.

The pressure durability of LC separation module was tested
by infusing methanol aqueous solution (90 : 10, v/v) under
different ow rates. The mean pressure within ve minutes was
1.07 bar at the optimal ow rate (30 mLmin�1), and the pressure
increased to 1.42 bar, 1.66 bar and 1.85 bar at 50 mL min�1, 60
mL min�1, and 70 mL min�1, respectively. When applying an 80
mL min�1

ow rate, the pressure was stable within 1.92–2.18 bar
for 29 hours. These results indicate a decent pressure durability
of the LC separation chip.
Identications of peptides with the modular microuidic
platform

First, the modular microuidic platform was evaluated by
investigating reserpine. The separation result (ESI, Fig. S3†) and
linear range (0.20–4.18 ng mL�1) was decent. These results
indicate an appropriate on-line coupling of the nESI chip with
the TOF-MS and other modules in the microuidic platform.

Both the pre-treatment module and a zip tip were off-line
coupled with TOF-MS to compare their performances in desa-
linating trypsin-digested casein (Fig. 6). Two peptides (m/z
1266.7 and 1383.7) were identied aer the deconvolutions in
both strategies, and their intensities (m/z 1266.7, 1383.7) with
the pre-treatment module (Fig. 6A) were similar compared with
those of their counterparts using the zip tip. Considering both
This journal is © The Royal Society of Chemistry 2018
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Table 2 Comparison of separations with the separation module at different flow rates

Flow rate (mL min�1) Injection volumea (mL)
Mean retention
time (min)

RSD (%,
n ¼ 3)

Mean half peak
width (min)

RSD (%,
n ¼ 3)

Mean theoretical
plate number

RSD (%,
n ¼ 3)

10 2 4.34 2.3 0.662 4.6 238 2.2
20 2 3.42 3.5 0.458 3.2 310 7.3
30 2 2.70 4.7 0.338 6.2 356 3.5
40 2 2.06 3.8 0.265 3.8 333 8.1
50 2 1.64 2.9 0.253 4.6 232 2.4
60 2 1.38 5.1 0.215 2.7 230 2.6
10 5 4.38 3.1 0.782 2.9 174 2.5
20 5 3.51 3.6 0.514 3.4 257 4.3
30 5 2.81 6.7 0.376 1.7 309 6.3
40 5 2.08 4.5 0.308 7.8 252 2.9
50 5 1.69 5.2 0.291 2.6 187 3.1
60 5 1.44 6.3 0.268 2.1 158 3.7

a The RhB solution (5 ng mL�1) was injected in all determinations.

Fig. 4 EICs of reserpine (A) and juvenile hormone III (B) with a 2 mL
sample (5 ng mL�1) injection and a 30 mL min�1

flow rate.

Fig. 5 Linear calibration curve of pyridalyl (n ¼ 5) based on the LC
separation chip coupled with commercial TOF-MS.

Fig. 6 Deconvoluted peptides identified by off-line coupling the pre-
treatment chip (A) and a zip tip (B) with the TOF-MS.

Fig. 7 Deconvoluted peptides identified from methanol and acetone
elutions with the modular microfluidic platform. (A and B) Identified
peptides in the methanol elution without and with the separation chip,
(C and D) identified peptides in the acetone elution without and with
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peptides were also identied by the standard method (MALDI
TOF-MS), these results supported the applicability of the pre-
treatment module in pre-treating peptides.

Additionally, another peptide (m/z 1760.02) was identied
(Fig. 7A) when the pre-treatment module was on-line-coupled
with the nESI chip. This result may be attributed to the
comparably smaller dead volume and less sample loss relative
This journal is © The Royal Society of Chemistry 2018
to their counterparts when off-line-coupling the pre-treatment
chip and the TOF-MS. When all three modular chips were on-
line-coupled (Fig. 7B), the intensities of three peptides (m/z
1266.8, 1383.79, and 1760.03) increased compared with those of
the separation chip in the proposed microfluidic platform.
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their counterparts in the off-line and partly on-line congura-
tions (Fig. 6A and 7A). Furthermore, additional three peptides
(m/z 1192.85, 1208.83 and 1232.81) were also identied from the
acetone elution (Fig. 7D) with the proposed modular platform.
Moreover, three peptides (m/z 1192.85, 1232.81 and 1266.76) in
Fig. 7D were not observed in the acetone elution without the
separation chip (Fig. 7C). The total ion chromatogram of the
digested casein with the proposed microuidic platform was
similar to that obtained from conventional LC-MS, in which
total ion intensities were recorded as a function of time.
Preceding results reveal that the existence of the separation chip
in the proposed modular platform improved its performance in
identifying peptides.

Finally, the reproducibility of the modular platform was
evaluated by on-line-probing the trypsin-digested casein
continuously for twenty times. All peptides were observed in
each determination, and the relative standard deviation of their
ion intensities was between 7.2–27.3% (n ¼ 20), which was
comparable with that of their counterparts with the LC column
(5.8–23.6%, n¼ 20). Moreover, the average duration for each on-
line pre-treatment and identication of peptides in various
elution fractions was approximately 60 minutes, which was
comparable relative to that required for traditional methods,
consisting of manual pre-treatment with zip tips and off-line MS
identications. Because the proposed method avoids a great
deal of manual operation, the modular microuidic platform as
a conceptual prototype reveals the possibility to pursue
completely automatic identication for low volume samples in
proteomics and metabolomics.

Conclusions

Amodular microuidic platform composed of independent pre-
treatment, LC separation, and nESI chips, was developed for the
analysis of pesticide metabolites and peptides. The pre-
treatment module showed satisfactory performances in
extracting pyridalyl and its metabolites in the excrement of H.
armigera and desalinating PCR products. Moreover, the LC
separation chip demonstrated its ability in determining RhB,
reserpine, juvenile hormone III, and pyridalyl. It also showed
decent durability and stability in the pressure test. Finally,
improved identication of peptides was achieved with the on-
line desalination, separation, and nESI MS detection for
trypsin-digested casein by the modular microuidic platform.
These results indicate the potential of this proposed method in
elevating the identication throughput and alleviating the
laborious work in metabolomics and proteomics.

PDMS is an excellent material to facilitate easy fabrications
of microuidic chips, albeit with reported absorbance, which
could be inhibited by immersion in solvents42 or surface
modications.36 Additionally, the separation efficiency of the
separation chip in the proposed platform was worse compared
with that of a commercial LC column due to the comparably
poor pressure durability of the chip made of PDMS. If a glass
chip with the same conguration could be prepared to replace
the PDMS LC chip, the achieved separation efficiency would be
effectively improved. If an automated switching valve, which is
39816 | RSC Adv., 2018, 8, 39811–39817
capable of regulating various solution directions, could be
integrated in the proposed platform, it would clearly improve
the robustness and the detection throughput of the proposed
platform.
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