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suppression by non-phosphopeptides. Here, we report a strategy for the facile and rapid fabrication of
TiO,-nanoparticle-packed microchannel-array glass microchips (TMA-microchips) for in-tube solid-
phase microextraction (IT-SPME) using a plasma-assisted method for the precise alignment of the
microstructure. This proposed strategy was applied to the selective enrichment of phosphopeptides from
a protein digestion mixture, demonstrating the high capacity and selectivity of the SPME microchips. An

ﬁi‘?;ocrgjhnel array microchip important feature of this array design is that it fully exploits the advantage of nanoparticles for
In-tube solid phase microextraction improving extraction capacity and simultaneously provides an effective way to reduce the pressure for
MALDI-TOF-MS driving solutions; thus, it paves the way for future methods that simultaneously take advantage of
Phosphopeptides nanomaterials and microchips.
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1. Introduction

Solid-phase microextraction (SPME), invented by Arthur and
Pawliszyn [1], is a green analytical chemistry strategy for rapid
sample preparation. Compared to traditional sample preparation
methods, SPME offers several advantages: it is a non-exhaustive
extraction and integrates sampling, extraction, and introduction
of the sample in a single step [2]. Thus, it is beneficial to the sep-
aration of only a small portion of the target analytes from complex
sample matrices [3] such as those of biological, environmental and
food samples [4—9], especially in the case of polar and thermally
sensitive analytes [10]. With the appropriate design of devices such
as fiber-SPME, in-tube SPME (IT-SPME), in-tip SPME, stir-bar SPME
and membrane-SPME (M-SPME), this technique is conveniently
used in applications such as in vivo detection, automatic sampling
systems, and chromatography-coupled techniques [11—17]. Among
these SPME methodologies, IT-SPME has unique advantages,
including the ability to overcome weak mechanical properties, poor
efficiency and selectivity and also providing easy coupling to the
final determination systems. The properties of the extraction phase
are well known to determine the SPME performance with respect
to the selectivity and sensitivity of this method. Nanomaterials are
ideal adsorbents because they have a high specific surface area and
an adjustable pore size, which result in better extraction efficiency
and capacity [18]. However, irrespective of the favorable impres-
sion made by this satisfactory performance, the higher back-
pressure against the sorbent in packed columns or microchip
channels caused by the smaller particles is a problem that cannot
be ignored.

Protein phosphorylation plays an important role in modulating
the pathways for cellular signal transduction [19—21]. However, the
detection of phosphopeptides by mass spectrometry (MS) remains
a challenge because of their low abundance and poor ionization
efficiency [22] and because the signals are suppressed by non-
phosphopeptides. Thus, an enrichment technology for phospho-
peptides is particularly important for the improvement of their MS
signals. According to the literature, titania (TiO3) has a sufficiently
strong affinity toward phosphopeptides to enable the effective
enrichment of phosphopeptides from complex samples [23,24].
However, thus far, the preparation of pure titania monolithic col-
umns in capillaries and microchannels has proven difficult.

Interest in microfluidic devices has grown because of their
competitive advantages and wide range of applications, including
DNA separation, metal-ion detection and bioanalysis [25—29].
Various methods have been developed to suit different purposes
[30—32]. However, the interface between a microchip and the other
analytical techniques with tiny dead volume is a challenge. Liu et al.
[33] proposed a method which can integrate capillaries to micro-
channels with almost zero dead volume, which mirror symmetric
semicircular structures have to be etched on a pair of wafer and
precise alignment should be made before the bonding process to
get perfect circular microchannels. To achieve it, the glass should be
cleaned and activated with piranha solution which is time-
consuming and may lead to serious personal safety risk. The spe-
cial alignment holder is needed and the process is difficult.

In this article, we report the use of SPME with channel array
glass microchips coupled to a matrix-assisted laser desorption/
ionization time of flight mass spectrometer (MALDI-TOF-MS) for
detection, where the microchips are packed with TiO, nano-
particles for enrichment of phosphopeptides from digestion mix-
tures of a-casein, Pf-casein and BSA, also from digestion of egg
white. The channel array microchip was fabricated by a simple and
rapid approach using plasma-assisted precise alignment of the
microstructure. Each SPME microchip is composed of a bottom
plate and a cover plate. Both the bottom plate and the cover plate

were designed with four parallel microchannels. The channel array
structure decreases the requirement for a high driving pressure,
which is a consequence of the packing of nanomaterials, and can
also increase the extraction efficiency. In this work, four parallel
microchannels were sufficient for the analysis. In cases of more
complex biological samples, increasing the quantity of array
channels under the concept of array-orientation is extremely easy.

2. Material and methods
2.1. Chemicals

Hydrofluoric acid (HF), acetic acid and sodium hydroxide
(NaOH) were purchased from the Fuchen Chemical Reagent Factory
(Tianjin, China). Methanol, acetone and isopropanol were pur-
chased from Beijing Chemical Works (China). 3-(Trimethoxysilyl)
propyl methacrylate (y-MAPS), butyl methacrylate (BMA), ethylene
glycol dimethacrylate (EDMA), 1-propanol, 1,4-butanediol, and 2,2-
dimethoxy-2-phenylacetophenone (DMPA) were obtained from
J&K Scientific. The mono-phosphopeptide (FQpSEEQQQTEDELQDK)
and tetra-phosphopeptide (RELEELNVPGEIVEpSLpSpSpSEESITR)
were purchased from AnaSpec (USA). Titanium dioxide (anatase)
was obtained from Alfa Aesar. Ammonium fluoride (NHg4F),
ammonium hydroxide (NH3-H,O), bovine a-casein, bovine B-
casein, bovine serum albumin (BSA), 2,5-dihydroxybenzoic acid
(2,5-DHB) and phosphoric acid (H3PO4) were purchased from
Sigma-Aldrich. Sequencing-grade trypsin was purchased from
Promega (USA). Trifluoroacetic acid (TFA) and acetonitrile (ACN)
were obtained from Fisher Scientific. Purified water (18.2 MQ cm)
was used to prepare all solutions.

2.2. Equipment

The glass substrate layered with chromium and a photoresist
was exposed for 5 s with a BG-401A mask aligner (China Electronics
Technology Group Corporation No. 45 Research Institute). The di-
mensions of the channels were measured with a profilometer
(Dektak XT, Bruker, USA). The substrate surface was treated with
plasma using a PDC-002 plasma cleaner (HARRICK PLASMA).
Treatment effect tested with SL200KB optical contact angle &
interface tension meter (KINO Industry CO. Ltd., USA). A metallo-
graphic microscope used for precise alignment of the microstruc-
ture (Nikon LV100ND, Japan). The cross sections of the microchips,
the inner surfaces of the microchannels and the microscopic
morphology of the monolithic frit were characterized using a Nova
NanoSEM 430 (FEI, USA). A dicing machine (ADT Ltd., Israel, MODEL
7122.) was used for cutting the microchip into pieces for SEM. The
morphology of the TiO, nanoparticles was characterized using a
JEM2100 transmission electron microscope (JEOL Ltd., Japan). A
MALDI-TOF-MS (Shimadzu Biotech Axima Performance, Kyoto,
Japan) equipped with a 337 nm nitrogen laser was used for detec-
tion in the positive ion reflector mode.

2.3. Fabrication of TMA-microchip

2.3.1. Fabrication of channel array microchip

Two cycles of photolithographic and chemical wet etching were
used, respectively, for the preparation of the SPME array channels
and capillary connecting channels on a 2.3 mm thick 40 x 60 mm?
glass substrate layered with chromium and photoresist. We
designed two different photomasks for fabricating round channels
of two different diameters. The pattern line width of these two
photomasks was both 20 pm. The design for capillary channels on
the photomask was transferred onto the photoresist and chrome
mask following UV exposure. The microchannels were wet etched
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using a HF/NH4F solution in a 40 °C well-stirred bath for approxi-
mately 3 h. Then, the microchannel array of solid phase micro-
extraction was etched on the same glass substrates with the second
photomask. The final dimensions of the array microextraction
channels were 50 pm deep and 100 pm wide, with a length of 1 cm.
The capillary channels were 200 um deep and 200 pm wide, with a
length of 1.2 cm. Two pieces of etched substrates were rinsed with
acetone and isopropanol to remove the photoresist, and the Cr film
was eliminated with chrome etching solution. The substrates were
then thoroughly brushed with detergent to remove any attached
particles and washed with ultrapure water.

The pre-bonding details are as follows: the dry and clean sub-
strate surface was treated with plasma for 10 min under an air at-
mosphere using a PDC-002 plasma cleaner for surface cleaning and
activation. The substrates were put together face-to-face quickly
and pre-aligned with naked eyes, and aligned further under a mi-
croscope making sure that the edge of every one of the four parallel
array channels on each substrate as well as the merging point
aligned to form a complete array structure. If mal-alignment hap-
pens, we just need to move the cover plate to the exact position
under the guiding by the microscope easily and freely, the move-
ment of substrates is flexible under drying condition. When all
structures are perfectly aligned, 1 uL ultrapure water was dropped
at the edge of substrates to pre-bond the substrates. The substrates
were firmly held during the process to keep the alignment. Gentle
pressure was applied to any poorly attached area (with interference
fringe), the excessive water was removed under vacuum to avoid
the problem of microchip burst during subsequent thermal
bonding. Lastly, the array microchip was heated in a muffle furnace
up to 550 °C for permanent bonding, forming a sealed microchip.

2.3.2. Pretreatment of microchip

Before pretreatment of microchip, capillaries have to be used for
external connection by apply epoxy glue to the peripheral surface of
the insertion segment [34], then rotatingly inserted. In particular,
the outer diameter of the inserted capillary need to match with the
outer diameter of the capillary connecting channels of the micro-
chip well, also the cross-section of the capillary insertion end need
flattened without significant bevels for less dead volume.

The channels were sequentially washed with 1 mol/L NaOH
(2 h), water (30 min), acetone (30 min) and then dried under ni-
trogen to activate the silanol groups. The channels were subse-
quently vinylized by being filled with acetone/3-(trimethoxysilyl)
propyl methacrylate (v:v=1:1), which was allowed to react over-
night. The channels were then flushed with acetone and dried.

2.3.3. Preparation of monolithic frits

The reaction mixture consisting of 24.0% BMA, 16.0% EDMA,
47.68% 1-propanol, 5.96% 1,4-butanediol, 5.96% H,0 and 0.4% DMPA
was sonicated for 10 min to obtain a homogeneous solution and
subsequently purged with nitrogen for 5min. The pre-
polymerization solution was introduced into the vinylized micro-
chip. The microchip was then sealed at both ends with rubber
stoppers. The polymerization location was accurately controlled by
wrapping with opaque adhesive tape and cutting windows
(<0.5mm) with a razor blade. The entire microchip system was
placed in the UV reaction tank (CBIO-UV8, 254 nm, 18 W) for
25 min. The reaction was terminated by washing with methanol.

2.3.4. TiO;y slurry packed details

The slurry of TiO2 nanoparticles was injected into the PEEK pipe.
Each side of the PEEK was then connected to the capillary of the
microchip, and the capillary used for preventing back suction with
a union. Lastly, the end of the passage was connected to a chro-
matographic pump for filling to a pressure of 3000 psi.

2.4. Enzymolysis of egg white

The eggs were purchased from a local supermarket, then the
separated egg white (50 pL) was processed as follow [16]: 50 mmol/
L 250 pL NH4CO3 solution (with 8 mol/L urea) was introduced and
incubated at 37 °C for 30 min; 25 pL dithiothreitol was added and
the solution was incubated for 1h at 55°C; further, added 50 pL
200 mmol/L iodoacetamide after cool to room temperature, and the
solution was maintaining avoiding of light. In the end, the mixture
was mixed with 5 pL 2 mg/mL trypsin solution and digested at 37 °C
for 24 h. The tryptic digestion was stored at —20 °C for future use,
when use the sample was diluted 20 times by sampling solution.

2.5. Enrichment of mono- and tetra-phosphopeptides using TMA-
microchip-SPME

Standard samples of mono-and tetra-phosphopeptide were
made up into stock solutions of 500 umol/L using 0.1% formic acid
(pH 3); these stock solutions were subsequently diluted to different
concentrations (2 umol/L, 5 umol/L, 10 umol/L, 20 umol/L, 40 pmol/
L, and 60 umol/L). Before extraction, 0.1% formic acid was pumped
through the SPME channels in the microchip for conditioning. A
solution vial was then filled with a 10 pL sample and driven through
the channels at 100 psi. Under the same conditions, 20 pL of formic
acid was flowed through the channels to wash them. A 1% NH4OH
(10 pL) solution was then used to desorb the extracted phospho-
peptides. The effluent solution was collected from the outlet of the
channels after extraction and desorption for further UV detection.
The channel eluents were introduced into a capillary UV detector
and monitored at a wavelength of 214 nm.

2.6. Enrichment process of tryptic digests of the mixture of a-casein,
B-casein and BSA using TMA-microchip-SPME

Digestion samples containing a-casein, B-casein and BSA in
molar ratios of 1:1:1,1:1:10, and 1:1:100 were dissolved in 1% TFA/
ACN 50/50 (v/v). The concentration of a-casein was 3.8 x 10~7 mol/
L, that of B-casein was 4.0 x 10”7 mol/L, and those of BSA were
52 x 107" mol/L, 5.2 x 10~®mol/L and 5.2 x 107> mol/L, respec-
tively. The mixed solutions were placed into a nitrogen-pressurized
chamber. The loading solution was driven through the microchip
under an applied pressure of 100 psi. An acidic loading buffer was
flowed through the microextraction channels to eliminate the re-
sidual sample solution and to remove the unretained matrix. The
1% NH4O0H (10 pL) solution then desorbed the extracted phospho-
peptides. The driving pressure was set to 100 psi at all times. The
effluent solution was collected from the outlet. The collection so-
lutions were mixed in a ratio of 1:1 with the MALDI matrix, which
was composited of DHB (20 mg/L 2,2-DHB in 50% ACN) with 1% (v/
v) phosphoric acid, for MS detection.

2.7. Enrichment of (-casein for evaluating the detection of limit
Ten microliters of tryptic digest of B-casein (4.0 x 10~° mol/L)

was driven through the SPME microchip and the same conditions

for evaluating the detection of limit. The 1% NH4OH (5 pL) solution

then desorbed the extracted phosphopeptides. The driving pres-

sure was set to 100 psi at all times.

3. Results and discussion

3.1. Channel arrays microchip design and characterization

Two cycles of photolithographic and chemical wet etching were
used for the preparation of the SPME array channels and capillary
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connecting channels, respectively, on a 2.3 mm-thick 40 x 60 mm?
glass substrate layered with chromium and photoresist. The design
on the cover plate is a mirror image of that on the bottom plate, as
shown in Fig. S1. One of the most important factors for successfully
preparing microchips is cleanliness [35]; thus, all processes were
carried out in a clean-room. The photolithographic and chemical
wet etching procedures have been described elsewhere [36]. By
accurately controlling conditions such as exposure time, mainte-
nance of cleanliness and etching time, we fabricated the channels
with the required dimensions and a smooth internal surface that
satisfies the requirement for nanoparticle packing (Fig. 1 and
Fig. S2). After the wet etching process, the dimensions of the
channels were measured using a profilometer. The microextraction
channels had a depth of 50—55 pm and a width of 100—120 pm. The

Fig.1. SEM images of the microchannels. (A)—(C) Top view of the SPME microchannels
on the bottom plate before bonding. (D) Top view of the junction region of the SPME
microchannel and the capillary connection channel on the bottom plate before
bonding. Cross-sectional views of (E) the sealed capillary connection channel and (F)
the sealed SPME microchannels. (G) Cross-section view of the sealed SPME micro-
channels immobilized with monolithic frits. (H) Magnified image of the monolithic frit
from (G).

capillary connecting channels had a depth of 190—200 um and a
width of 200—220 um. The lengths of the microextraction channels
and capillary connection channels were measured using a digital
calliper as ~1.0 cm and ~0.5 cm, respectively. The top-view scanning
electron microscopy (SEM) images show that the unbonded
microchannels are uniform and smooth (Fig. 1A—D).

The bonding process is one of the critical processes for glass
microchip fabrication and still a challenge. Here, we have proposed
a new protocol using plasma assistance for precisely aligning the
microstructures on the bottom plate with those on the cover plate
for pre-bonding. Plasma is often used in the preparation and
etching of organic polymer microchips with a good activation ef-
fect, such as PMMA and PDMS [37,38], but “piranha solution”
(H2S04:H0, =3:1) is frequently used for glass substrates. The
protocol proposed here avoids the use of the dangerous “piranha
solution” and achieves an easy and rapid precise alignment of the
microchannels on the different glass plates, which is an attractive
feature, especially for the preparation of microchips with a complex
microstructure on both the bottom plate and cover plate. In tradi-
tional methods, the use of piranha solution for cleaning and acti-
vating the glass surface both creates a serious personal safety risk
and is time-consuming. However, the proposed plasma-assisted
method is an extremely green and safe method that not only
rapidly completes the cleaning and alignment processes but also
produces excellent surface activation, resulting in an obvious in-
crease in the bonding strength, because the surface treated with
plasma exhibit admirable hydrophilic properties as shown in
Fig. S3, the contact angle of untreated glass surface is 75.42° and
after treated with piranha solution for 30 min is 21.58°, but the
contact angle on the glass surface treated with plasma for 10 min is
less than 5°.

In addition, the more striking advantage is that the plasma
pretreatment method provides an extremely convenient method
for precise alignment. In our microchips, capillaries have to be used
for external connection, etching on one plate for capillary connec-
tion channels may lead to extremely large dead volume at the
junction area of the connection channel and the packing channel. It
may also cause inappropriate packing of particles at this area.
Etching on bottom and cover plate ensure the coaxial connection
for extraction and capillary channels. The appearance of them are
both circular after permanent bonding which avoid the irregular
flow patterns that may occur for semicircular or trapezoidal pack-
ing channel of microchip when only etching at one plate. Although
plasma may not be efficient for removing particles, the clean pro-
cess of glass surface with brush can efficiently remove large par-
ticles and ensure good surface activation by plasma. The most
significant aspect of plasma assisted alignment is its simplicity. It
can be conducted with almost 100% success under a microscope
without need of any special tools. Avoid of use of dangerous piranha
solution is of course another advantages. Fig. 2 shows the optical
microscopy images of the microchannels before and after accurate

Fig. 2. Optical microscopy images of the microchannels before (A) and after (B) precise
alignment.
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alignment. After the plasma treatment, the pre-bonded plates
remained flexible and moving throughout the alignment process,
which provided a convenient preparation technology for micro-
chips having complex microstructures on both the bottom and
cover plates. This protocol overcomes the limitation of the align-
ment method performed in water [28,39], where accurate align-
ment of the microstructures on the plates is difficult because the
bottom plates are attached too tightly to move under the action of
surface tension of water after contacting the cover plate. The pre-
bonding details are shown in the Experimental section.

After the pre-bonding process was completed, the microchip
was heated in a muffle furnace for permanent bonding to form
sealed channels. SEM cross-sectional images of the sealed micro-
channels are shown in Fig. 1TE—G. These images show that the
bottom plate and the cover plate are well bonded to each other,
merging into an integral structure without any trace of bonding.
The microchannels are approximately round, which makes them
well matched with the external capillaries and clearly demon-
strates that the proposed plasma-assisted precise alignment
method can be used to fabricate very high quality microchannels.
Impressively, the as-prepared microchip exhibited bonding
strength sufficient to withstand extremely high pressures. In later
work, we connected the microchip to a chromatography pump for
the subsequent packing process. When the pump output pressure
reached 3000 psi for 1h, the microchip remained intact and no
leakage or fracture was observed. The microchip withstood a
pressure greater than 3000 psi, making it compatible with most
experimental chromatographic conditions. Photographs of the
channel array microchip are shown in Fig. S4. The microchip has
three sets of parallel channels array for analysis. Each set has four
parallel microchannels sharing the same inlet and outlet. Fused
silica capillaries (100 pm L.D. x 365 pm 0.D.), which were used for
external connections, were inserted into the ends of the connection
channels and sealed in the channels using epoxy adhesive with
maximal pressure far more than 3000 psi. The internal diameter of
the capillary and that of the extraction channel are similar, which is
beneficial for further processes, reducing the risk of nanoparticles
accumulating in improper positions as a result of a mismatch be-
tween the capillary and the SPME channels.

3.2. Monolithic frit characterization

Next, the microchip was pretreated for the subsequent experi-
ments. The channels were flushed with a sequence of 1 mol/L
NaOH, water, and acetone and were dried with nitrogen to activate
the silanol groups on their surface. The channels were then vinyl-
ized by being filled with a solution of acetone/3-(trimethoxysilyl)
propyl methacrylate (v:v = 1:1), which was allowed to react over-
night. The channels were then flushed with acetone and dried.
Before nanoparticle packing, monolithic frits with a length of
approximately 1 mm were synthesized via an in situ UV-initiated
polymerization method and were immobilized at the end of the
SPME channels (see the Experimental section). A cross-sectional
SEM image of the monolithic frits is shown in Fig. 1G. The frits fit
tightly within the inner surfaces of the microchannels without any
gaps. Fig. 1TH displays a magnified image of the monolithic frit,
which shows a three-dimensional porous network structure fa-
voring the flow of solutions.

3.3. TiO, nanoparticle packing

TiO, nanoparticles were packed into the SPME microchannel
using a slurry packing method (see the Experimental section). A
transmission electron microscopy (TEM) image of the TiO, nano-
particles and their Brunauer-Emmett-Teller (BET) measurement

results are shown in Fig. S5 and Fig. S6. The TiO, nanoparticles
exhibit an average diameter of 15 nm. Experiments demonstrated
that the monolithic frits with an average pore size of ~1 pm retained
the TiO, nanoparticles.

3.4. The principle of monolithic frit

A schematic demonstrating the principle by which the mono-
lithic frit holds the nanoparticles is shown in Fig. 3. The monolithic
frit has a three-dimensional continuous skeleton with inter-
connecting micropores, and the cross-linked polymer network acts
as the keystone holding the TiO, nanoparticles. When the slurry
flows through the monolithic frit, some of the nanoparticles are
retained in front of the frits and others pass through the micropores
into the inside of the frits. As the packing process proceeded, the
first immobilized nanoparticles inside ravines and on the surface of
the frit acted as keystones for blocking subsequent nanoparticles
and allowing the packed segment to increase in length [40,41]. The
“keystone effect” ensures the success of the packing process.
Finally, after packing, we obtained the TiO, nanoparticle packed
channel array glass SPME microchip with a ~2.0 cm effective length
of extraction phase.

3.5. Enrichment of phosphopeptides by TMA-microchip-SPME

TiO, has a strong affinity for phosphopeptides resulting from
Lewis acid—base action, resulting in the formation of bridging
bidentate bonds with phosphate anions; TiO; binding is one of the
most prevalent approaches for the enrichment of phosphopeptides.
The enrichment performance of SPME for phosphopeptides using
the TiO2 nanoparticle packed channel array microchip was initially
investigated using a mono-phosphopeptide (FQ-pS-EEQQQTE-
DELQDK) and a tetra-phosphopeptide (RELEELNVPGEIVEpSLp-
SpSpSEESITR); details are provided in the Experimental section.
Phosphopeptides were retained using 0.1% formic acid (pH 3) and
were eluted with 1% aqueous NH4OH (pH 10). The procedure for
phosphopeptide analysis using the SPME-MALDI-MS method is
schematically shown in Fig. 4. Briefly, the sample was placed into a
solution vial, then the loading solution was driven through the
SPME microchannels by applied a pressure of 100 psi sequentially.
We collected the effluent solution from the outlet after extraction
and desorption for further analysis. Experiments confirmed that,
even after nanoparticles were added as a packing material, the

#2 Monolithic frit

@ Nano titania particles

Fig. 3. Schematic of the principle by which the monolithic frit holds the nanoparticles.
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Fig. 4. Schematic of the procedure for phosphopeptide analysis using TMA-microchip-SPME.

channel array design ensured the smooth progress of the experi-
ment at pressures as low as 100 psi. Fig. S7 and Fig. S8 show
chromatograms and a series of concentration and calibration
curves collected with UV detection of the mono- and tetra-
phosphopeptides before and after enrichment. These results
reveal that both the mono- and multi-phosphopeptides could be
extracted with TiO; nanoparticles. These results demonstrate that
TiO, nanoparticles with large specific surface areas exhibit a high
enrichment capacity.

As for the characterization of the monolithic frit with packed
TiO2 nanoparticles before and after enrichment, capillaries which
prepared with monolithic frit and packed with TiO, nanoparticles
were used to simulate microchips for obtaining SEM images. The
Fig. S11 implies that TiO, nanoparticles packed monolithic frit had a
stable structure before and after enrichment.

In practical applications, the enrichment of low abundance
phosphopeptides in complicated biological systems becomes an
inevitable obstacle. To further evaluate the performance of TMA-
microchip-SPME under complex circumstances, the TMA-
microchip-SPME was used to enrich phosphopeptides from diges-
tion mixtures of a-casein, B-casein and BSA with different molar
ratios of 1:1:1,1:1:10 and 1:1:100. The concentrations in the tryptic
digest of o-casein and p-casein were 3.8 x 107’ mol/L and
4.0 x 10~7 mol/L, respectively. The processes of tryptic digestion are
described elsewhere [16], and the extraction process is described in
the Experimental section. Four parallel TiO, nanoparticle packed
channels in the microchip had a total effective length of ~2.0 cm.
The results of the direct analysis of the digested proteins without
extraction are shown in Fig. 5(A, C). Only three phosphopeptides
could be detected in the mixture with an a-casein, f-casein and BSA
molar ratio of 1:1:1. When the complexity of the biological envi-
ronment was increased, with an a-casein, f-casein and BSA molar
ratio of 1:1:10, only two phosphopeptides could be identified,
indicating that identification of phosphopeptides in more complex
systems was impossible without extraction.

After enrichment with TMA-microchip-SPME, the signals of
phosphopeptides dramatically increased, as shown in Fig. 5(B, D).
More than fourteen phosphopeptides were detected; the details for
the identified phosphopeptides are listed in the Supporting Infor-
mation, Tables S—1. The signals at m/z=1944.6, 2721.5, 3008.1,
2352.1, 2966.4, 3123.0 correspond to the multi-phosphopeptides;

the others are unambiguously identified as mono-
phosphopeptides. These results indicate that the TiO; nano-
particles used in the experiments were specifically selective toward
both mono- and multi-phosphopeptides. Because of their stronger
Lewis acid-base action, the multi-phosphopeptides have a more
stable binding affinity. However, almost all of the multi-
phosphopeptides could be detected by one step elution, despite
the fact that the S/N ratio was lower than that of the mono-
phosphorylated peptide as a consequence of poorer ionization ef-
ficiency. In addition, as reported in the literature [42], extraction
with an acidic mobile phase containing substituted aromatic car-
boxylic acids can avoid nonspecific binding of acidic non-
phosphopeptides. We demonstrated this effect by using a trypsin
digestion mixture with a molar ratio of 1:1:100 and including a
certain amount of DHB (Fig. S9). The signals, which exhibited a high
signal-to-noise ratio after extraction, were clearly identified. We
also extracted a small amount of B-casein to evaluate the detection
limit of this enrichment method (see the Experimental section). As
shown in Fig. S10, both the mono- and multi-phosphopeptides
were clearly recognized, with a high signal to noise ratio, at
40 fmol. These results indicate that SPME using a TiO, nanoparticle
packed channel array microchip demonstrated excellent selectivity
toward phosphopeptides, with high detection sensitivity.

The control experiment of using the microchips without packing
the TiO; nanoparticles for enrichment is presented in Fig. S12. It
shows clearly that phosphopeptides couldn't be identified after
enrichment with the microchips without packing TiO, nano-
particles. The length of monolithic frits is about 1 mm, compared
with TiO, nanoparticles, the monolithic frits have little influence on
the extraction, and the TiO, nanoparticles have high specific surface
area and obvious Lewis acid-base effect with the phosphopeptide,
which is far greater than that of monolithic frits adsorption.

3.6. Application in actual egg samples analysis using TMA-
microchip-SPME

Further, actual egg samples were applied for demonstration.
Before enrichment, the sample solution of egg white was diluted 10
times with ultrapure water and the enrichment procedures for egg
white were similar with the digestion samples of a-casein, 3-casein
and BSA. Briefly, 20 pL 1% TFA/ACN 50/50 (v/v) loading buffer was
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Fig. 5. MALDI mass spectra obtained from a tryptic digest of a-casein, f-casein and BSA without (A, C) and with (B, D) SPME extraction using TMA-microchip. The molar ratios of a-
casein, B-casein and BSA are 1:1:1 (A, B) and 1:1:10 (C, D). The concentrations in the tryptic digest of a-casein and f-casein were 3.8 x 10~7 mol/L and 4.0 x 10~7 mol/L, respectively.

Phosphopeptides are labeled as o and p.

pumped through the SPME channels in the microchip for condi-
tioning. Then the mixture containing 10 uL diluted egg white
sample and 10 pL loading solution was placed into a nitrogen-
pressurized chamber and driven through the microchip. After
washing with the same acidic loading buffer (20 uL), the extracted
phosphopeptides in egg white was desorbed by 10 uL 1% NH4OH.
The driving pressure was set to 200 psi at all times. The effluent
solution was collected from the outlet for MALDI-TOF-MS analysis.

The Fig. 6 illustrates the significant changes before and after
TMA-microchip-SPME from the tryptic digest of egg white. There is
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Fig. 6. MALDI mass spectra obtained from a tryptic digest of egg white without (A) and
with (B) SPME extraction using a TMA-microchip.

no detectable phosphopeptide from the egg white solution without
extraction. Gratifyingly, there are three distinct peaks for phos-
phopeptides, = 2090.98(EVVGpSAEAGVDAASVSEEFR), = 2904.41
(FDKLPGFGDpSIEAQCGTSVNVHSSLR), 3846.47 (ISQAVHAAHAEI-
NEAGREVVGpPSAEAGVDAASVSEEFR), which derived from oval-
bumin in egg white. The extraction effect of the TMA-microchip is
better than that of pure TiO, packed monolith column. These re-
sults indicate again that TMA-microchip-SPME demonstrated
excellent selectivity toward phosphopeptides, with high detection
sensitivity.

4. Conclusions

In summary, we have developed an SPME method involving a
TiO, nanoparticle packed channel array glass microchip coupled
with MALDI-TOF-MS for the analysis of phosphopeptides. Four
parallel TiO, nanoparticle-packed array channels with a total
effective length of ~2.0 cm in the microchip achieved the extraction
of phosphopeptides from a complex protein system. SPME using a
TiO, nanoparticle packed microchip exhibits ideal properties for
the enrichment of phosphopeptides, including clear selectivity and
high capacity. Meanwhile, the TMA-microchip-SPME strategy has a
high sensitivity and is amenable to automation and miniaturiza-
tion. The array-oriented design contributes to the full use of the
advantages of the enormous surface area and variety of nano-
materials and the miniaturization of microchips. This approach
eliminates the limitations of high pressures, and this technique is
expected to be extended to more complex biological or environ-
mental analyses and to more integrated total microanalysis sys-
tems. Because, faced with intricate samples, in general, a series of
processing steps is indispensable for accurate analysis the target
analyte, the array design narrows down the space and increases the
effective area also can integrate a variety of pretreatment and
analysis channels in a single microchip. In addition, we proposed a
plasma-assisted glass microchip fabrication method that provides
an easy technique for the precise alignment of complex micro-
structures meeting the demands of production for glass microchip
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with more and more complicated design. Thus, the methods
demonstrated in this article are expected to advance the integra-
tion of total analysis systems using microchips in combination with
high functional nanomaterials.
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