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Tailoring of a TiO2 nanotube array-integrated portable
microdevice for efficient on-chip enrichment and
isotope labeling of serum phosphopeptides3
Qianhao Min, Xueqin Chen, Xiaoxia Zhang and Jun-Jie Zhu*
Herein we present a gravity-driven microdevice furnished with tunable TiO2 nanotube arrays (TNAs) inside
as the separation medium for consecutive on-chip enrichment and isotope labeling of serum
phosphopeptides. The 3D tubular architectures of TNAs dramatically enhanced the affinity towards
phosphate-containing molecules and also provided a spacious microenvironment for isotope dimethyl
labeling reactions. To maximize the efficiency and capacity of the phosphopeptide enrichment, nanoscale
tailoring and microscale fabrication were employed for adjusting the TNAs’ pore sizes and the channel
patterns. The S-shaped microdevice equipped with interior TNAs anodized at 25 V was utilised for
consecutive serum processing, and further differential expression analysis of endogenous phosphopeptides between ovarian cancer patients and healthy women. The phosphorylated fibrinogen peptide A
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(FPA, AD[pS]GEGDFLAEGGGVR) was found to be down-regulated by about 4 times while its isoform
(D[pS]GEGDFLAEGGGV) was 2.4-fold up-regulated in the patient specimens. In principle, this nanos-
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tructure-embedded model introduced tailor-made bioseparation materials into the microdevice,
undoubtedly facilitating the workflow of sample pretreatment and thus assisting the analysis of
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disease-associated biomolecules in biomedical research.

Introduction
With the advent of lab on a chip technology, microdevices
have been recognized as the new favorite platform in various
fields of biomedical research over the past decade.1–3 Aimed at
exploring proteins in healthy and diseased biological systems,
proteomics provides a broad arena for microdevices to display
their advantages as an analytical method.4–6 In recent years,
many endeavors have been devoted to on-chip proteolysis,
microchip liquid chromatography (LC) systems and cell
proteomic chips with the introduction of the lab-on-a-chip
concept into mass spectrometry (MS)-based proteomics.7–9
However, while simplifying the operation procedure and
reducing the sample cost compared to conventional strategies,
the highly integrated microchips also limit the flexibility of
sample processing, such as chemical modification and isotope
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labeling, which is easily achieved by an in-solution approach
and of essential significance in quantification research for the
guidance of clinical detection. Given the above, an analytical
platform combining the virtues of both on-line and off-line
pretreatments is in urgent demand for the clinical detection of
biomarkers and the potential diagnosis of diseases, and a
portable microdevice for consecutive sample collection,
separation and labeling can act as the ideal candidate.
Protein phosphorylation is an important mode for kinases to
regulate the cellular processes in an organism.10 Up- and downexpression of phosphorylation is often associated with the
occurrence of human diseases and cell cancerization.11 Thus,
quantification of phosphorylated peptides is expected to play a
vital role in expounding disease mechanisms and aiding
clinical diagnosis. Unfortunately, it is always an arduous task
in the MS analysis approach, due to the low-abundance of
phosphopeptides and the high-complexity of counterparts. To
address this problem, a myriad of strategies have been
proposed for the efficient separation and enrichment of
phosphopeptides.12–14 Among them, metal oxide affinity
chromatography (MOAC) materials, represented by TiO2-based
materials, have shown outstanding properties in specificity and
selectivity for enrichment of phosphopeptides during sample
pretreatment. To date, numerous types of TiO2 nanostructures
as well as TiO2-containing composites have been applied in on-
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line and off-line enrichment of phosphopeptides as packing
materials and phosphopeptide adsorbents.15–19
So far there have been several approaches proposed for the
local preparation of nanostructures in the channels of microdevices, such as ZnO nanowires, monolithic 3D porous silica and
3D networks of carbon nanotubes based on silicon pillars, with
the purpose of particle trapping, fluid mixing and sensing.20–22
However, there are still few reports involved in microfluidic
devices integrated with morphology-tunable TiO2 nanostructures
for on-chip separation. Recently, a novel TiO2 nanostructure
composed of highly ordered self-assembled nanotubes,23 TiO2
nanotube arrays (TNAs), has been prepared from Ti foil or Ti film
on fluorine-doped tin oxide (FTO), indium tin oxide (ITO) and
silicon wafer via electrochemical anodization,24–26 and eventually
used in photocatalysis, solar cells, biomedical devices and drug
delivery for its unique features.27 It is also expected that the large
surface area and facile mass transfer provided from its tubular
architecture can provide ideal microenvironments for biomolecule entry and immobilization. In addition, due to the substratedependent growth characteristic of TNAs, the substrate material
could also serve as the microchip substrate in the fabrication,
thereby enabling the integration of TNAs into microdevices for
on-chip phosphopeptide processing.
Inspired by this, we herein report a portable microdevice
integrated with TNAs as a separation medium, along with the
protocol for the quantification of endogenous phosphopeptides from human serum by on-chip enrichment and isotope
labeling, followed by MALDI-TOF MS analysis. So far as we
know, this is the first time that TiO2 nanotube structures are
generated in situ as the matrix in a miniature device for
biological separation. In our case, TNAs were anodized on a
non-conductive glass slide from the patterned Ti film cover,
which was produced by magnetron sputtering and shaped by a
series of surface microfabrication procedures. To form a
separation channel, a PDMS slab was cast with the shaped
channel consistent with the TNAs film pattern and then
bonded onto the glass slide. Fig. 1 illustrates the appearance
and interior structure of the microdevice as well as the whole
procedure of on-chip enrichment and isotope labeling of
phosphopeptides. In the separation section of the microdevice, TiO2 nanotubes align regularly along the bottom of the
flow path, expected to capture phosphopeptides, separating
them from the non-phosphorylated counterparts. Owing to the
innate convenience of microdevices, the waste flows out of the
channel immediately after the phosphopeptides are captured,
allowing on-chip isotope dimethyl labeling for further quantification of phosphopeptides. In this manner, phosphopeptide
detection and quantification from biological samples can be
continuously implemented in the same microdevice.

Experimental
Reagents and materials
Trifluoroacetic acid (TFA), 2,5-dihydroxybenzoic acid (2,5DHB), bovine serum albumin (BSA), trypsin (from bovine
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Fig. 1 Scheme of the TNA-integrated microdevice and workflow of on-chip
enrichment and isotope dimethyl labeling of phosphopeptides for quantification by MALDI-TOF MS.

pancreas, TPCK treated), a-casein (from bovine milk), b-casein
(from bovine milk), formaldehyde (CH2O, 37 wt% in H2O),
formaldehyde (CD2O, 20 wt% in D2O, 98 atom% D), and
sodium cyanoborohydride (NaBH3CN) were all obtained from
Sigma (St. Louis, MO). A standard phosphopeptide mixture
containing singly tyrosine phosphorylated peptide (pY,
NVPLpYK, [M + H]+ = 813.3912), singly serine phosphorylated
peptide (pS, HLADLpSK, [M + H]+ = 863.4082), singly threonine
phosphorylated peptide (pT, VNQIGpTLSESIK, [M + H]+ =
1368.6776) and doubly serine phosphorylated peptide (2 pS,
VNQIGTLpSEpSIK, [M + H]+ = 1448.64) was obtained from
Waters Co. (Milford, MA). An AZ4562 positive photoresist was
provided by 55th institute of Nanjing Branch of China
Electronic Sci-tech Group. An SU-8 2050 negative photoresist
was purchased from MicroChem (Newton, CA). 25% tetramethyl ammonium hydroxide (TMAH) was obtained from
Shanghai Reagent Co. (Shanghai, China). Acetonitrile (ACN)
(chromatographic grade) was obtained from Merck
(Darmstadt, Germany), and all other chemicals were of
analytical grade.
Design and construction of the microdevice
RF magnetron sputtering. A commercial 76.2 mm 6 25.4
mm 6 1 mm glass slide was cut into four 19 mm 6 25.4 mm
6 1 mm slides. After sonication in alcohol, the slide was
utilized as a substrate for Ti film deposition using the RF
magnetron sputtering technique from a 99.99% pure Ti target
(2 inch in diameter, 4 mm thick, purchased from Shenzhen
Jintai Vacuum Technology Co., Ltd). The deposition process
was carried out at room temperature. Based on the calculated
sputtering rate and adjusted deposition time, about a 500 nm
thick Ti film was finally obtained.
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Fig. 2 (a) Schematic illustration for the fabrication and anodization of the linear Ti film on a glass slide; (b) photographs of the linear and S-shaped microdevices
during the fabrication procedures.

Fabrication of patterned Ti film. The patterned Ti film was
fabricated by a photolithographic and wet etching procedure.
The Ti film pattern was designed as a T shape, with a 15 mm
6 1 mm line attached to a 10 mm 6 5 mm rectangle for
circuit connection in anodization. The whole fabrication
process is illustrated in Fig. 2a. First of all, a thin layer of
AZ4562 positive photoresist was spin-coated onto the Ti filmcovered slide at 3500 rpm for 30 s. After being baked at 90 uC
for 10 min on a hot plate, the slide was exposed to UV
radiation (250 W) for 150 s using a designed photomask. After
that, it was developed in 2.38% TMAH aqueous solution for 3
min to dissolve the exposed photoresist. The bare Ti film was
then removed in 5% HF for 30 s to generate the Ti film coated
with T-shaped photoresist. Eventually, the patterned Ti film
was recovered by removing the photoresist coat in acetone.
Anodization of Ti film. After being washed with alcohol and
distilled water, the Ti film-covered slide was connected into a
circuit as an anode and dipped into an electrolyte medium of
0.25 wt% NH4F/ethylene glycol solution. The liquid level of
electrolyte was kept right at the intersection of the linear part
and rectangular part of the Ti film. Anodization was performed
without stirring at room temperature by using a 1 cm 6 1 cm
platinum foil as a cathode. Both anode and cathode were
linked to a regulated DC power supply APS3005S (output
voltage 0–30 V, output current 0–5 A, Atten, Shenzhen, China).
From the generation of bubbles on the cathode, TiO2
nanotube arrays (TNAs) were grown on the glass slide
substrate. The electrochemical treatment stopped when there
were no more bubbles rising from the platinum foil cathode.
After anodization, the square part of the Ti film, which acted
as the connection point during the electrochemical process,
was eliminated by 5% HF. Finally, the obtained 15 mm 6 1
mm linear film composed of TNAs was washed with deionized
water and heated at 60 uC to dryness. The above procedure also
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applied to the fabrication of a Ti film with S-shape or other
patterns.
Fabrication of PDMS cover. In order to construct a
microdevice by using an as-prepared patterned TiO2 nanotube
film, we next sought to fabricate a PDMS cover carved with the
same pattern. The patterned PDMS cover was fabricated using
soft lithography and replica molding. Firstly, a 70 mm thick
film of SU-8 2050 negative photoresist was prepared on a
silicon wafer by spin-coating at 1500 rpm for 30 s. The
photoresist coated silicon wafer underwent UV exposure (250
W) for 90 s with a photomask, on which a pattern was
designed as the reverse phase of the channel pattern adopted
in the Ti film fabrication. After development in SU-8 developer,
the mold was further heated at 150 uC for 10 min. At the end of
the SU-8 pattern on the mold, a 35 mm long silicon rubber
tube (ID 1 mm, OD 3 mm) was adhered upright as an inlet.
Afterwards, the PDMS prepolymer mixture (Sylgard 184, Dow
Corning, monomer/curing agent = 10/1) was poured onto the
mold and cured horizontally at 70 uC for 2 h. After being cut
and peeled off from the mold, the PDMS slice was punched at
the other end of the linear pattern to produce an outlet
reservoir with a diameter of 3 mm.
Construction of microdevice. Both the TiO2 nanotube
pattern-coated slide and the PDMS cover were treated with
oxygen plasma (Harrick Scientific Corporation, Ossining, NY)
for 1 min. After being taken out, they were overlaid so the
patterns aligned and tightly compressed together to form a
sealed microdevice.
Tryptic digestion of proteins
1 mg of a-casein, b-casein and BSA were dissolved in 1 ml of 50
mM ammonium bicarbonate buffer solution (pH = 8.1), and
incubated with trypsin at the ratio of enzyme-to-substrate of
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1 : 40 (w/w) in a shaker at 37 uC for 16 h. The tryptic digestion
was terminated by the addition of 10% TFA.
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On-chip enrichment of phosphopeptides in the microdevice
Digests of a- and b-casein for phosphopeptide enrichment
were diluted to different concentrations with loading buffer
consisting of 6% (v/v) trifluoroacetic acid (TFA) and 50% (v/v)
ACN (pH = 0.8). TiO2 has been reported to display amphoteric
ion-exchange properties. In this low pH solution, unsaturated
Ti atoms in the surface are positively charged and display
anion-exchange properties, which enable high binding affinity
towards phosphates.14,15 The fluid movement in this microdevice was designed to be driven by gravity. Therefore, the
height of the liquid level is a key factor in keeping a relative
constant flow rate for on-chip enrichment. For the linear and
S-shaped channels, the height of the liquid level was fixed at
15 mm and 30 mm respectively to achieve the flow rate of ca. 2
mL min21. If the liquid level dropped by 5 mm, more blank
solution would be added to reach the initial height.
Prior to on-chip enrichment, the whole channel was filled
with loading buffer in order to avoid blockage by bubbles
during the sampling process. 5 mL of tryptic digests of a- and
b-casein with known concentration were injected into the inlet
followed by addition of loading buffer to control the liquid
level at the fixed height as explained above. After the addition
of 20 mL loading buffer, 20 mL of 0.1% TFA aqueous solution
(pH = 1.8) and 0.1% TFA in 80% (v/v) ACN (pH = 1.6) were used
to rinse the non-phosphopeptides attached to the channel,
respectively. Before the elution step by NH3?H2O, the washing
solution was blown out of the channel by a syringe. Next, 10%
NH3?H2O (pH = 12.3) was injected into the silicon rubber tube
and the liquid level was kept at 10 mm and 20 mm for the
linear and S-shaped channels respectively to obtain the flow
rate of ca. 1 mL min21. Finally, 1 mL of the resulting eluent and
1 mL 2,5-dihydroxybenzoicacid (DHB) solution (25 mg ml21 in
70% ACN) containing 1% H3PO4 (v/v) were deposited in turn
onto a MALDI target for MALDI-TOF MS analysis.
On-chip isotope dimethyl labeling of serum phosphopeptides
The human serum used here was collected from 7 healthy
women and 7 ovarian cancer patients in Jiangsu Province
Hospital according to their standard clinical procedures. The
control sample was a mixture of sera from 20 healthy
volunteers in Nanjing University Hospital. The microdevice
with the S-shaped channel was selected for the real sample
analysis. For on-chip enrichment and isotope dimethyl
labeling of serum phosphopeptides, loading buffer consisting
of 0.5% (v/v) TFA (pH = 1.5) in water was first used to fill the
channel. Afterwards, 1 mL of untreated serum was injected into
the inlet using the method described above. After the same
loading and rinsing step as that for the tryptic digest of
standard phosphoproteins, the isotope labeling procedure was
conducted prior to the eluting step. 8 mL of 4% (v/v) CH2O or
CD2O and 8 mL of 0.6 M NaBH3CN aqueous solution were
mixed with 100 mL of 100 mM sodium acetate buffer (pH = 5.8)
as labeling buffer. The labeling buffer was injected into the
inlet and kept flowing along the channel at a flow rate of ca. 2
mL min21. After another washing step with 20 mL of 0.1% TFA
in 80% (v/v) ACN, the dimethyl labeled phosphopeptides were
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eluted by NH3?H2O in the same process as above. For relative
quantification, 0.5 mL of eluent for patients/healthy women,
0.5 mL of eluent for the control samples and 1 mL of 2,5dihydroxybenzoicacid (DHB) solution (25 mg ml21 in 70%
ACN) containing 1% H3PO4 (v/v) were deposited in turn onto a
MALDI target for MALDI-TOF MS analysis.
After each use, the PDMS cover was peeled off, while the
TNA-covered glass slide was immersed in 5% NH3?H2O (pH =
12.0) for 15 min, rinsed with water and dried in an oven. For
repeated use, a new PDMS slab fabricated from the same mold
was combined with the recycled glass slide to construct a
regenerated microdevice.
Mass spectrometry
MALDI-TOF MS spectra for standard phosphoproteins (a- and
b-casein) were acquired with a Bruker Ultraflex II time-of-flight
mass spectrometer (Bruker Daltonics, Bremen, Germany). The
range of laser energy was adjusted slightly above the threshold
to obtain good resolution and S/N. The MALDI uses a groundsteel sample target with 384 spots. Each spectrum was
collected in the positive ion reflector by the accumulation of
100 laser shots.
In the case of relative quantification of the real samples, a
4800 Plus MALDI-TOF/TOF mass spectrometer (AB Sciex) with
a higher resolution was employed for MS experiments. MS
spectra were collected by the average of 16 sub-spectra
acquired from the edge bias of the DHB matrix spot with a
sum of 25 laser shots per sub-spectrum. The analyses used
excitation with an Nd:YAG laser (355 nm) operated at a
repetition rate of 200 Hz.

Results and discussions
To build the channel section of the microdevice, a conductive
patterned Ti film was fabricated in the desired layout by a
photolithographic and wet etching procedure. A positive
photoresist layer was spin-coated onto the Ti film derived
from Ti magnetron sputtering, followed by an exposure step
with a patterned mask, on which the channel shape and the
rectangle for circuit connection were designed. After development, the slide was dipped into 5% HF solution to remove the
unprotected Ti film. Afterwards, TNAs were grown in the
restricted region on the glass substrate by treating this
localized Ti film in 0.25 wt% NH4F/ethylene glycol electrolyte
as an anode at a constant voltage. The reason for using the
glass slide here instead of conductive ITO/FTO surfaces was to
ensure that the anode electron transfer was concentrated on
the patterned Ti film when the surrounding insulated glass
substrate was exposed. The localized TNAs covered slide was
finally bonded with a PDMS slab, in which a silicon rubber
tube and a reservoir were included for sample injection and
eluent collection respectively. The photographs of linear and
S-shaped Ti films as well as microdevices are displayed in
Fig. 2b, sized at 19 mm 6 25.4 mm, revealing the versatility of
this fabrication procedure for different channel patterns.
As shown in the photograph and scanning electron
microscopy (SEM) image of the channel cross section
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Fig. 3 (a) Photograph and (b) SEM image of the channel cross section in the
microdevice; (c) top view and (d) side view of TNAs taken by SEM; (e) top view
and (f) side view of TNAs taken by TEM.

(Fig. 3a and b), the channel structure in the PDMS slab exactly
covered the band area of the TNAs, forming a pathway for the
fluids. For preliminary testing, anodization was first performed at the voltage of 20 V. In the images of overhead view
and side view taken by SEM and transmission electron
microscopy (TEM) (Fig. 3c–f), a cluster of nanotubes with
upper ends open present a compact alignment, vertically
oriented from the growing substrate. The nanotube arrays
possess a mean inner diameter of 45 nm and length of 500
nm, consistent with the Ti film thickness after magnetron
sputtering. To confirm the valence state of the Ti element in
the nanotube structure, X-ray photoelectron spectroscopy
(XPS) was performed. As shown in the high-resolution XPS
spectrum of Ti 2p (Fig. S1, ESI3), the binding energies of Ti
2p3/2 and 2p1/2 are centered at 458.6 and 464.3 eV, respectively.
These peak positions indicate that the Ti element in the
skeleton of nanotubes is in oxidation state IV, corresponding
to TiO2.28 Considering the huge interior volume of the
nanostructure, this anodized membrane should provide an
adequate microenvironment and contact area for guest
biological molecules.
Taking advantage of titania’s natural adsorbability towards
phosphates and the porous nanostructure produced by
anodization, we utilized this TNA-integrated microdevice for
the on-chip separation and enrichment of phosphopeptides
derived from the standard phosphoprotein b-casein (2 pmol).
Due to the features of the flow system, fractionation was
adopted here to ensure complete collection of the eluent
containing phosphopeptides. Eluted fractions were collected
every 5 mL from the outlet in the elution step using 10%
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NH3?H2O, and then analyzed by MALDI-TOF MS (Fig. S2, ESI3).
In Fig. S2a, ESI,3 three peaks originating from phosphopeptides were definitely resolved in the first fraction (peptide
sequences are listed in Table S1, ESI3), indicating the
feasibility of phosphopeptide enrichment using this microdevice. In comparison, MS peaks of phosphopeptides declined
significantly in the second fraction (Fig. S2b, ESI3), and
dropped to the baseline in the third fraction (Fig. S2c, ESI3),
which revealed that all of the phosphopeptides retained in the
microdevice were eluted along with the first 10 mL NH3?H2O.
Accordingly, we collected the first 10 mL eluent for evaluation
of enriched phosphopeptides in the following research.
In the pursuit of optimizing the enrichment efficiency, we
next turned to tailoring the interior nanostructure embedded
in the microdevice by the synthesis route of morphology
control. As the pivotal factor in the formation and growth of
TiO2 nanotubes,29 the voltage was altered from 5 to 30 V,
leading to the morphology variation (Fig. S3, ESI3). At the
voltage of 5 V, numerous tiny pores with diameters of around
12 nm spread all over the membrane (Fig. S3a, ESI3). As the
voltage was increased to 10 V, an isolated tubular structure
emerged and demonstrated a voltage-dependent tube diameter, ranging from 28 to 65 nm in terms of the stepwise
rising voltage up to 30 V (Fig. S4b–f, ESI3). To closely
investigate the influence of morphology on the enrichment
effect, we fabricated a series of linear-channel microdevices
furnished with TNAs of different morphologies for on-chip
phosphopeptide capture from digests of b-casein (2 pmol)
(Fig. 4). Herein, we also employed an annealed Ti film without
anodization as a control. The Ti film that barely underwent
calcination exhibited a similar Ti 2p XPS spectrum to that of
the TNAs, representing the surface oxidation from Ti (0) to
TiO2 (IV) after the annealing process (Fig. S4, ESI3). SEM
images of the calcined Ti film (inset in Fig. 4a) indicates that
no apparent geometry was found on the calcined Ti film,
unlike the regular tube arrangement of TNAs. As for the
MALDI-TOF MS spectrum of captured peptides (Fig. 4a), it is
obvious that the peaks of phosphopeptides enriched by the
calcined Ti film-integrated microdevice are extremely weak
compared to that with TNAs, proving the crucial role of tubular
architecture in enhancing the capability of phosphate adsorption. Combining the high-resolution SEM images of TNAs
(insets in Fig. 4b–g), we attempted to elucidate the variation of
enriched phosphopeptide abundance with the TNAs’ inner
diameter. In the MALDI-TOF MS spectra, tetraphosphorylated
peptide b4 generated a predominant signal over the monophosphorylated peptides b1, b2 and b3 in a low voltage range,
while the peak intensities of monophosphorylated peptides
gradually increased with the voltage (Fig. 4b–g). This result can
be explained as follows: 1) at relatively low voltage, owing to
the inadequate mass transfer resulting from narrow nanotubes, a number of monophosphorylate peptides were flushed
out with loading buffer before retention on the substrates,
whilst the tetraphosphorylated peptides got captured more
easily, on account of their stronger binding capability to
phosphate adsorbents; 2) with the increase of voltage, this
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Fig. 4 MALDI-TOF MS spectra of the tryptic digests of b-casein after enrichment by the linear-channel microdevice fabricated from (a) calcined Ti film, TNAs anodized
at the voltage of (b) 5 V, (c) 10 V, (d) 15 V, (e) 20 V, (f) 25 V and (g) 30 V. Insets are corresponding SEM images.

discrimination on the number of phosphorylated sites was
weakened, attributed to the higher mass transfer efficiency
through the wider nanotubes. Furthermore, it is worth noting
that the whole intensity of all phosphopeptides was markedly
improved by widening the tube diameter (Fig. 4f and g). On the
other hand, increasing the tube size means decreasing the
surface/volume (S/V) ratio, and thus lessens the number of
affinity sites on the surface, which theoretically exerts a
negative influence on separation. Considering the practical
challenge of measuring the BET surface area of the TNAs film,
here we roughly evaluated the surface area per unit volume by
counting the tube number per area from SEM images (Fig. 4
insets) and calculating the surface area based on a tubular
geometrical model. The results summarized in Fig. 5a and b
show that the intensity ratio of mono- to tetra-phosphorylated
peptides is raised with increasing pore size, but inversely
proportion to the S/Vratio. With regard to the inverse
relationship between the MS peak intensity and the S/V ratio,
we concluded that the surface area contributed little to the
separation efficacy in the case of inadequate mass transfer,
and enlargement of nanotube diameter with the elevation of
voltage was indeed the positive determinant of phosphopeptide enrichment. As the voltage rose to 25 V or higher, the total
intensity and ratio of mono- to tetra-phosphorylated peptides
in the MS spectra tended to stabilise, indicating that mass
transfer had reached a plateau. Consequently, 25 V was
selected as the optimum condition for tailoring the structure
of TNAs.
To further investigate the selectivity of phosphopeptides
with different phosphorylation sites (serine, threonine and
tyrosine), we used the above optimized microdevice to enrich
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phosphopeptides from digests of BSA (80 pmol) spiked with
the standard phosphopeptide mixture containing equivalent
pY, pS, pT and 2 pS. As shown in Fig. S5a, ESI,3 the intensities

Fig. 5 The relationship of normalized MS peak intensities of b1, b3 and b4 with
different (a) tube inner diameters (&) and (b) ratios of surface to volume (%).
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of pY, pS and pT in the standard solution varied with different
ionization efficiency. After enrichment from the digests of BSA
spiked with standard phosphopeptides, little change was
observed in the intensity ratio of the three peptides, indicating
that this TNAs integrated microdevice exhibited little selectivity bias towards certain phosphorylation sites. Reducing the
concentration of phosphopeptides led to a minor difference in
the MS peak intensity for the original standard phosphopeptide mixture, but no obviously enhanced or weakened relative
intensity was detected in the MS spectrum after the enrichment process (Fig. S5b and c, ESI3). Consequently, the
conclusion could be reached that the TiO2 tubular architecture
in the microdevice equally enriched serine, threonine and
tyrosine phosphorylated peptides without any preference.
Apart from morphology control at the nanoscale, changing
the pattern of the microchannel was another avenue to
enhance the sensitivity and capacity of enrichment. By
replacing the linear Ti film with an S-shaped one, a prolonged
separating section could be gained in the same size microdevice, as displayed in Fig. 2b. After enrichment by the
S-shaped microdevice, 20 fmol digests of b-casein were still
detectable, whereas the detection limit for the linear microdevice could only reach 200 fmol under the same conditions
(Fig. S6, ESI3). Moreover, a-casein was digested and enriched to
estimate the capacity of enrichment with the S-shaped
microdevice. In the case of the S-shaped microdevice, 19
phosphopeptides were clearly identified, performing much
better than the result of barely 7 peptides enriched in the
linear channel (Fig. S7, ESI3) (peptide sequences are listed in
Table S2, ESI3). The above results suggested that defects in
sensitivity and capacity of enrichment in the flow-through
device could be remedied by lengthening the flow distance.
The ultimate goal of this microdevice is to assist in the
analysis of clinical samples for guiding diagnosis and therapy
of diseases. Bodily fluids (typically serum and urine), the more
available biological samples in current clinical assay compared
to biological tissues, are regarded as a rich pool of potential
biomarkers.30–32 Among them, endogenous phosphopeptides
are an informative subclass in physiology and pathology of
human beings, and closely involved in the occurrence and
development of diseases.33–35 So far, despite a great deal of
research dedicated to the detection and identification of
serum peptides,36–38 the complexity and tediousness in
preparing clinical samples still limits the further application
in clinical medicine. Fortunately, the microfluidic system
exhibited its inherent compatibility for the direct loading of
minute fluid samples. Thanks to this merit, we applied the
microdevice to on-chip enrichment and isotope labeling of
serum phosphopeptides. After the enrichment process by the
S-shaped microdevice, 4 endogenous phosphopeptides were
successfully isolated and detected (Fig. 6a), originating from
phosphorylated fibrinogen peptide A (FPA) and its isoforms
(peptide sequences are listed in Table S3, ESI3). For the
purpose of characterizing the differential expression of serum
phosphopeptides between different sample groups, on-chip
isotope labeling was performed and evaluated. Through on-
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Fig. 6 MALDI-TOF MS spectra of the four serum phosphopeptides from the
control sample treated by (a) on-chip enrichment, (b) on-chip enrichment
tandem light isotope labeling (CH2O) and (c) on-chip enrichment tandem heavy
isotope labeling (CD2O).

chip isotope labeling by dimethyl reagents CH2O and CD2O, a
group of peptide peaks increased by 28 and 32 Da were
obtained (Fig. 6b and c). Besides, no obvious signal derived
from unlabeled phosphopeptides was observed in the spectra,
demonstrating the completeness of the labeling reaction even
in the flow-through system. Another important issue is the
linear range for relative quantification after isotope dimethyl
labeling. In this case, we fixed 1 mL of control sample for
deuterated labeling while altering the same batch labeled by a
light reagent from 8 to 0.125 mL. Typically, the intensity ratios
of CH2O-labeled to CD2O-labeled phosphopeptide HS3 were
selected as the data source for the calibration curve (Fig. S8a,
ESI3). The linear fitting calculated the slope and linear
correlation coefficient to be 1.03 and 0.998 (Fig. S8b, ESI3),
proving the credibility of relative quantification ranging from
the ratio of 8 : 1 to 1 : 8 by the proposed strategy.
Ovarian cancer, one of the biggest threats to women’s
health, has triggered much research on the early diagnosis due
to its high mortality rate at the advanced stage.39 Several
serum biomarkers were reported to be abnormally expressed
in this carcinoma, including the phosphorylated FPA.40,41 To
this point, we collected the serum samples from 7 ovarian
cancer patients as well as 7 healthy women for relative
quantification of the endogenous phosphopeptides by enrichment and dimethyl labeling on the S-shaped microdevice.
Meanwhile, mixed sera were collected from 20 healthy
volunteers as a control sample. For each group, the equal
individual sample and control sample were simultaneously
enriched and labeled by light and heavy reagents, respectively,
with the eluents mixed for MALDI-TOF MS analysis. The
abundance ratios of the four endogenous phosphopeptides in
individuals to the control group are depicted in the bar charts,
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is relatively low compared to the conventional TiO2/ZrO2
beads-packed separation microcolumns,14,15 its advantage in
portability allows more flexibility in sample preparation and
better compatibility with various MS detectors. Moreover, in
comparison with the one-off medical disposables, this hybrid
microdevice was reusable by reassembling the rinsed TNAcoated glass slide with a newly fabricated PDMS cover. By onchip processing of the control sample on the microdevice
composed of the same glass slide recycled from the first use
(labeled by CH2O), no obvious residue was observed in the
repeated use (labeled by CD2O) (Fig. S9a, ESI3). Fig. S9b, ESI3
compares the MS peak intensities of representative phosphopeptide HS3 after five reuses, and the relative stable intensity
suggested that the TNAs maintained good affinity for
phosphopeptides during recycles. The above two merits
further convince us that the microdevice also possesses strong
practicality in a real case of clinical analysis.

Conclusions

Fig. 7 The intensity ratios of the four serum phosphopeptides enriched from (a)
normal sera to control sera and (b) patient sera to control sera. The
representative MS spectra are embedded in the bar charts.

embedded with representative MS spectra (Fig. 7) (detailed
data is summarized in Tables S4 and S5, ESI3). For normal
samples, the intensity ratios of all four peptides are observed
to be around 1 : 1 in Fig. 7a, revealing little difference between
female and mixed-sex sera. By contrast, the peak intensities of
patient sera evidently differ from the control sample. As shown
in Fig. 7b, about 2.4-fold over-expression of phosphopeptide
HS1 (D[pS]GEGDFLAEGGGV) is detected in the sera of cancer
patients, while the phosphopeptide HS4 (phosphorylated FPA,
AD[pS]GEGDFLAEGGGVR) is dramatically down-regulated by 4
times. This result stands in stark contrast with the raised
phospho-FPA levels previously reported in other literature.41,42
By this means, the abnormal regulation of serum phosphopeptides in ovarian cancer was characterized by sample
processing on the microdevice.
Apart from the capability for on-chip processing of bodily
fluids, the portability and reusability are two additional
benefits of the microdevice. This is a totally pump-free
microfluidic system driven by natural gravity. As explained in
the experimental section, the flow of all liquids through the
microdevice was controlled by adjusting the height of the
liquid level in the inlet tube. In this sense, the miniaturized
device could be taken anywhere for real-time sample collection
and injection, due to the improved portability. Although the
enrichment capacity of this nanostructure-based microdevice
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In summary, a tailor-made microdevice equipped with
morphology-controllable TiO2 nanotube arrays as the separation medium was well designed and successfully prepared for
on-chip enrichment and isotope labeling of phosphopeptides.
For the construction of the microdevice, anodization of a
localized Ti film on an ordinary glass slide was first proposed
to generate orderly aligned TiO2 nanotubes. By tuning the
applied voltages and channel patterns, optimized enrichment
efficiency and capacity were ultimately achieved. This strategy
introduces the concept of nanoscale tailoring into a microfluidic platform, initiating the creation of tunable nanostructure-embedded microdevice models. In serum analysis,
differential expression of serum phosphopeptides was credibly
clarified between ovarian cancer patients and healthy women
by serial on-chip processing, including enrichment and
isotope dimethyl labeling for relative quantification. Given
its portability and reusability in addition to the excellent
performance for detection of bodily fluids, the smart microdevice holds great promise as a reliable and robust medical
consumable for biological sample preparation and pretreatment in future clinical detection.
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