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Introduction

Phosphorylation is an important post-translational modification

(PTM) of proteins in biological processes.[1] The existence and
extent of phosphorylation usually play essential roles in the
development of diseases.[2] For example, the phosphorylation of

extracellular signal-regulated kinases (ERK) is responsible for
the activation and development of osteoarthritis.[3,4] In recent
years, mass spectrometry has been widely used for low-

abundance biomolecule analysis, including phosphopeptides
and phosphoproteins (p-peptide or p-protein).[5] However, it is
difficult to directly determine phosphoproteomes owing to their
low abundance and difficult ionization.[6] To address the chal-

lenge, efficient pretreatment is essential to reduce sample
complexity and concentrate the targeted molecules.

In recent years, metal oxides have been used in many studies

for p-peptide and protein enrichment,[7] and titanium dioxide
(TiO2) has been shown to be one of the most effective materi-
als.[8] It is reported that TiO2 can selectively bind to the

phosphate group of p-peptides and proteins.[9] TiO2 and other
metal oxides have been packed in pipette tips as a convenient
and frequently used device for in situ sample pretreat-

ment.[8,10–12] There are commercial pipette tips on the market
(e.g. NuTip, Titansphere Phos-TiO Kit) employing embedded
TiO2 for p-peptide and protein enrichment. The use of a
functional tip in pretreatment is beneficial for minimizing

sample loss, simplifying the operation procedures, and reducing
the contamination risk. However, the packing of TiO2 into the
tip in literature reports is generally assisted by polymers for

adhesion[10,12] or a plug[8] to prevent materials from leaking.
The mix of adhesive polymer would reduce the functional TiO2

content, which may result in a decrease in enrichment efficien-
cy, and the use of a plug makes the packing procedure compli-
cated. In order to increase the functional TiO2 content to ensure

high enrichment efficiency, directly packing TiO2 without
binder is a promising yet challenging approach. The design of
a pure TiO2-embedded NuTip is limited by the small amount of

solid TiO2 spheres (0.003mg) in each tip. It is expected that
increasing the effective surface area of TiO2 in a tip could
further improve the enrichment efficacy.

In the present study, macroporous TiO2 monolith-entrapped

pipette tips (T-tip) were developed through a binder-free pack-
ing method for p-peptide enrichment (Scheme 1). The macro-
porous TiO2 monolith was synthesized through a simple and

facile method using titanium(IV) bis(ammonium lactato)
dihydroxide (TiBALDH) as the precursor and 3-aminophenol/
formaldehyde (APF) resin spheres as the templates (Scheme 1a).

The TiO2 monolith with large particle sizes (.0.6mm) was
directly entrapped in the pipette tips without any additives,
which ensures a pure TiO2 composition (Scheme 1b). The

macroporous monolithic structure is beneficial for increased
surface area and reduced flow resistance, which allows specific
entrapment of TiO2 monolith inside the tips for efficient sample
pretreatment (Scheme 1c).[13] The use of T-tip for p-ERK1

peptide enrichment enables a detection limit of 1 ngmL�1,
showing a better enrichment efficiency compared with the
commercial NuTip.
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Results and Discussion

APF spheres were used as templates to prepare TiO2 monolith
with a macroporous structure. During the centrifugation and

drying process, the APF spheres became arranged to form a
close-packing structure. As thewater evaporated, the TiBALDH
precursor filled the packing voids. After calcination at 4008C,

the APF spheres were removed and the TiO2 monolith was
obtained (Scheme 1a). Previously, many templates (e.g. block
polymer surfactants) have been used to prepare porous TiO2

monoliths.[14,15] However, in most cases, prepacking of tem-

plates is necessary. The use ofAPF spheres as templates allows a
convenient synthesis of macroporous TiO2 monolith with a
uniform pore size. This approach has the potential to be applied

to the synthesis of macroporous monoliths of metal oxides with
other compositions.[16–20]

Scanning electron microscope (SEM) images were taken to

show the porous structure of the TiO2 monolith (Fig. 1a, b). The
average diameter of macropores was measured to be,400 nm.
The interconnected pores can be seen as indicated by red arrows.
The average diameter of the as-prepared APF spheres is 710 nm,

characterized by both transmission electron microscopy (TEM)
and dynamic light scattering (DLS) analysis (Fig. S1a and b,
Supplementary Material). The pore size of the monolith

(400 nm) is smaller than the template size (710 nm) owing to
the shrinkage of the packed macrostructure during the calcina-
tion process.[21]

To identify the crystalline structure of calcined TiO2 mono-
lith, the X-ray diffraction (XRD) pattern was recorded. From the
XRD pattern shown in Fig. 2, diffractions at 2y¼ 29.4, 44.1,

56.3, 63.5, 64.8, 74.2, 81.8, and 83.88 are observed, which can
be assigned to the 101, 004, 200, 105, 211, 204, 116 and 220

diffractions of anatase (JCPDS no. 21–1272). The full width
at half-maximum of the 101 diffraction is 0.473 nm (obtained
from JADE software). Themean crystallite size of anatase in the
TiO2 monolith was calculated to be 20 nm using Scherrer’s

equations,[22] indicating good crystallinity. Highly crystalline
anatase with a porous structure is desirable for p-peptide
enrichment as demonstrated in previous reports.[23–25]

A nitrogen adsorption test was used to investigate the texture
of synthesized TiO2 monolith. The N2 adsorption–desorption
isotherm of TiO2 monolith shows a typical type II isotherm

with the capillary condensation step occurring at relative

(a) (b)

Fig. 1. SEM images showing (a) overall morphology; and (b) pore structure of TiO2 monolith. The arrows indicate the

interconnected pores.
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Scheme 1. Illustration showing the process of (a) synthesis of TiO2 monolith; (b) fabrication of T-tip; and (c) its application in p-ERK peptide

enrichment.
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Fig. 2. XRD pattern of synthesized TiO2monolith. The standard pattern of

anatase TiO2 (JCPDS card no. 21–1272) is also provided for reference.
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pressure (P/P0). 0.9. The Brunauer–Emmett–Teller (BET)
surface area and pore volume were measured to be 22m2 g�1

and 0.09 cm3 g�1, which are consistent with a previous report

using polystyrene spheres as hard templates to synthesize TiO2

with a similar pore size.[21]

Thirty T-tips were prepared and weighted. The average

amount of TiO2 monolith in each T-tip was measured to be
0.150� 0.020mg, indicating that the TiO2 monolith amount in
each packed T-tip is comparable. In order to check stability

during the pipetting process, every T-tip was tested by liquid
adsorption. As shown in Fig. S2 (Supplementary Material), the
packed monoliths (Fig. S2a) are still fixed in the tip after
pipetting 10 times (Fig. S2b).

The phosphorylation of ERK1 has significance in osteoar-
thritis development; thus, the sensitive detection of p-ERK1 is
essential.[3,4] The T-tip was applied to enrich p-ERK1 peptide

from digested ERK1 solution, and the enrichment efficacy was
evaluated with a mass spectrometer. Without enrichment, sev-
eral peaks can be seen in the mass spectrum of 0.5 mgmL�1

tryptic-digested p-ERK1 (Fig. 3a). The most obvious peaks
represent non-phosphorylated peptides. In contrast, a single
peak at m/z 2252.25 is clearly seen in the mass spectrum after
T-tip enrichment with a high intensity above 1100 (Fig. 3b),

which is not observed in the spectrum before enrichment. In the
meantime, almost no peak for non-p-peptide is present after
enrichment, suggesting an excellent performance of the T-tip on

selective p-peptide enrichment.
Tandem mass spectrometry (MS/MS) was carried out to

analyse the sequence of the identified peak (m/z 2252.25). In

the first stage of MS/MS (MS1), ions are separated by mass-to-
charge ratio (e.g. m/z 2252.25). Then, the ions of the selected
mass-to-charge ratio are fragmented and detected at the second

stage of mass spectrometry (MS2), showing the sequence of the
selected precursor ion. The result indicated that the selected
peptide (m/z 2252.25) was a phosphorylated peptide with a
sequence of IADPEHDHTGFLTEYVATR by matching with

the database using ExPASy-PeptideMass and Proteomics

Toolkit (Fig. S3, Supplementary Material), in accordance with
a previous report.[12]

Considering the ERK level in biological samples is usually
very low, tips with sufficient enrichment ability at low con-
centrations are essential. The enrichment test was further

conducted with two lower concentrations, 50 (Fig. 4a) and
1 ngmL�1 (Fig. 4b). At both concentrations, p-ERK1 peptide
(m/z 2252.25) was detectable with high intensities and low
interference from non-phosphopeptides, showing the excellent

ability of the T-tip for low-abundance p-peptide enrichment.

The signal intensity of peak in matrix-assisted laser desorp-
tion/ionization-time of flight (MALDI-TOF) spectra cannot be
used to directly determine the peptide concentration because

the ionization behaviour is analyte-dependent and difficult to
predict. Thus, a synthetic peptide was applied as an internal
standard (IS) to enable label-free quantification.[26] The

sequence of the IS is IADPEHDHTGFLTEYVVTR (molecular
mass 2200.4 Da), which differs from p-ERK1 peptide (IAD-
PEHDHTGFLTEYVATR) by only one single amino acid; thus,

the IS should have similar desorption-ionization behaviour to
the target peptide.[27] To obtain a standard curve for peptide
quantification, a series of enriched p-ERK1 peptide solutions
(10 mL of 0.02–0.1 mgmL�1) mixed with 10 mL (0.06mgmL�1)

of IS were prepared, and the signal ratio of p-ERK1 peptide/IS
was measured. The standard curve shows a linear relationship
with a regression coefficient (R2) of 0.978 (Fig. S4, Supplemen-

tary Material), indicating that using T-tip for p-peptide enrich-
ment is highly reliable for semiquantification in a low
concentration range.

There are several brands of TiO2 tips on the market owing to
the great demand of functional tips for sample pretreatment.
Most of them are fabricatedwith the assistance of binder or extra
support; only NuTip (Fig. S5A, Supplementary Material) is

made from pure TiO2. A comparison between T-tip and NuTip
towards p-ERK1 peptide enrichment was conducted. When
NuTip was applied to enrich peptides, the limit of detection

for p-ERK1 peptide was 50 ngmL�1 (Fig. 4c), and peaks from
non-phosphopeptides were observed. The results from NuTip
enrichment are in contrast to those from the T-tip (Fig. 4a) at the

same concentration (50 ngmL�1), demonstrating the excellent
selectivity and enrichment efficiency of T-tip compared with
commercial NuTip.

When the sample concentration is as low as 1 ngmL�1, the
p-ERK1 peptide cannot be detected using NuTip for enrichment
(Fig. 4d). The contrast between Fig. 4b and 4d further confirms
that the homemade T-tip has better selective enrichment effi-

ciency than the NuTip. The higher TiO2 amount in the T-tip
(0.150� 0.020mg) with a porous structure may be the reason
for the better performance than NuTip (0.003mg of solid TiO2

spheres).[28]

To confirm the advantage of high TiO2 content (100%) in the
T-tip, a reported polymer assisted-packing method (Fig. S6,

Supplementary Material) was used to fabricate tips (Fig. S5B,
Supplementary Material) with a lower TiO2 content (3.5%) as a
control. The limit of detection of the polymer-assisted tip is
5 ngmL�1 (Fig. 4e) with a low intensity under 200. When the

sample concentration decreases to 1 ngmL�1, no peak can be
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Fig. 3. MS spectra obtained from 0.5 mgmL�1 tryptic-digested p-ERK1 (a) before enrichment; and (b) after enrichment with

T-tip. The asterisk indicates the phosphopeptide with a molecular mass of 2252 Da.
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detected using the polymer-assisted tip (Fig. 4f ). The results

indicate that the selective enrichment efficiency of the polymer-
assisted tip towards p-peptide is lower than binder-free T-tip.
The use of polymer in tip packing reduces the content of

functional TiO2; moreover, the polymer matrix may partially
cover the TiO2 surface and thus reduce the effective surface area
for p-peptide binding. Compared with the binder (polymer)-

assisted tip in the current study and previous reports,[12] the
binder-free T-tip shows a lower detection limit because there is a
higher availability of functional groups on the surface of the
anatase in the absence of surface-bound binder, which enables

the sensitive detection of p-peptides in a trace amount.

Conclusion

In the present study, a binder-free method was applied to fab-
ricate macroporous TiO2 monolith-packed pipette tips for
high-efficiency p-ERK1 peptide enrichment. The binder-free

method allows a high TiO2 content, which exhibits a low limit
(1 ngmL�1) of p-ERK1 peptide detection. It was demonstrated

that the homemade T-tip is more sensitive than the commercial

NuTip and polymer-assisted TiO2 tips, showing great potential
in applications for p-peptide- and protein-based biomarker
detection.

Experimental

Chemicals

ERK1 (active, human), TiBALDH, (50 wt-% in water), aceto-
nitrile (ACN, 99.9%), ammonium hydroxide solution,
2,5-dihydroxybenzoic acid (DHB), a,a,-dimethoxy-a-phenyl-
acetophenone (DPA), ethylene glycol dimethacrylate (EDMA),
3-aminophenol, formaldehyde solution, ammoniumbicarbonate
(NH4HCO3), dithiothreitol (DTT), and iodoacetamide (IAA)
were purchased from Sigma–Aldrich. Trypsin was ordered from

Promega. Trifluoroacetic acid (TFA, 99.8%) was purchased
from Merck. Ethanol was received from ChemSupply. All
reagents were used as received without further purification.

Deionized water (DI water) used for all experiments was
obtained from a Milli-Q system (Millipore, Bedford, MA).
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to enrich (c) 50 ngmL�1, and (d) 1 ngmL�1 of p-ERK1 peptide; polymer-assisted TiO2 tip to enrich (e) 5 ngmL�1, and (f ) 1 ngmL�1 of

p-ERK1 peptide. The asterisk indicates the phosphopeptide with a molecular mass of 2252 Da.

Binder-Free TiO2 Monolith-Packed Pipette Tips 1399



Materials Synthesis

The synthesis protocol of APF spheres was adopted from the

literature.[29] In a typical synthesis, 0.18 g of 3-aminophenol
(final concentration 98.1mM) was dissolved in ammonia
(0.054mL, 47.7mM)–water (12mL)–ethanol (4.8mL) solution

at 308C. Then, 0.243mL of formaldehyde solution was added to
form a final concentration of 196mM and the mixture was
stirred at 308C for 4 h. The resulting resin spheres were collected
by centrifugation and washed with deionized water 3 times.

Synthesis of TiO2 monolith: 0.6 g APF spheres were dis-
persed in 30mL of TiBALDH solution (50 wt-% in water) and
stirred at room temperature for 24 h. After centrifugation, the

supernatant was discarded and the mixture was calcined at
4008C for 5 h to remove the APF spheres. The final TiO2

monolith was collected and the particles of different sizes were

separated with sieves.

Materials Characterization

SEM images were obtained using a Jeol JSM 7800 field-emis-
sion scanning electron microscope (FE-SEM) operated at 5 kV
using gentle beam mode. Before the SEM test, the sample was

placed on a conductive carbon tape and dried in a vacuum oven
at 608C for 12 h. TEM images were taken with a Jeol 1010
microscope operating at 100 kV by dispersing the samples on a

Cu grid covered with carbon film. DLS measurements were
carried out at 258C using a Zetasizer Nano-ZS (Malvern
Instruments). The XRD pattern was recorded on a Rigaku

Miniflex X-ray diffractometer with Co-Ka radiation (wave-
length 0.179 nm). Nitrogen sorption isotherms of the samples
were obtained with a Micromeritics Tristar II 3020 system at
77K. Before the measurements, the samples were degassed at

1008C for at least 8 h under vacuum.

Fabrication of TiO2 Entrapped Pipette Tips (T-Tip)

The binder-free packing was achieved by choosing the monolith
sizes. The TiO2 monoliths were separated into three groups:

(I) 0.60–0.85mm, (II) ,0.60mm, and (III) .0.85mm. A
monolith was chosen from group I, and placed at the lower end
of the tip. The particle size is larger than the inner diameter of the
10 mL tip (,0.58mm), and can be fixed at the bottom of the tip.

Then, monoliths with smaller sizes (group II) were filled into the
tip followed by the entrapment of one large piece (group III) on
the top. The packed tips were washed with methanol 4 times to

remove any loose small pieces and check the stability of the
entrapped monoliths. The TiO2 loading amount was measured
for three groups of tips (10 tips in each group) to get the mean

loading of TiO2 in one tip.
The protocol of polymer-assisted packing was adapted from

the literature.[10] Briefly, 1mg of TiO2monolithwas ground into

small pieces and dispersed in 40mLofmethanol. Then, 0.2mL of
DPA and 25mL of EDMA were added as the initiator and
monomer. The mixture was stirred for 5min to form a suspen-
sion. The suspension (1mL) was aspirated into a pipette tip and
then a capillary tubing templatewas inserted into the tip to create
a main channel through the immobilized bed. The tip containing
the mixture was irradiated with 365 nm UV light to activate the

polymerization. After 1 min exposure, the capillary tube was
removed from the polymer monolithic tip, and the tip was
further exposed to UV light for 20min to form a TiO2-entrapped

pipette tip with a main channel. Before use, the tip was aspirated
with 10mL ofmethanol andwashed 10 times to remove unbound
TiO2 monoliths and unreacted monomer.

P-ERK Peptide Enrichment

p-ERK1 protein solution (10 mL, 0.1 mgmL�1) was mixed with

8 mL of 100mM NH4HCO3 and 0.5 mL of 10mM DTT, and the
mixture was incubated at 508C in thermomixer for 15min. After
cooling down to room temperature, 1.25 mL of 10mM IAA was

added and the mixture incubated in the dark for 15min. Next,
0.05 mg of trypsin was added to the solution to give a protein/
enzyme ratio of 20 : 1. After incubation at 378C for 14 h, the
p-ERK1 protein was digested into peptides. The p-ERK peptide

solution was diluted into different concentrations for the
enrichment study.

Before sample loading, the T-tip was wet with 100% ACN

(3� 10mL) and equilibrated with 5% ACN/0.1%TFA
(3� 10mL). The sample (100 mL) was loaded by pipetting the
peptide solution up and down 20 times. Then, the T-tip was

washed with 5% ACN/0.1%TFA (3� 10 mL). In the final step,
the loaded sample was eluted with 10 mL of 100mM NH4OH
(pH 11.5) into a new tube and ready for the mass spectrometry

test. For quantification, 10mLof IS (0.06 mgmL�1) was added to
10 mL of eluted p-ERK1 peptide solution (0.02–0.1mgmL�1).
Samples were run in triplicate.

The mass spectrum of tryptic-digested ERK1 after isolation

with TiO2 tips was acquired on a Bruker Autoflex TOF/TOF III
Smart beam. Eluted sample (1 mL) was deposited on a MALDI
MTP 384 plate and mixed with 1mL of DHB (10mgmL�1 in

50%ACN/0.1%TFA). The reflector mode via an accumulation
of 500 laser shots under an intensity of 39% was applied to
collect mass spectra at 10 different sites for each sample. Tryptic

digested ERK1 solution (1 mL) was spotted on theMALDI plate
without T-tip enrichment and mixed with 1 mL of DHB as a
control. A Bruker peptide calibration standard, angiotensin II
(1046.5 Da), angiotensin I (1296.7 Da), Substance P (1347.7

Da), bombesin (1619.8 Da), ACTH-Clip 1–17 (2093.1 Da),
ACTH-Clip 18–39 (2465.2 Da), and somatostatin 28 (3147.5
Da), was used for calibration purposes to reduce variability. The

sequence analysis was conducted in the MS/MS (LIFT) mode,
and identified by matching the result with database analysis
using ExPASy-PeptideMass and Proteomics Toolkit.

Supplementary Material

Figs S1–S6 (images of T-tip, sequence analysis, etc.) are

available on the Journal’s website.
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