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Abstract

We report the development of photocatalytically patterned TiO, arrays for selective on-plate
enrichment and direct matrix-assisted laser desorption/ionization mass spectrometry (MALDI-
MS) analysis of phosphopeptides. A thin TiO, nanofilm with controlled porosity is prepared on
gold-covered glass slides by a layer-by-layer (LbL) deposition/calcination process. The highly
porous and rough nanostructure offers high surface area for selective binding of phosphorylated
species. The patterned arrays are generated by using an octadecyltrichlorosilane (OTS) coating in
combination of UV irradiation with a photomask, followed by NaOH etching. The resulting
hydrophilic TiO, spots are thus surrounded by a hydrophobic OTS layer, which can facilitate the
enrichment of low-abundance components by confining a large volume sample into a small area.
The TiO, arrays exhibit high specificity towards phosphopeptides in complex samples including
phosphoprotein digests and human serum, and the detection can be made in the fmole range.
Additional advantages of the arrays include excellent stability, reusability/reproducibility, and low
cost. This method has been successfully applied to the analysis of phosphopeptides in non-fat
milk. The patterned TiO, arrays provide an attractive interface for performing on-plate reactions
including selective capture of target species for MALDI-MS analysis, and can serve as a versatile
lab-on-a-chip platform for high throughput analysis in phosphoproteome research.
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Considerable research interest has been invested in understanding and identification of post-
translational modifications, in particular phosphorylation, due to its significant role in
regulating diverse cellular biological processes and its relevance to several diseases
including cancer.! Recent advances in mass spectrometry (MS)-based techniques have
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greatly enhanced the phosphoproteomic study.? 3 However, characterization of
phosphorylated proteins and identification of phosphorylation sites still remain challenging.
A main reason is that MS signal of phosphorylated species is frequently suppressed by the
presence of abundant non-phosphopeptides. Therefore, isolation of phosphopeptides from
various protein samples including proteolytic digests is a crucial step prior to MS analysis.*

To date, various strategies have been proposed for phosphopeptide enrichment and
purification. Immunoaffinity purification provides satisfactory selectivity by using
antibodies against phosphorylated amino acids,® but the method is restricted by limited
antibodies and their high cost. Immobilized metal ion affinity chromatography (IMAC),
which utilizes the chelation interaction between metal ions (Fe3*, Ga3*, Ti4*, Zr** et al.) and
phosphate groups, is another broadly used approach.®-10 The selectivity of this method,
however, is usually limited due to nonspecific binding of acidic non-phosphorylated
peptides.1! Other techniques such as strong cation/anion exchange chromatography (SCX/
SAX),12-1415 jsoelectric focusing (IEF),18 hydrophilic interaction chromatography
(HILIC)Y" have been reported for preconcentration of phosphopeptides based on the
difference in net charge, isoelectric point or polarity between phospho- and non-
phosphopeptides. All these methods are less specific than affinity-based approaches.

In recent years, metal oxide affinity chromatography (MOAC) has been introduced as a
promising approach in phosphoproteomic study because of the high selectivity towards
phosphorylated species over other methods.18 19 Currently, titanium oxide (TiO5) has
become one of the most popular affinity materials to capture phosphopeptides in MOAC duo
to its high specific affinity towards phosphopeptides, good stability and biocompatibility.
11,18 1n addition to column, titania material has been prepared into pipette tips2° or coated
on the magnetic nanoparticles (NPs)2! for enrichment before MALDI-MS analysis. These
off-probe methods, however, are relatively time-consuming and suffer from the sample loss
during multistep sample handling. In contrast, on-plate enrichment is fast and can minimize
sample loss, and thus is more suitable for high throughput analysis. Several TiO,-based on-
plate enrichment methods have been developed in recent years. A straightforward approach
is to directly functionalize the commercial MALDI-plate with TiO, NPs after calcination,2?
but morphology and thickness of TiO, spots are difficult to control due to the uneven
dispersion and aggregation of NPs during solvent evaporation, which result in poor
reproducibility in array preparation and MS analysis. The high cost of commercial MALDI-
plate is another problem. To circumvent this problem, alternative substrates such as
aluminum foil23 and glass slide?4 25 have been employed to replace the commercial plate.
Different stencil methods, including screen-printing, rotogravure-printing and spraying
deposition, were used to create arrays with TiO»-NPs on the substrate.23: 24 Though
effective, these methods are not suitable for the fabrication of small-size TiO»-spots and high
density arrays. Moreover, there lacks of effective control over pattern morphology and the
thickness of TiO, material. Recently, Torta et al.28 utilized the pulsed laser deposition (PLD)
method to coat the standard MALDI plate with a TiO» film, where the structure and
thickness of film can be finely controlled within several hundred nanometers. However, the
PLD technique is complex and requires expensive equipment, and the method has limited
use in the fabrication of arrays.
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We report here the development of a simple but highly effective method to fabricate TiO,
array for on-plate selective enrichment of phosphopeptides prior to MALDI MS analysis. In
this method, a TiO, nanofilm is prepared on an Au-coated glass slide by a layer-by-layer
(LbL) deposition/calcination process using titanium(lV) bis(ammonium lactato)dihydroxide
(TALH) as the precursor (Figure 1). A relatively homogeneous film has been obtained on the
substrate, and the film thickness and porosity can be finely controlled in nanometer scale,
providing excellent reproducibility in film fabrication. By taking advantage of the
photocatalytical property of the TiO, material, an array is created on the
octadecyltrichlorosilane (OTS)-modified TiO, nanofilm by UV irradiation with a photomask
and subsequent NaOH etching. The photocatalytically patterned TiO, array (PPTA) is
characterized by hydrophilic TiO, spots surrounding by hydrophobic OTS-modified area,
which simplifies on-target sample preparation and facilitates the enrichment of low-
abundance samples. The selectivity, reproducibility and reusability of the PPTA-based on-
plate approach in phosphopeptide analysis have been investigated, and the method is applied
to analyzing phosphopeptides from complex samples such as phosphoprotein digests, human
serum and non-fat milk samples. The results demonstrate high potential of the PPTA as a
new and versatile lab-on-chip platform for high throughput phosphoproteomic analysis, in
which the integration of on-plate reaction, analyte capture and MS detection could be
envisioned.

EXPERIMENTAL SECTION

Chemicals.

Titanium(1V) bis(ammonium lactato)dihydroxide solution (TALH, 50% in water), 3-
mercaptopropionic acid (MPA, 99%), poly(allylamine hydrochloride) (PAH, average MW
~56,000), trifluoroacetic acid (TFA), superDHB, a-casein (=70%, from bovine milk), p-
casein (98%, from bovine milk), bovine serum albumin (BSA), trypsin (from bovine
pancreas) and human serum (male AB plasma) were obtained from Sigma-Aldrich (St.
Louis, MO). Octadecyltrichlorosilane (OTS) and phosphoric acid (H3PO,, 85%) were from
Acros Organics (Fair Lawn, NJ). Fresh non-fat milk (protein content ~33 mg/mL) was
obtained from local supermarket in Riverside. Acetonitrile (ACN), ethanol (EtOH) and
toluene were from Fisher Scientific (Pittsburgh, PA).

Instruments.

Photocatalytic patterning of TiO, was performed in CL-1000 254 nm UV Crosslinker with
maximum intensity of 450 mW/cm?2 (UVP Inc., Upland, CA). Scanning electron microscopy
(SEM) was performed with Hitachi TM-1000 tabletop scanning electron microscope (Tokyo,
Japan). Atomic force microscopy (AFM) images were collected by using Veeco Dimension
5000 AFM (Santa Barbara, CA). The scan rate was set as 1 Hz and the Rms surface
roughness values were measured in defined 10 x 10 pm? areas. The thickness profile of the
nanofilm was measured by VEECO Dektak 8 surface profiler (Tucson, AZ).

Sample Preparation.

Digestion of a-/B-casein followed the reported work?’. BSA digest preparation used the
same procedure except for the denaturation at 100 °C for 5 min before digestion. Milk
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sample was prepared using a previously reported process.28 For in-solution digestion, 0.5
mL milk was dissolved in 0.5 mL of 50 mM NH4HCOs solution, followed by incubation
with 20 pL of 1 mg/mL trypsin at 37 °C for 18 h. Then the solution was diluted 10 times
before PPTA enrichment. For on-target digestion, milk sample was firstly diluted by 20
times, and then 1 puL milk solution was directly dropped on TiO, spots and dried in vacuum.
Then, 4 pL of 1 mg/mL trypsin was added for digestion. the substrate was placed in a sealed
petri dish and incubated at 37 °C for 2 h. The reaction was stopped by adding 2% TFA
solution.

Preparation of TiO, Nanofilm.

TiO, nanofilms were prepared on gold-covered glass substrate by a LbL deposition/
calcination process, which was modified based on our previous work2% 30, The gold
substrates were immersed in a 10 mM 3-MPA ethanol solution overnight, followed by
extensive rinsing with ethanol and drying under nitrogen gas. PAH (Img/mL, pH 7.5) and
TALH (5 wt %, pH 7.5) aqueous solution were sprayed on the substrates until the designated
(PAH/TALH),, multilayers (n=4, 8, 12 and 16) were obtained. The substrates were then
washed by D.1. water and dried in air, calcinated in a furnace by heating to 450 “C for 4 h
(Figure 1).

Generation of PPTA.

TiO, nanofilm was firstly immersed in a 10 mM OTS toluene solution to create a
hydrophobic monolayer. Trace amounts of water was added to accelerate the hydrolysis of
OTS so that the modification process could be completed within 10 min. Subsequently, the
OTS-modified substrate was covered by a photomask and irradiated under 254 nm UV light
for 1 h to photo-catalytically cleave the exposed OTS ligands. After rinsing with EtOH, 0.5
M NaOH was incubated on the patterned spots for 20 min to expose the TiO, material.
Finally, the substrate was rinsed with water and dried before use.

On-Plate Enrichment of Phosphopeptides.

Protein digests was loaded on the TiO, spots and incubated for a certain time. The sample
spots and the adjacent hydrophobic area were then rinsed intensively by 2% TFA solution
and 2% TFA solution containing 60% ACN, respectively, to remove contaminants and
nonspecifically adsorbed compounds. After that, 20 nL (for standard protein digests) or 100
nL (for milk digests), 10 mg/mL super-DHB in 50% ACN was deposited to TiO, spots by
using IBF Nanoliter (Nanoliter LLC, Henderson, NV). The use of super-DHB can avoid
decomposition of phosphopeptide ions during mass analysis. To enhance phosphopeptide
ion signals in MALDI-MS detection, 1% phosphoric acid was added as an additive in the
matrix solution3. Super-DHB with 1% phosphoric acid could facilitate the release of
phosphopeptides from TiO, surface, thus alkaline eluting is not necessary prior to MS
detection. A homemade sample stage was used to hold the substrate for MALDI-MS
analysis.
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MALDI-TOF MS and Data Analysis.

All MALDI-TOF mass spectra were collected using Voyager-DE STR MALDI-TOF mass
spectrometer (Applied Biosystems, Framingham, MA). Experiments were performed in
positive reflector mode at accelerating voltage of 20 kV. MS with an accumulation of 100
laser shots. Peptide mass mapping was carried out by using Findpept tools in EXPASy
(Expert Protein Analysis system, http://www.uniprot.org).

RESULTS AND DISCUSSION

Characterization of the calcinated TiO, nanofilm.

Layer-by-layer (LbL) assembly technique is one of the most promising methods for
preparation of nanostructured film. The properties of LbL film such as thickness,
composition and function can be precisely controlled by following a simple and low-cost
procedure.32 In this work, TiO, nanofilm was prepared on gold-covered glass slides using a
LbL deposition/calcination process, which has been successfully utilized to prepare
nanoscale silicate films to facilitate surface plasmon resonance (SPR) biosensing and MS
detection in our previous work.2%: 30 33 Figure 2 shows SEM and AFM images of calcinated
TiO, films obtained with different (PAH/TALH), (n=4, 8, 12 and 16) layers and the pore
size distribution is given in supporting information. Highly porous films were formed on
these substrates (al-d1 in Figure 2) with the porous structure mainly consisting of two kinds
of pores: micropores and nanopores. Both pores show relatively uniform size in distribution
(a2-d2 in Figure 2). The highly porous structure is advantageous for increasing surface area
of the TiO, nanofilm, thus providing high capacity for analyte binding. The average size of
micropores is about several um and increases rapidly with the increase of film thickness
(supporting information). For instance, in (PAH/TALH), film, the average size for
micropores was only about 1.4 um. The size increased approximately 10% with (PAH/
TALH)g film but rose rapidly with (PAH/TALH)1, and (PAH/TALH)4¢ films, resulting in
69% and 89% growth in size, respectively. In contrast, the diameter of nanopores was ca.
400 nm and remained relatively constant regardless of the film thickness. The two pore
structures of the TiO, nanofilm might be the results of two types of PAH aggregates
(nanoscale and microscale) in LbL process. The nano-scale aggregates may relate to the
compact coils of PAH generated in a relative basic deposition condition,34 while the
generation of micro-scale ones may be attributed to the aggregation of polyelectrolytes
during LbL deposition without water washing. The fast enlargement of micropores suggests
the nonlinear growth of microscale aggregates with the increase in film thickness. In
addition, the pore density for micropores increases with film thickness and becomes
dominant for the (PAH/TALH);¢ film, indicative of the increase of microscale PAH
aggregates. The change of pore distribution reflects the exchange of species between
nanoscale and microscale PAH aggregates, which apparently follows an Ostwald ripening
process.3® 36 |n addition to porous structure, particles and islands appeared with thick TiO»
films (n=8) and scattered over the film surface, leading to enhancement of surface
roughness. These nanostructures may stem from aggregation of electrolytes and become
dominant for (PAH/TALH)12 and (PAH/TALH)1¢ films (c2 and d2 in Figure 2).
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AFM was also applied to examine the surface of TiO5 films (a3-d3 in Figure 2). The (PAH/
TALH), film consisted of multiple layers of compact NPs, leading to a relatively uniform
and flat surface. The surface roughness (rms) was measured as 23.7 nm. With increasing of
film thickness, a steep increase of roughness was observed where rms value for (PAH/
TALH)g film climbed to 116.8 nm. The increased rms appears to originate from the
formation of large NPs and irregular islands. Large rms values were obtained for TiO, film
with more PAH/TALH layers, where the rms values for (PAH/TALH)1, and (PAH/TALH)1¢
films were 127.5 and 158.0 nm, respectively. We noticed that the size of NPs with these
films has no significant change compared to that with (PAH/TALH)g film, while the size for
islands increased by about 2 to 3 times, suggesting that the increase of rms values was
mainly caused by the growth of islands. Therefore, further increasing of film thickness can
only promote the growth of islands and micropores, but will have little contribution to the
increase of specific area. From these results, the (PAH/TALH)g film shows a homogeneous
porous surface with high rms and massive nanopores, providing increased specific surface
area and binding capacity for phosphopeptides, and is therefore chosen for all of the
following experiments. The growth of TiO, nanofilm could be precisely controlled within
nanometer scale, and the average thickness of (PAH/TALH)g film was about 230 nm as
measured by a profilometer.

Photocatalytic Patterning of TiO, Array.

Surface patterning of the sample plate is effective to miniaturizing sample spots and
increasing detection sensitivity in MALDI-MS analysis.3” Recently, IMAC microspots have
been prepared on the plate for phosphopeptide analysis by UV-lithography of self-assemble
monolayers (SAMSs) on gold38 and in situ growth of polymer3?. Photolithography has been
used for producing patterns with precise shape of high resolution.4? However, this
conventional method usually involves the use of vacuum system, polymeric photoresists and
wet etching, which is laborious and of high cost. Here we utilized a simple and low cost
photocatalytic approach to create TiO, array for phosphopeptide analysis by taking
advantage of photocatalysis of TiO, material.*1 As shown in Figure 3a, TiO, surface showed
highly hydrophobic property with coating of an OTS monolayer and gave a contact angle of
~162°. After exposed to UV irradiation, the contact angle decreased to ~69° (Figure 3b),
demonstrating the change of surface property by photocatalytic cleavage of the OTS
monolayer and feasibility of creating an array on the OTS modified-TiO, nanofilm. Fig. 3c
shows the photograph of 2 pL water droplets on a 5 x 5 PPTA with spots diameter of 1 mm
prepared with UV irradiation and a photomask. The insert picture demonstrated the
anchoring of water droplet within TiO, spot by surrounding hydrophobic area, which is
favorable for concentrating low-abundance sample with higher sample volume. This
photocatalytic patterning approach avoids the use of polymer photoresists, and thereby is
faster and cleaner than traditional methods.

After the photo-patterning, NaOH solution was used to remove the residual Si-O bonds
within the spots to completely expose the underlying TiO» surface and reduce nonspecific
interaction. Etching condition was optimized for subsequent enrichment experiments
(supporting information), and incubation with 0.5 M NaOH for 20 min was found to provide
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good selectivity and minimum nonspecific binding, and thus chosen as the optimal condition
for the rest of the study.

On-plate Enrichment of Phosphopeptides.

PPTA was firstly applied to on-plate capture of phosphopeptides from digests of
phosphoproteins, including B-casein and a-casein. MS spectra are showed in Figure 4
(peptides see supporting information). Without enrichment, non-phosphopeptides showed
high response in MS detection and were dominant in the spectrum with 1 pmol p-casein
digest (Figure 4a). lon signal for phosphopeptides was relatively low and swamped by the
background of unmodified species. Only two mono-phosphopeptides, p1 and B2, were
identified under this condition. After on-plate enrichment using PPTA, peptide p1 and 2
became dominant in spectrum and a very clean background was obtained (Figure 4b). Extra
four phosphopeptides were detected after removal of non-phosphorylated species. Among
these peptides, p3 was tetra-phosphopeptide from B-casein, and a2, a5 and a6 were
assigned to phosphopeptides from low-abundance a-casein contaminants.1: 38 In the case of
analysis of 4 pmol a-casein digests, only four phosphopeptides (a2, a4, a5 and a.6) were
identified in direct analysis (Figure 4c). These peptides were characterized with less
phosphorylation sites (1 or 2). The signal of multiphosphopeptide with more
phosphorylation sites was totally suppressed by unmodified ones due to their poor ionization
efficiency®2. After selective capture and enrichment, phosphopeptides became dominant in
the spectrum and the four peptides mentioned above showed very high response in MS
detection (Figure 4d). Additionally, seven more phosphopeptides, including two mono- (al
and a.3) and five multi-phosphopeptides (a7-11), were detected. These peptides either
existed as relatively low abundance components in digests mixture or had poor ionization
efficiency with multiphosphorylation, and thus difficult to detect without enrichment. PPTA-
enrichment selectively captures these phosphopeptides and improves the detection
sensitivity after removal of nonphosphorylated species, providing comparable and even
better enrichment efficiency in terms of selectivity and reliability compared to the existing
MOAC or IMAC approachesl0: 24,25, 38,

The capability of PPTA to capture phosphopeptides from a more complex mixture was
tested with tryptic digests of BSA and p-casein at ratios of 1:1, 10:1 and 80:1 (mol/mol),
respectively. The amount of B-casein digest was 1 pmol and remained constant in all
samples. Compared to two phosphopeptides detected with pure -casein digests (Figure 4a),
only one monophosphopeptide (1) was observed with addition of BSA digest at 1:1 ratio
(supporting information). With further increase in BSA content, no phosphopeptide was
detectable without enrichment. This result indicated the aggravation of signal suppression
with increase of non-phophorylated species in the mixture. After PPTA enrichment,
however, phosphopeptides and their related species were clearly detectable in all cases and
they showed high response in MS spectra, which demonstrated good selectivity of the
substrate towards phosphorylated peptides even in the presence of abundant
nonphosphorylated species. In addition, no detectable nonphosphorylated species were
found in these enriched samples, which suggest nonspecific binding from the hydrophobic
OTS coating surrounding the spots was negligible under our condition. The ion signal for
phosphopeptides tended to decrease with addition of high amount of BSA digest. For
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instance, ion intensities for three B-casein phosphopeptides (f1-3) decreased nearly 50% for
the ratio of 10:1 (supporting information). For the 80:1 ratio, only tetra- phosphopeptide p3
was detectable with a relatively weak signal after enrichment. The results suggest that high
concentration of non-phosphorylated peptides (i.e. acidic peptides) hinders the binding of
phosphopeptides towards TiOo material due to insufficient binding sites. This problem could
be circumvented by using dilute samples or TiO, spots of larger size.

The application of PPTA for analysis of complex biological samples was performed for
selectively isolating endogenous phosphopeptides from human serum. Four phosphorylated
fibrinogen fragments were successfully detected within 40 uL serum sample after on-plate
enrichment (supporting information), which is consistent with the previous reports*3: 44 and
demonstrates the potential of PPTA for broader biomedical analysis.

Performance of PPTA for On-Plate Enrichment.

Binding capacity of 1 mm PPTA spots for phosphopeptides was evaluated by applying
different amount of p-casein digests for on-plate enrichment. Figure 5 shows the ion signal
for three PPTA-enriched B-casein phosphopeptides p1, B2 and g3 with different sample
loadings. With 40 pmol of digest, only tetraphosphopeptide p3-related ions were observed in
the MS spectrum, suggesting insufficient binding sites for the phosphopeptides. The
protonated ion for B3 showed a very strong response, which was close to the saturation
signal of the instrument. This phenomenon can be explained by the relatively high affinity of
multiphosphopeptides towards TiO, surface,*> which likely enable them to attach to the
available binding sites more favorably than monophosphorylated species. Under this
condition, multiphosphoryalted species can be selectively isolated from the peptide mixture
with a high sample loading, which is useful for the study of multiple phosphorylation in
proteins. The signal for B3 decreased with the reduction of sample amount. When sample
amount was reduced by 10 times, 3 was still dominant in MS spectrum, but the ion
intensity decreased by about 70%, corresponding to nearly 77% decrease of S/N ratio.
Signals from two monophosphopeptides, p1 and B2, began to appear in the spectrum. With 1
pmol B-casein digest, B1 and p2 became dominant in the spectrum, suggesting the
unsaturated binding at the TiO, surface. Based on this result, the binding capacity for 1 mm
spots was estimated to be 1 pmol for g-casein digest, which is comparable with the result
reported with IMAC-spots.11: 39. 46 Compared to the results for 4 pmol digest, protonated
ions of B1 and B2 increased by about 4.7 times in ion signal. In contrast, 3 signal continued
to decrease, showing a nearly 3 times reduction in ion intensity and S/N ratio. Further
decreasing the sample loading to 400 fmol led to 1 and p2 becoming dominant in MS
spectrum, but ion signals for all three B-casein phosphopeptides diminished in similar
proportion (ion intensity decreased by 3.8, 3.6 and 6.8 times for f1, f2 and B3 as compared
to that with 1 pmol digest). When 40 fmol digest was applied, only B1 was detectable, which
suggested the limit-of-detection for B-casein digest. This result demonstrated the existence
of competition between phosphorylated species towards the limited binding sites within
PPTA spots, which may enable the study of competitive binding property of phosphorylated
species on TiO5 films in a quantitative fashion.
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PPTA showed additional advantages with the unique configuration of hydrophilic TiO, spots
surrounded by a hydrophobic coating, which is favorable for concentrating sample into small
areas. This patterning design allows loading of larger volumes that exceed those used for
conventional dried droplet methods, and is more suitable for the concentration of low-
abundance sample. Figure 6a shows that the loading volume could be expanded to 20 pL on
a 1 mm TiO, spot, much larger than a typical 1 uL loading, while the sample “stain” size
was comparable (Figure 6b). The large volume enrichment (LVE) on phosphopeptides was
further investigated by using p-casein digests with concentrations of 20 nM and 400 nM.
Analysis using 20 nM sample with 1 pL loading failed to provide satisfactory result due to
low sample amount on the surface. Detection can be improved by increasing either the
analyte concentration or the loading volume, while the latter is desirable as it allows for
direct use of diluted samples, which simplifies the process and avoids contamination in
sample handling. Figure 6¢ and d show the MALDI-MS results for 400 nM sample with 1
uL loading and 20 nM with 20 uL loading for B-casein digests, respectively. No significant
difference was observed in terms of ion intensity for three monophosphopeptides (B1, p2
and a.8), indicating on-plate LVE with PPTA is an effective approach to preconcentrate low-
concentration phosphopeptides within the spots. We noticed that the relative ion intensity of
tetra-phosphopeptide B3 was slightly low with the diluted sample, which could be attributed
to the nonspecific binding of B3 with the hydrophobic coating surrounding the spots.
Incubation with rinsing solution (2% TFA in 60% ACN) after washing can alleviate this
problem. Clearly on-plate LVE with PPTA facilitates the enrichment of low-concentration
analyte in a simple manner, and thus presents a useful platform for coupling with micro-
separation techniques, where the concentration process of dilute eluents usually required
prior to MALDI-MS analysis can be omitted.

The spot-to-spot reproducibility of PPTA for phosphopeptide enrichment was investigated
with 400 fmol B-casein digests and 10 random spots. Phosphopeptides p1 and B2 were
dominant in the spectra. The RSD of ion intensity for protonated p1 and B2 were ~5% and
~18% (n=10), respectively, demonstrating a good spot-to-spot reproducibility of PPTA. This
good reproducibility may stem from the relatively homogenous structure of the TiO5
nanofilm and the effective control of the surface patterning.

The reusability of PPTA was also studied by using p-casein digests. The used TiO, spots
were regenerated and incubated with 0.5 M NaOH solution for 5 min, and then rinsed with
water. This procedure was repeated 3 times. No peptide signal was found with MALDI-MS
analysis with the regenerated spots, showing effective removal of peptide residues with
NaOH washing. When the regenerated spot was applied for B-casein digest, similar
enrichment efficiency was obtained with respect to the number and signal intensity for
identified phosphopeptides, which demonstrated excellent reusability of the PPTA spots
(supporting information).

On-Target Digestion with PPTA for Analysis of Complex Samples.

PPTA has attractive surface features and may serve as a useful platform for integrating
multiple functions into a single chip for potentially high throughput analysis. We have
carried out the on-target digestion of non-fat milk proteins within PPTA spots for
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phosphopeptide capture and MALDI-MS analysis. Table 1 summarizes the identified
peptides from milk digests after PPTA enrichment with two digestion methods: in-solution
and on-target digestion. In both cases, phosphorylated species were dominant in MS spectra,
indicating good selectivity of TiO, films towards phosphopeptides (supporting information).
With in-solution digestion, seventeen phosphopeptides were detected after enrichment and
assigned to eight groups of homogenous peptides from a-S1-casein, a-S2-casein and -
casein. On-target digestion yielded a relatively simple spectrum, allowing identification of
thirteen phosphopeptides from the milk sample. Compared to in-solution results, all
multiphosphopeptides were concentrated by PPTA after direct on-target digestion due to
their high affinity for binding, though phosphorylation sites in peptide group 2, 4 and 7 were
missed. This result may be attributed to the interference of excess protease used for on-target
reaction. In our on-target digestion, a high amount of trypsin was used to accelerate the
speed of reaction. The ratio of enzyme to protein was about 2.5, which was nearly 200 times
higher than that for in-solution reaction. The existence of high abundant enzyme (~400
pmol/spot) and its autolytic peptides may hinder the binding of phosphopeptides with weak
affinity. Therefore, high amount of enzyme is not recommended for on-target reaction/
enrichment, and this problem could also be largely curbed by using TiO, arrays with larger
spots. Compared to traditional in-solution digestion, on-target reaction using an array
simplifies sample preparation and avoids sample loss/contamination, and the reaction speed
can be tuned by varying enzyme content to fit the throughput requirement. These attractive
characteristics of PPTA make it possible for developing on-line hyphenate separation or
optical techniques with mass spectrometry for rapid screening of phosphorylated species
from complex biological samples.

CONCLUSIONS

We have demonstrated that PPTA is a very promising platform for analysis of
phosphopeptides by mass spectrometry. High selectivity and large binding capacity towards
phosphorylated species allow PPTA to specifically isolate and enrich phosphopeptides from
complex biological samples including protein digests and human serum. The homogeneous
and porous TiO, nanofilm, prepared on gold-covered glass substrates by an LbL deposition/
calcination process, has a number of advantages. The simple and low-cost preparation
method offers good control over properties of the nanofilms such as thickness, porosity,
composition and functions. Benefiting from the photocatalytical property of the film, well
defined and precise patterns can be directly and conveniently generated on the OTS-
modified films, producing analysis-ready arrays without the use of polymer photoresists and
sophisticated instrument. We tested the PPTA chip with hydrophilic TiO» spots surrounded
by hydrophobic OTS-modified coating, which allowed for the enrichment of low-abundance
components from a large volume solution. Excellent reproducibility and reusability has been
demonstrated with PPTA. We believe PPTA can open new avenues for integration of
multiple analytical functions such as on-target digestion, selective capture and MS detection
into a single chip, promoting the development of hyphenated techniques for high throughput
analysis in proteome research.
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A schematic diagram of the fabrication of PPTA for on-plate enrichment and MS analysis of
phosphopeptides
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Figure 2.
SEM and AFM images of TiO, nanofilms obtained from (a) (PAH/TALH),, (b) (PAH/

TALH)g, (c) (PAH/TALH)1, and (d) (PAH/TALH)1s. SEM images are shown with
magnification of 1,000 (al-d1) and 10,000 (a2-d2) times, respectively. The dark dots are
voids or pores, while the white ones are protruding particles or islands. AFM images (a3-d3)
are obtained in a 10 um x 10 pm area.
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Figure 3.
Photographs of water dropped on OTS-maodified, 8-layer TiO, nanofilm before (a) and after

(b) UV irradiation, and on a 5 x 5 PPTA with spots diameter of 1 mm (c). A zoomed
photograph of the droplet on PPTA spot is shown as insert in (c).
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Figure 4.
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Mass spectra of 1 pmol B-casein digests before (a) and after (b) on-plate enrichment, and of
4 pmol a-casein digests before (c) and after (d) on-plate enrichment with PPTA. “a.” and
“B” represents identified phosphopeptides from a-casein and B-casein, respectively. “N”
represents non-phosphopeptides, and “*” indicates Na* adducted ions for phosphopeptides.
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Figure5.
3D bar graphic analysis for PPTA enrichment of B-casein phosphopeptides with different

loadings. The diameter of TiO5 spots is 1 mm.
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Figure®6.
Photographs of droplets with 1 uL and 20 pL sample solution on PPTA with 1 mm spots

before (a) and after (b) evaporation, and mass spectra for 400 fmol B-casein digests with 1
UL (c) and 20 pL (d) loading on PPTA. The symbols are the same as in Figure 4.
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