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Introduction

The addition and removal of phosphate groups to and from 
proteins by kinases and phosphatases, respectively, form the 
basis for the regulation of numerous cellular events, including 
cell growth, metabolism, and signal transduction.1–3  More than 
30% of the proteins in the eukaryotic proteome are likely to be 
phosphorylated at some point during their existence.4  The most 
common phosphorylation event involves hydroxyl groups of 
three amino acids (i.e., serine, threonine, and tyrosine), although 
as many as six other amino acids have the potential for 
modification.  Thus, the study of protein phosphorylation states 
is important for defining protein kinase substrates, and revealing 
the activation states of signal transduction pathways.5–7  
Currently, high-throughput proteomic analysis is mainly 
accomplished by mass spectrometry (MS).8  However, the 
determination of phosphopeptides in complex biological 

samples has remained a significant challenge because their 
scarcity in the total proteome as well as their deficient ionization 
and ion suppression during the mass spectrometric analysis.9–13  
Furthermore, the analysis of multi-phosphorylated peptides is 
particularly more difficult than that of mono-phosphorylated 
peptides due to their even lower abundance and severe ion 
suppression in MS.14,15  Therefore, the development of strategies 
for highly selective phosphopeptide enrichment is in great 
demand.16

Chelation/coordination chemistry is a most popular strategy 
among a number of approaches that have been developed for 
phosphopeptide enrichments.  The key principle includes the 
use of immobilized metal ions (immobilized metal ion affinity 
chromatography, IMAC) or metal oxides (metal oxide affinity 
chromatography, MOAC) that can bind to peptide phosphate 
groups.17–19  The binding ability of immobilized cations in 
IMAC, such as Fe3+, Ti4+ and Ga3+, stems from the nature of 
metal cations, which are bound to chelating ligands on the 
surface of carrier resins such as iminodiacetic acids or 
nitrilotriacetic acids.20  Previous studies have demonstrated that 
IMAC shows a strong selectivity for multi-phosphorylated 
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peptides.11  However, the specificity of conventional IMAC 
materials is not ideal due to the non-selective co-enrichment of 
acidic peptides.21  MOAC also has been intensively applied for 
the selective enrichment of phosphopeptides based on Lewis 
acid-base interaction, using titanium, zirconium, aluminum, 
niobium, and other metal oxides.22–26  Recently, TiO2 has gained 
increasing attention and is regarded as one of the most powerful 
materials for phosphopeptide enrichment, particularly for 
isolating mono-phosphorylated peptides.27,28  Consequently, 
design and synthesis of new materials with high enrichment 
selectivity for multi-phosphorylated peptides are still demanded.

As such, we speculated that the introduction of a molecular 
moiety that specifically binds phosphate groups may overcome 
these shortcomings.  Phosphate recognition via artificial 
receptors has risen over the past several decades.29,30  Zn2+-
dipicolylamine (ZnDpa) is a commonly used artificial receptor 
that possesses two empty orbitals for forming stable zinc-
oxygen complexes.  In recent years, due to its high selectivity 
and stability, ZnDpa is regarded as a standard receptor for 
sensing and imaging of phosphate-containing biomolecules.31,32  
In particular, the binuclear ZnDpa complex has been shown to 
coordinate phosphate groups with high affinity and selectivity.33–41  
Here, we devised the binuclear ZnDpa complex-coated magnetic 
microspheres (ZnMMs) for the selective enrichment of 
phosphopeptides.  In order to improve the selectivity of 
phosphopeptide enrichment and to take advantage of easy 
isolation from complex biological samples, we introduced two 
key modifications to the conventional IMAC adsorbent.  First, 
magnetic microspheres that facilitate the enrichment strategy 
were chosen because of their excellent magnetic responsiveness, 
easy surface manipulation, and recovery.42–46  We utilized 
uniform, silica-based, 5 μm-sized superparamagnetic microspheres 
coated with high-density primary amine groups.47  These 
microspheres not only have excellent stability in strong acid and 
alkaline buffers, but also have a hydrophilic surface to minimize 
nonspecific adsorption.  Second, the phosphate-selective 
artificial receptor, the binuclear ZnDpa, was coupled, instead of 
iminodiacetic acids or nitrilotriacetic acids for the Fe3+/Ga3+-
IMAC.  This artificial receptor provides a suitable structural 

orientation for the binding of phosphate groups with very high 
specificity and affinity (the binding constant between binuclear 
ZnDpa receptor and phosphorylated peptides was reported as 
approximately 106 M–1);38 therefore, the phosphopeptide 
enrichment is not hampered by highly acidic or multiple basic 
residues.  Moreover, a large number of binuclear ZnDpa 
presented on the microsphere’s surface can afford a preferential 
binding ability for multi-phosphorylated peptides.  Figure 1 
depicts the structure of ZnMMs and the phosphopeptide 
enrichment strategy for using ZnMMs.  ZnMMs are mixed with 
a sample solution containing both phosphopeptides and non-
phosphopeptides.  After incubation, the phosphopeptide-bound 
magnetic particles are separated by external magnetic fields and 
subsequently analyzed by MALDI-TOF MS.48

Experimental

Reagents and chemicals
The magnetic particles were acquired from Bioclone Inc. 

(CA, USA).  α-Casein and β-casein were obtained from Sigma-
Aldrich (MO, USA).  BSA was acquired from SERVA 
Electrophoresis GmbH (Heidelberg, Germany).  Trypsin was 
purchased from Promega (WI, USA).  α-Cyano-4-hydroxy-
cinnamic acid (CHCA) was purchased from Bruker Daltonics 
(Leipzig, Germany).

Synthesis of ZnMMs
Amine group-functionalized magnetic microspheres (1 mg, 

250 μmol of the amine functional group/g) were supplied to a 
solution of succinic anhydride (1 mL, 100 mM in DMSO).  The 
magnetic microspheres were cleansed with DMSO and the 
mixture was stirred gently at room temperature overnight.  The 
resulting magnetic microspheres were immersed in a mixture of 
N-hydroxysuccinimide solution (200 μL, 5 mg/mL in DMSO) 
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 
200 μL, 20 mg/mL in DMSO) for 3 h.  The magnetic microspheres 
were separated by a magnet and washed with DMSO to separate 
the NHS-activated magnetic microspheres.  The binuclear 

Fig. 1　The strategy of selective phosphopeptide enrichment using ZnMMs.  The tryptic digest of 
proteins and the synthesized ZnMMs are incubated for 30 min at room temperature.  Then, 
phosphopeptide-bound magnetic particles are separated by a magnet and the supernatant was removed.  
Finally, the enriched phosphopeptides are analyzed by MALDI-TOF MS.
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ZnDpa complex (200 μL, 50 mM in DMSO) was incubated 
with the NHS-activated magnetic microspheres in the presence 
of 50 μL N,N-diisopropylethylamine (DIPEA) overnight.  The 
microspheres were washed with DMSO and separated by a 
magnet.  The resulting ZnMMs were stored at 4°C.

XPS analysis of ZnMMs
The ZnMMs and bare magnetic microspheres that were 

adsorbed on a silicon wafer (0.5 × 0.5 cm) were analyzed by an 
ESCA 2000 (Thermo VG Science, USA) with a twin X-ray 
source (Mg/Al target).

Tryptic digestion of proteins
The trypsin solution (10 ng/μL in 2 mM ammonium 

bicarbonate, 0.5 mM calcium chloride, and 10% acetonitrile at 
pH 7) was mixed with proteins in a ratio of 1:100 (trypsin: 
protein (w/w)) and incubated at 37°C for 15 h.

Phosphopeptide enrichment using ZnMMs
For the enrichment of the phosphopeptides from the α-casein 

and β-casein digests, 100 μL of the sample solution was mixed 
with 4 μL of the ZnMMs (1 μg/μL) in HEPES buffer (1 mM, 
pH 7.4) with gentle shaking for 30 min.  The supernatant was 
eliminated after a separation by a magnet and the microspheres 
were cleansed with water.  MS analysis was performed directly 
without any releasing processes.

MALDI-TOF MS analysis
The mass analysis was performed using an Autoflex III 

MALDI-TOF mass spectrometer (Bruker Daltonics, Germany) 
equipped with a Smartbeam laser as the ionization source.  The 

mass spectra of the positive/negative ions were acquired in the 
reflector mode under the following parameters: 19/–19 kV 
accelerating voltage, 50 Hz repetition rate, an average of ~500 
shots, and CHCA (1 mg/150 μL in 50% acetonitrile, 0.1% TFA 
in distilled water) as a matrix.

Results and Discussion

ZnMMs were constructed via the immobilization of the binuclear 
ZnDpa complex on the amine-presenting microsphere’s surface 
(Fig. 2a).  The binuclear ZnDpa complex was synthesized with 
the modified method reported by Smith et al. (see Fig. S1 in 
Supporting Information).49  Dpa is known to be strongly bound 
to Zn2+ with Ka of approximately 107 M–1,49 and therefore, Zn2+ 
was easily inserted to give ZnDpa.  The amine-presenting 
magnetic microspheres were treated with succinic anhydride, 
and the resulting carboxylic group was activated with 
N-hydroxy succinimide, which was coupled in situ with the 
amine group of the binuclear ZnDpa complex to give ZnMMs. 
The X-ray photoelectron spectroscopy (XPS) analysis of the 
resulting ZnMMs showed two peaks at 1022 and 1044 eV, 
corresponding to Zn 2p3/2 and Zn 2p1/2 (Fig. 2b).50,51  However, 
no apparent peak was observed in the same region for the bare 
magnetic microspheres (without the Zn2+ ion).  This result 
clearly indicates the successful immobilization of the binuclear 
ZnDpa complex on the magnetic particle’s surface.

Next, we performed the enrichment of phosphopeptides using 
β-casein, a standard protein with known phosphorylated sites, to 
assess the capability of the ZnMMs which can selectively enrich 
phosphopeptides.  The MALDI-TOF MS spectra of the β-casein 

Fig. 2　(a) The synthetic procedure for the preparation of ZnMMs.  (b) Zn 2p XPS spectra obtained 
from ZnMMs (left) and bare MMs (right).
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digest before and after enrichment are presented in Fig. 3a.  
Before the enrichment, several phosphopeptides were detected 
to have low intensities, except for a mono-phosphorylated 
peptide β1 at m/z of 2060.2.  The multi-phosphorylated peptides 
had lower degree of intensity than that of mono-phosphorylated 
peptides due to poor ionization efficiencies in MALDI-TOF MS 
of multi-phosphorylated peptides.52  After enrichment by 
ZnMMs, however, six dominant peaks were distinctly identified 
with a clean background, corresponding to phosphorylated 
peptides (β2, β3, β4, β5, β6, and β7 at m/z of 2725.8, 2805.9, 
2884.6, 2962.0, 3040.7, and 3120.8), while the major peaks of 
abundant non-phosphopeptides vanished.  Additionally, multi-
phosphorylated peptides (β3, β4, β5, β6, and β7), including 
two-four phosphorylation sites were particularly observed, 
demonstrating that ZnMMs have a greater degree of affinity for 
multi-phosphorylated peptides compared to mono-
phosphorylated peptides.  The selective enrichment of the 
phosphopeptide from the β-casein digest was also examined 
using bare MMs (without the Zn2+ ion) as a control group.  The 
phosphopeptide signal was barely detected in the spectrum.  
This result confirms that the binuclear ZnDpa complex played a 
key role in the enrichment of multi-phosphorylated peptides.  
Furthermore, phosphopeptide enrichment from the α-casein 
tryptic digest, which consisted of two subunits (α-S1 and α-S2), 
was performed using ZnMMs (Fig. 3b).  Without the pretreatment 
procedure, four mono-phosphorylated peptides (α1 and α2 at 

m/z of 1659.0 and 1847.3 from α-S1, and α9 and α10 at m/z of 
1592.8 and 1950.3 from α-S2) were identified.  However, after 
the enrichment with ZnMMs, 13 phosphopeptides (α2, α3, α4, 
α5, α7, α8, and α9 at m/z of 1847.3, 1925.9, 2482.2, 2544.3, 
2666.8, 2703.6, and 2773.0 from α-S1 and α12, α13, α14, α16, 
α17, and α18 at m/z of 2461.7, 2588.1, 2746.7, 2847.9, 2927.9, 
and 3007.9 from α-S2) were observed as dominant peaks in the 
spectra and 69% of the enriched peptides were multi-
phosphorylated peptides.  Similar to the results with β-casein, 
the enrichment of phosphopeptides from the α-casein digest 
using bare MMs did not afford any phosphopeptide-related 
peaks.

The high selectivity of this enrichment towards multi-
phosphorylated peptides was further demonstrated using a 
tryptic digest of an α-casein and β-casein mixture (Fig. 4).  The 
mass spectra of the tryptic digest of the casein mixture prior to 
enrichment showed peaks mostly corresponding to non-
phosphorylated peptides, except for two phosphopeptides 
(α2  and α3) with low intensities.  After the enrichment, 17 
phosphopeptides from the α, β-casein mixture were clearly 
observed and 82% (14 out of 17) of the enriched phosphopeptides 
were multi-phosphorylated peptides, indicating that ZnMMs 
have excellent enrichment efficiency and strong affinity towards 
multi-phosphorylated peptides.  The detailed information for the 
phosphopeptides from the tryptic digest of α-casein and β-
casein are listed in Table S1 in Supporting Information.  To 
date, only a few studies have reported the specific enrichment of 
multi-phosphorylated peptides.53–55  Our method, particularly, 
harnesses a designed artificial phosphate group receptor and 
uses magnetic particles, which avoids expensive reagents and 
elaborate procedures.  Therefore, it can be an excellent alternative 
for the conventional enrichment of multi-phosphorylated peptides.

Since the phosphopeptide concentration in complex biological 
solutions is much lower, the ability to enrich multi-
phosphorylated peptides from a highly diluted solution is a key 
criterion to evaluate the efficiency of phosphopeptide 
enrichment.  Thus, the detection sensitivity of the phosphopeptide 
enrichment using ZnMMs was investigated using a tryptic digest 
of β-casein at different concentrations (250 pmol to 25 fmol).  
As shown in Fig. 5, the signal intensity of the phosphopeptides 
decreased as the concentration of β-casein decreased.  The limit 

Fig. 3　The phosphopeptide enrichment from β-casein (200 μM, 
100 μL) (a) and α-casein (200 μM, 100 μL) (b) using ZnMMs.  The 
MALDI-TOF MS spectra of the casein digest before (top) and after 
enrichment (middle) revealed that the phosphorylated peptides were 
successfully enriched and could be analyzed with a clean background.  
As a control, the signal of phosphopeptides was not observed without 
the Zn2+ ion (bottom).

Fig. 4　The phosphopeptide enrichment from the mixed sample 
(100 μL) of β-casein (100 μM) and α-casein (50 μM) using ZnMMs. 
The MALDI-TOF MS spectra of the casein digest before (top) and 
after (middle) enrichment clearly illustrate the selective enrichment of 
multi-phosphopeptides (α3, α4, α6, α7, α12, α13, α14, α15, α16, 
α17, α18, β4, β5, β6) from the digest mixture of β-casein and α-casein.  
As a control, when using bare magnetic microspheres (without a Zn2+ 
ion), the signals of phosphopeptides were not observed (bottom).
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of detection (LOD) for β-casein was 250 fmol with a good 
signal to noise ratio (S/N > 4.0).  These results led us to believe 
that ZnMMs can be used for the selective enrichment of multi-
phosphorylated peptides.

To further evaluate the ability of ZnMMs to enrich multi-
phosphorylated peptides in complex samples, ZnMMs were 
applied to mixtures of β-casein and BSA with different molar 
ratios.  Before enrichment, only one phosphopeptide peak (β1) 
was detected at a molar ratio of 1:10 (Fig. 6(a)).  By increasing 
the BSA content (molar ratio of 1:100), the β1 peak disappeared, 
indicating that the low phosphopeptide levels were concealed by 
an increase in non-phosphopeptides in the mixture.  After the 
enrichment, 7 β-casein phosphopeptides were clearly observed 
with high responses and 71% of the enriched peptides were 
multi-phosphorylated peptides (Fig. 6(b)).  To identify the 
detection capacity of ZnMMs, the intensity of the enriched 
phosphopeptides was also measured in comparison to the 
intensity of an internal standard peptide (ISP, m/z of 1334).  The 
ISP was added to the samples with precision at a known quantity 
to allow for the quantification of the mass spectrum directly.  As 
shown in Fig. 6, the intensity of the ISP and the enriched 
phosphopeptides were almost the same in the mass spectrum.  
This result confirms that ZnMMs can enrich phosphopeptides in 
a mixture with a high S/N ratio and a clean background without 
being hampered by highly abundant non-phosphorylated 
peptides.

Conclusions

In summary, the silica-based superparamagnetic microspheres 
were bound to the binuclear ZnDpa complex to yield ZnMMs. 
The resulting ZnMMs were highly selective towards multi-
phosphorylated peptides and were easily separated from the 
solution using a magnet.  ZnMMs exhibited high efficiency for 
the selective enrichment of trace amounts of phosphorylated 
peptides from tryptic digests of α-casein and β-casein, and 82% 

of the enriched peptides were multi-phosphorylated peptides, 
due to the binuclear ZnDpa’s specific binding ability of 
phosphate groups.  It is worth noting that the selective 
enrichment of multi-phosphorylated peptides from the mixture 
of β-casein and BSA with a molar ratio of 1:100 using ZnMMs 
was achieved.  The MS intensity of the multi-phosphorylated 
fragments from β-casein exhibited very similar profiles in the 
β-casein and BSA mixtures with a molar ratio of 1:10 and 
1:100, verifying the detection capacity of ZnMMs.  Since the 
investigation of multi-phosphorylated peptide enrichment is 
significant for defining protein kinase substrates and revealing 
the activation states of signal transduction pathways, we believe 
that this technique can be further extended as a practical tool to 
a variety of biological samples for biomarker discovery.
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Fig. 5　The LOD of ZnMMs for phosphopeptides enrichment 
was  investigated using tryptic digests of β-casein at different 
concentrations,  ranging from 250 pmol to 25 fmol.  The LOD for 
β-casein was 250 fmol, with a good signal to noise ratio (S/N > 4.0).

Fig. 6　The efficiency of ZnMMs for capturing phosphopeptides 
from a protein mixture.  The MALDI-TOF MS spectra of the tryptic 
digest from a mixture (100 μL) of β-casein (1 μM) and BSA (10 μM) 
(a) and β-casein (1 μM) and BSA (100 μM) (b).  The internal standard 
peptide (ISP) with m/z of 1334.
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