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a  b  s  t  r  a  c  t

In  this  study  we  describe  a  method  for  highly  specific  enrichment  of  glycopeptides  with  boronic  acid-
functionalized  chitosan  polymeric  nanospheres  and  matrix  assisted  laser  desorption-ionization  mass
spectrometry  (MALDI-MS).  This  is the first  time  chitosan  has  been  used  to create  nanosphere  support
material  for  selective  enrichment  of  glycopeptides  by  modification  with  glycidyl  methacrylate  (GMA)  and
derivatization  with  3-aminophenylboronic  acid  (APB).  Due  to their  multifunctional  chemical  moieties,
eywords:
hitosan–GMA–APB
lycopeptides
elective enrichment
anosphere

these  20–100  nm  chitosan–GMA–APB  nanospheres  have  unique  properties,  such  as  good  dispersibility,
good  biocompatibility  and  chemical  stability,  as  well  as  augmented  specificity  with  glycopeptides.  Enrich-
ment  conditions  were  optimized  by  using  trypsin  digested  glycoprotein  horseradish  peroxidase.  The  high
specificity  of  chitosan–GMA–APB  nanospheres  was  demonstrated  by  effectively  enriching  glycopeptides
from  a digest  mixture  of  horseradish  peroxidase  and  nonglycoproteins  (bovine  serum  albumin  (BSA)).
ALDI-TOF-MS

. Introduction

Mass spectrometry (MS) is currently in widespread use for
tudy of glycopeptides or glycoproteins (Pan, Chen, Aebersold, &
rentnall, 2011). Due to their low abundance (2–5%), the rela-
ively low ionization efficiency of glycopeptides as compared with
nmodified peptides, together with the signal dilution that results
rom the distribution of glycan species at each linkage site, gly-
opeptide ion signals are frequently “lost in the noise” in digests of
urified glycoproteins. The challenge is even greater when analyz-

ng glycopeptides from digests of complex protein mixtures. As a
esult, it is almost impossible to analyze substoichiometric quanti-
ies of glycopeptide without specific enrichment steps.

Several methods have been described for isolation of gly-
opeptides from digests of purified glycoproteins, and from
ore complex protein mixtures. The performance of glycopep-

ide enrichment depends strongly on the physico-chemical milieu
sed to support the affinity absorbents (Liu, Ma, & Li, 2008; Zhang,
u, & Yang, 2010). Among current glycopeptide enrichment tech-
iques, lectin affinity chromatography is the one which is most

idely used (Hirabayashi, 2004). Concanavalin A (Con A) has fre-

uently been used for enrichment of N-glycoproteins from diverse
ources (Bunkenborg, Pilch, Podtelejnikov, & Wisniewski, 2004; Fan
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et al., 2004; Wang et al., 2006). Lectin has strong affinity for high
mannose and hybrid N-glycans, has lower affinity for diantennary
N-glycans, and no affinity for tri- and tetraantennary complex-type
glycans (Cummings & Kornfeld, 1982). Another enrichment method
is based on the hydrophilicity of the glycan moiety. Gel matrices
such as cellulose or sepharose are used to extract the hydrophilic
glycopeptides (Wada, Tajiri, & Yoshida, 2004). However, many non-
glycosylated peptides, which contain several hydrophilic amino
acids, demonstrate as hydrophilicity which is as strong as that of the
glycopeptides. Moreover, glycogroups attached to some hydropho-
bic peptides may  also render them unable to be retained with
hydrophilic groups. Recently, hydrazide chemistry was used to
selectively isolate, identify, and quantify N-linked glycopeptides in
a very specific and efficient manner (Tian, Zhou, Elliott, Aebersold,
& Zhang, 2007). This method uses oxidized cis–diol carbohydrate
groups to bind glycopeptides covalently. However, this technique
requires an additional oxidation step which clearly increases exper-
imental time and sample complexity. Moreover this method does
not provide structural information on the sugar due to the destruc-
tion and removal of the glycan moieties. Boronate affinity matrix
has been introduced for the unbiased enrichment of both N- and O-
glycopeptides (Sparbier, Koch, Kessler, Wenzel, & Kostrzewa, 2005;
Xu et al., 2009), as diboronic acids are known to bind with high affin-
ity with glycans and glycoconjugates containing cis–diol groups

through reversible ester formation (Scheme S1).

Chitosan is a natural polymer obtained by alkaline deacetyla-
tion of chitin, which exhibits highly useful biological properties
such as biodegradation in the human body, antibacterial activity,
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nd wound-healing capacity (Muzzarelli, 2009, 2011). Chemical
odification of chitosan is of particular interest as it does not

hange the fundamental skeleton of chitosan. It also maintains the
riginal basic physicochemical and biochemical properties of chi-
osan while giving rise to new or improved properties (Jayakumar,
rabaharan, Reis, & Mano et al., 2005; Mourya & Inamdar, 2008;
rabaharan, 2008; Zou, Liu, et al. 2011; Zou, Zhong, et al. 2011).
ationic chitosan interacts electrostatically with the anionic gly-
osaminoglycans and proteoglycans (Muzzarelli, 2012). Chitosan
hows strong hydrophilic behavior and can extract hydrophilic gly-
opeptides (Casal, Corzo, Moreno, & Olano, 2005).

Here we describe the highly specific capture and direct MALDI-
S analysis of glycopeptides employing boronic acid-functionized

hitosan polymeric chitosan–GMA–APB nanospheres. This is the
rst time chitosan has been used to create nanosphere support
aterial for selective enrichment of glycopeptides by modifica-

ion with glycidyl methacrylate (GMA) and derivatization with
-aminophenylboronic acid (APB). The properties and advantages
f the chitosan–GMA–APB nanosphere are discussed in detail in
ight of their capacity for specific and sensitive enrichment of gly-
opeptides from tryptic protein digests.

. Materials and methods

.1. Materials and chemicals

Glycidyl methacrylate (GMA, for GC, ≥97.0%), and ammo-
ium bicarbonate (99.5%) were purchased from Fluka (Buchs,
witzerland), 2,5-dihydroxybenzoic acid (DHB), �-cyano-4-
ydroxycinnamic acid (CHCA), tris(2-carboxyethyl)phosphine
TCEP), trifluoroacetic acid (TFA), acetonitrile (ACN) (HPLC grade),
orseradish peroxidase (HRP, 98%), and bovine serum albumin
BSA, >98%) were obtained from Sigma Aldrich (St. Louis, MO,
SA). 3-aminophenylboronic acid (APB) was obtained from Beijing
hemical factory (Beijing, China), Chitosan (Mw  = 500,000 g/mol)
as obtained from Qingdao Hecreat Bio-tech Company (Qingdao,
hina), Other chemical reagents were analytical grade.

.2. Methods

.2.1. Synthesis of boronic acid-functionalized chitosan polymer
Chitosan (0.5 g) was dissolved in diluted acetic acid with strong

gitation. 0.5 mL  GMA  was added and the reaction mixture was
eated for 2 h at 70 ◦C with 0.035 g ammonium persulfate and
.035 g sodium thiosulfate as redox catalysts. The polymerization
nd grafting reaction was completed by raising the temperature to
0 ◦C for an additional 2 h. The suspension was then centrifuged and
ashed with a large volume of deionized water in order to extract

he matrix product chitosan–GMA (2) (see Fig. 1).
The chitosan–GMA matrix (2) was dispersed in 0.5 g APB solu-

ion, prepared by dissolving APB in 20 mL  of 1 M sodium carbonate
olution following by the addition of 0.25 g sodium chloride for 6 h
t 60 ◦C with stirring. The final boronic acid functionalized chitosan
olymer (3) was centrifuged and washed with deionized water
ntil pH neutral, dried at room temperature and ground into fine
owder with a mortar.

.2.2. Model proteins and peptide mixtures
Horseradish peroxidase (HRP), and bovine serum albumin (BSA)

Sigma) were dissolved in digestion buffer. Sequencing grade
rypsin (V5111, Promega) was added to a concentration of 1 �g
f trypsin/50 �g protein and digestion was carried out overnight at

7 ◦C. Digestion buffer 1, proteins were dissolved in a solution con-
aining urea (8 M),  EDTA (5 mM)  and then incubated at 50 ◦C for

 h, followed by dilution with 50 mM ammonium bicarbonate at
H 7.8 to give a final urea concentration of 2 M.  Digestion buffer
mers 90 (2012) 799– 804

2  proteins were dissolved and reduced in a solution containing
urea (8 M),  EDTA (5 mM),  and TCEP (10 mM)  and then incubated at
50 ◦C for 1 h. To avoid complications from over alkylation, cysteines
were not “capped”, and reformation of disulfides was  prevented by
the continuous presence of stable TCEP. The reduced proteins were
then diluted with 50 mM ammonium bicarbonate at pH 7.8 to give
a final urea concentration of 2 M.

Peptide mixture 1 contained peptides from tryptic digestion of
20 nM of the glycosylated protein HRP. Peptide mixture 2 contained
peptides from tryptic digestion of 20 nM of the glycosylated protein
HRP and nonglycosylated protein BSA in a molar ratio of 1:1, and
1:10, respectively.

2.2.3. Glycopeptide enrichment
Chitosan–GMA–APB nanosphere material (0.5 mg) was  placed

in a 0.5 mL  Eppendorf tube, and then added to 100 �L of peptide
mixture from tryptic digestion in binding buffer, and the entire sus-
pension mixture was  incubated on a platform shaker at 1200 rpm
at 25 ◦C for 40 min. After centrifugation at 13,000 rpm for 1 min,
the supernatant was discarded. Unbound peptides were elimi-
nated by washing twice with 100 �L of binding buffer, followed
by rapid washing with 100 �L of deionized water. 10 �L deionized
water or more elution buffer (50% (v/v) ACN, 0.5% TFA) was then
added to release the glycopeptides from the Chitosan–GMA–APB
nanospheres over a period of 20 min. The glycopeptide enrich-
ment on the chitosan–GMA–APB nanospheres was  analyzed by
MALDI-TOF-MS. Reproducibility of this technique was  evaluated
by repeating all enrichment experiments at least three times.

2.2.4. MALDI-TOF-MS process
Peptide-loaded nanosphere mixture or the elute (0.5 �L) was

loaded onto a stainless steel target, and 0.5 �L of a mixture of
20 mg/mL DHB in 50% (v/v) ACN and 1% TFA was added as a
matrix. The above mixture was  aspirated and dispensed for at least
20 cycles. MALDI-TOF mass spectra were acquired on an AXIMA-
CFP plus (KRATOS Analytical, Shimadzu Group Company, Japan)
mass spectrometer equipped with a nitrogen laser (337.1 nm). Mass
spectra were obtained in positive ion and linear mode with an accel-
eration voltage of 20 kV and an average of over 100 laser shots. Mass
spectrometric data analysis was  performed using Launchpad V 2.
4 Kompact MALDI software. Data analysis was carried out using
Kompact MALDI software with default parameters. Each spectrum
was externally calibrated with insulin (5734.62). Each spectrum
was internally calibrated with HRP digestion fragment ions at m/z
3355.0, 4986.3.

2.2.5. Electron micrograph
SEM (scanning electron microscope) images were taken with a

JSM-5600LV (JEOL Company, Japan) instrument.

3. Results and discussion

3.1. Product identification

We designed and synthesized the Chitosan–GMA–APB
nanosphere for selective and efficient capture of glycopeptides, and
the procedure for synthesis is presented in Fig. 1. Characterization
of the derivative chitosan nanosphere is illustrated in Fig. 2 and
Table S1.  The properties of compounds 1–2 are identical to those
described in our previous paper (Zou et al., 2011a,b).

The structure of these synthesized products was determined by
FTIR with NEXUS-470 FTIR (Nicolet, USA), electron microscopy and

elemental analysis. Chitosan provides functional groups such as pri-
mary amines and both primary and secondary hydroxyl groups in
its monomers (Fig. 1). These two  types of reactive groups that chi-
tosan bears can be engrafted. The different functionalizations on
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ig. 2. Characterization of the title product. (a) FTIR spectra, (1) compound 1, (2)
ompound 2, (3) compound 3. (b) SEM pictures of compound 3.

he derivatized chitosan were analyzed by comparing FTIR spec-
ra of the chitosan compounds 1, 2 and 3 with their characteristic
bsorptions (Fig. 2a and Table S1).  The stretching peaks centered
round 3420 cm−1 are due to H bonding of OH and NH2 groups,
nd the peak at 1652 cm−1 is due to the amide group of the chi-
osan moiety. The strong sharp peak in the range of 1730.7 cm−1

ogether with the broad strong absorption centered at 1157 cm−1

ay  result from the ester in compounds 2 and 3. Moreover, as com-
ared with compound 2, the presence of bands at 1339.0, 1261.3,
nd 708.5 are due to vibrations of B O bonds in the nanosphere
aterial itself is clearly consistent with boronic acid-functionalized

hitosan material.
The morphology of the derivative chitosan was  character-

zed optically by scanning electron microscopy (SEM) (Fig. 2b).

he chitosan–GMA–APB consisted of regular microspheres of
0–100 nm.

The elemental analysis is listed in Table S2.  ICP-MS (PE-Sciex
RC, PE, USA) was carried out to characterize the amount of boron
is route.

loaded on the nanospheres, and this showed there was  10.5 mg/g of
boron (average of three independent preparations). The method we
describe here for the synthesis of chitosan–GMA–APB was highly
reproducible and reliable.

3.2. Glycopeptides enrichment

The procedure for glycopeptide enrichment with
chitosan–GMA–APB nanospheres consists of three steps which
include loading of sample, washing for removal of nonspecifically
adsorbed peptides, and direct evaluation by MALDI-TOF-MS. To
investigate the specificity and efficiency of chitosan–GMA–APB
nanospheres for enrichment of glycopeptides, HRP was  chosen as
a model glycoprotein as it has well-characterized glycosylation
sites (Wuhrer, Hokke, & Deelder, 2004). A list of the theoretical
tryptic glycosylated peptides derived from HRP and their molec-
ular masses are shown in Table S3 (supplementary information).
Evaluation of the binding selectivity of glycosylated peptides to the
chitosan–GMA–APB nanospheres was performed by comparing
the number of peaks of nonglycosylated tryptic peptides with
those of the glycosylated peptides.

Fig. 3a shows the direct MALDI mass spectrum of the tryptic
digestion of HRP (peptide mixture 1) without pretreatment. The
presence of a number of nonglycopeptides in the spectrum signifi-
cantly suppressed glycopeptides detection, and detected two  weak
of the theoretical glycopeptides (marked with asterisks). However
after these digestions were enriched using chitosan–GMA–APB
nanospheres as described, the MALDI-TOF mass spectrum showed
detection of seven strong signals corresponding to glycopeptides
(Fig. 3b, marked with asterisks).

3.3. Optimization of conditions for glycopeptide enrichment using
chitosan–GMA–APB nanospheres

Various optimizations of the enrichment procedure were used
for isolation of glycopeptides by chitosan–GMA–APB nanospheres,
which included loading, washing, and elution. Previous research
has shown that the formation of esters between boronate ion
and glycopeptides requires basic pH conditions (Sparbier et al.,
2005; Xu et al., 2009), and according to the work of Wang et al.
(Springsteen & Wang, 2002; Yan, Springsteen, Deeter, & Wang,
2004), the formation of esters between boronate ions and diols is
pH- and solvent dependent. In this work, we used a 50 mM phos-
phate buffer at pH 4.6, pH 6.0, pH 7.0, pH 7.8 and pH 8.5 as a loading
buffer to investigate the effect of pH on the selective binding of gly-
copeptides to the nanospheres. Comparing Figs. 3b and 4a–d, the
MALDI-TOF mass spectrum shows that only seven glycopeptides
are detected at pH 4.6 (Fig. 3b). The intensity of the glycopep-
tides signals at m/z 3673 and 4224 are decreased under higher
pH, and disappear at pH ≥ 7.0 (Fig. 4b). Moreover, some nongly-
copeptides appear in the spectrum with the increase of pH. We
investigated peptide mixture 2 containing peptides from tryptic

digestion of 20 nM of the glycosylated protein HRP and nonglyco-
sylated protein BSA in a molar ratio of 1:1 to examine whether
highly abundant nonglycosylated peptides would affect the speci-
ficity or recovery of glycopeptides. In the original peptide mixture
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Fig. 3. MALDI-TOF mass spectra of (a) peptide mixture 1 without pretreatment (20 nM,  0.5 �L); (b) chitosan–GMA–APB nanospheres-enriched glycopeptides from peptide
mixture 1 (20 nM, 100 �L) with a 50 mM phosphate buffer (pH = 4.6). *Glycopeptides. The data in parentheses represents intensity of the corresponding peak.
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ig. 4. Effect of sample pH on chitosan–GMA–APB nanosphere enrichment of gly
eroxidase (HRP) trypsin digest with 50 mM phosphate buffer at (a) pH = 6.0; (b

ntensity of the corresponding peak.

Fig. S1a), nonglycopeptides dominate the mass spectrum. Compar-
ng Fig. S1b–g, there are some nonglycopeptides at pH 4.6 (Fig. S1b)
ut only glycopeptides are found at pH 6.0 (Fig. S1c). The inten-
ity of the glycopeptide signal at m/z  3673 was decreased at higher
H, and this disappeared at pH > 7.8 (Fig. S2e). These results are
onsistent with the work by Wang et al. which showed the bind-
ng affinity between boronic acid and glycans and glycoconjugates

hich contain cis–diol groups is pH dependent. Therefore, when
he boronic matrix is used for binding glycopeptides, the specific
onditions must be taken into consideration, particularly the pH of
he binding solution.

In an effort to determine the best conditions for use of this
ethod, we have also examined the effect of buffer on the
elective binding of glycopeptides to the nanospheres. Previous
esearch used ammonium bicarbonate systems for buffering. We
xamined the effect of different concentrations of ammonium
tides. Shown are MALDI mass spectra obtained from 20 nM, 100 �L horseradish
 7.0; (c) pH = 7.8; (d) pH = 8.5. *Glycopeptides. The data in parentheses represent

bicarbonate (pH 7.8) on the selective binding of glycopeptides to the
nanospheres. A (0.50 M)  concentration of ammonium bicarbonate
buffer shows good selectivity in the enrichment of glycopeptides
(Fig. S2). Holding the concentration of ammonium bicarbonate at
50 mM and adding concentrations of sodium chloride from 50 mM
to 4 M into the solution, showed little effect on the enrichment
efficiency (data not shown).

According to the HRP SwissProt entry P00433, for expected
tryptic glycopeptides, there are three signals assigned as disulfide-
linked glycopeptides (m/z 3606, 4223 and 4483). We  tested two
digestion buffers (see Section 2.2). Digestion buffer 2 was  used
to disrupt the disulfide bond and reduce the protein. Compar-
ing Fig. S3a with Fig. 3b, it was  found that two  signals assigned

as disulfide-linked glycopeptides (m/z 3606, 4223) disappeared in
Fig. S3a. If the HRP was not digested completely (digestion time
less than 4 h), these disulfide-linked glycopeptides (m/z 4483) can
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ig. 5. Sensitivity assay. MALDI-TOF mass spectrum for glycopeptides enriched wit
epresents intensity of the corresponding peak.

till be detected (Fig. S3b). This method thus can provide struc-
ural information which is consistent with the structure of the HRP
wissProt entry P00433.

Glycoproteins are often low-abundance components in real bio-
ogical protein samples. We  further reduced the ratio of tryptic
igestion of HRP in peptide mixture 3–1:10 in order to test the
erformance of the nanosphere in enrichment of lower abundance
lycopeptides. As shown in Fig. S4,  a total of 5 glycopeptides were
learly present in the spectrum.

.4. Sensitivity of glycopeptide enrichment

The sensitivity of glycopeptides enriched using the
hitosan–GMA–APB nanosphere was investigated for tryptic
igests of HRP. In the enrichment procedure, the volume of elution
uffer was equal to that of the loading buffer, so that the molar
oncentrations of glycopeptides are nearly the same. As can be
een in Fig. 3, the originally undetectable glycopeptides ((20 nM,
.5 �L; Fig. 3a) were easily detected after nanosphere enrichment
Fig. 3b). When the amount of HRP digest is as low as 1 fmol, the ion
ignals from the glycopeptides can still be detected with high S/N
atios (Fig. 5), which demonstrates the high detection sensitivity
f this approach. This result may  be explained by the fact that the
resence of prominent nonglycopeptides severely suppressed the

onization of glycopeptides. Once the nonglycosylated peptides
re eliminated by use of the chitosan–GMA–APB nanosphere, the
ensitivity of detection of glycopeptides is significantly improved.

. Conclusions

This report describes a highly specific method for cap-
ure and direct MALDI-MS analysis of glycopeptides which
mploys chitosan–GMA–APB nanospheres. For the first time,
hitosan–GMA–APB nanospheres of diameter of 20–100 nm were
ynthesized for the selective enrichment of glycopeptides. This
pproach has several advantages.

First, the synthesis of these nanospheres is based on the
act that chitosan can be dissolved in aqueous acids. Grafting
opolymerization of glycidyl methacrylate onto chitosan in liquid
olution produces the nanosphere. These nanospheres have rela-
ively great surface area and good dispersibility in buffer solution.

he glycopeptides on the nanosphere may  be directly detected by
ALDI-TOF MS  which avoids sample loss during elution.
Second, our study showed that MALDI-TOF-MS combined with

se of chitosan–GMA–APB nanospheres is a simple and rapid
eradish peroxidase at a quantity of 1 fmol. *Glycopeptides. The data in parentheses

approach for enrichment of glycopeptides. The loading time can be
shortened to 10 min  (or even to as little as 5 min, data not shown),
and the whole procedure requires about 30 min. This method
yields increased sensitivity and reproducibility without desalting
steps that are mandatory for other MS-analysis techniques. With
amounts of HRP digest even as low as 1 fmol, the ion signals from
the glycopeptides can still be detected with high S/N ratios because
the suppression effect from nonglycopeptides is eliminated by cap-
turing and concentrating target glycopeptides. This simple and
efficient method of glycopeptide isolation which we have described
here will facilitate the study of large glycoproteins that generate
numerous peptides upon enzymatic digestion.

A detailed examination of the factors which affect the binding
between boronic acid and glycopeptides is important for the future
design of boronic acid based sensors. The results we report indicate
that binding between boronic acid and glycopeptides is pH- and
solvent dependent.

The highly specific mechanisms of molecular separation using
chitosan–GMA–APB nanospheres are based on electrostatic inter-
action between anionic glycosaminoglycan and proteoglycan,
and chitosan which is cationic; hydrogen bonding between the
hydroxyl group of chitosan and glycopeptides; strong hydrophilic-
ities of chitosan with the hydrophilic glycopeptides; and the
diboronic acid functional groups on the surface of the nanosphere
which forms diesters with glycopeptides that contain cis–diol
groups. Based upon these features which act in molecular sepa-
ration, coupled with the unique properties of these nanomaterials
which include generous surface area, good biocompatibility and
chemical stability, we anticipate that these chitosan nanospheres
will have broad applicability. In view of their ability to bind and
concentrate many molecules, they will likely find use in pharma-
ceutical, biomedical, environment and biotechnological fields.
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