
E
m

H
a

b

c

a

A
R
R
A
A

K
Z
P
P
M
M

1

t
a
b
a
M
d
c
c
v
i
p
t
a
i
m
p
T
a

v
T

0
d

Talanta 82 (2010) 540–547

Contents lists available at ScienceDirect

Talanta

journa l homepage: www.e lsev ier .com/ locate / ta lanta

lectrostatically self-assembled azides on zinc sulfide nanoparticles as
ultifunctional nanoprobes for peptide and protein analysis in MALDI-TOF MS

ui-Fen Wua,b,c,∗, Suresh Kumar Kailasaa,b, Lokesh Shastri a

Department of Chemistry, National Sun Yat-Sen University, 70, Lien-Hai Road, Kaohsiung 80424, Taiwan
Center for Nanoscience and Nanotechnology, National Sun Yat-Sen University, 70, Lien-Hai Road, Kaohsiung 80424, Taiwan
Doctoral Degree Program in Marine Biotechnology, National Sun Yat-Sen University, 70, Lien-Hai Road, Kaohsiung 80424, Taiwan

r t i c l e i n f o

rticle history:
eceived 18 March 2010
eceived in revised form 6 May 2010
ccepted 8 May 2010
vailable online 16 May 2010

a b s t r a c t

A simple method to synthesize electrostatically self-assembled azides on zinc sulfide nanoparticles (ZnS-
N3 NPs) was described and then it was further applied as a multifunctional nanoprobe such as enriching,
desalting, accelerating and separation-/washing free nanoprobes for rapid analysis of peptides and pro-
teins and microwave assisted tryptic digested proteins in matrix-assisted laser desorption/ionization
eywords:
nS-N3 NPs
eptides
roteins
icrowave enzymatic digestion

time-of-flight mass spectrometry (MALDI-TOF MS). The ZnS-N3 NPs were characterized by UV–vis, FT-IR,
SEM and TEM spectroscopy. The ZnS-N3 NPs can effectively enrich signal intensities for 2–10 times for
various peptides and proteins including HW6, insulin, ubiquitin, cytochrome c, lysozyme, myoglobin and
bovine serum albumin (BSA) in MALDI-TOF MS. Furthermore, we also demonstrated that the ZnS-N3 NPs
can serve as accelerating probes for microwave assisted tryptic digestion of proteins in MALDI-TOF MS.
The applicability of the present method on complex sample analysis such as milk proteins from cow milk

tin lik
ALDI-TOF MS and ubiquitin and ubiqui

. Introduction

Matrix-assisted laser desorption/ionization mass spectrome-
ry (MALDI-MS) was introduced in the year of 1988 by Karas
nd Hillenkamp and it has been widely applied in the fields of
iomedical and biological science [1,2]. It is a powerful tool for the
nalysis of various peptides and proteins [3–5]. Recently, MALDI-
S has been widely applied for clinical diagnosis [6], bacteria

etection [7] and discovery of biomarkers for various bacterial
haracterizations [8,9]. However, the detection of biomolecules in
omplex mixtures in MALDI-MS is still a difficult task. Therefore,
arious NP-based MALDI-MS approaches have been reported to
mprove the detection sensitivity and enrichment of peptides and
hosphoproteins with zeolite and magnetic beads [10,11]. Addi-
ionally, various efforts have been directed for efficient separation
nd enrichment of peptides and proteins at low concentration
n MALDI-MS. For example, Fang et al. [12] applied immobilized
etal ion affinity chromatography (IMAC) using nanozeolite com-
osite as the sorbent for the separation and analysis of proteins.
his affinity based technique has become a powerful tool for the
nalysis of various molecules in MALDI-MS. In addition, polymeric

∗ Corresponding author at: Department of Chemistry, National Sun Yat-Sen Uni-
ersity, 70, Lien-Hai Road, Kaohsiung 80424, Taiwan.
el.: +886 7 5252000x3955; fax: +886 7 525 3908.
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039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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e proteins from oyster mushroom were also demonstrated.
© 2010 Elsevier B.V. All rights reserved.

microbeads were utilized as concentrating probes for selective
trapping of tryptic digested proteins in MALDI-MS [13]. C8- and
C60-functionalized magnetic materials have been applied for sep-
aration and enrichment of peptides and proteins from biological
samples in MALDI-MS [11,14–16]. Other sample pretreatment
techniques such as surface modified CaCO3 [17], zeolite nanocrys-
tals [18] and polymeric microbeads [13] were also demonstrated for
biomolecule analysis. Recently, extensive efforts have been focused
on applying nanomaterials as the matrices [19,20] or affinity probes
[21] in MALDI-TOF MS to enhance the detection sensitivity and
ionization efficiency of peptides/proteins with time consuming
washing steps especially for protein digests [13,17,18]. Although
nanoprobe-based mass spectrometry have been shown to be capa-
ble for the enrichment of biomolecules, to date, there is no report
on using electrostatically self-assembled molecules on semicon-
ductor NPs as affinity and accelerating probes for biomolecule
analysis in the MALDI-MS. Surface modification of NPs with organic
molecules has been applied as matrices in MALDI-MS for the
analysis of biomolecules with increased ion yields [22]. Hence,
self-assembled organic molecules modified on NP surface is an
alternative method to increase the capability of NPs and to solve
many difficulties in MALDI-MS such as signal enhancement, back-

ground noise suppression and accelerating the identification of
peptides and proteins. Most of the reported methods have been
focused on modified NPs with mercapto groups which contain-
ing methyl group (–CH3), carboxylic group (–COOH) or amino
group (–NH2) on selected metallic or semiconductor NPs [22,23].
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Fig. 1. (a) Schematic presentation of synthesis procedure for ZnS

hese types of functionalized surfaces could effectively improved
ignal intensity and ionization efficiency of analytes in MALDI-
S. Moreover, molecular engineering is an interdisciplinary area
here the supramolecular systems can be designed with poten-

ial applications. The primary objective is to design and synthesize
uitable building blocks with novel and potential use for the anal-
sis of biomolecules by mass spectrometry. Therefore, in this
tudy, we introduced a simple method to synthesize novel sur-
ace modified ZnS NPs to serve as multifunctional nanoprobes for
apid peptide/protein analysis in MALDI-TOF MS. ZnS NPs modified
ith electrostatically self-assembled azide can serve as multi-

unctional nanoprobes including desalting, enriching, accelerating
nd separating/washing free nanoprobes for protein/peptide and
icrowave assisted tryptic digestion of proteins in MALDI-TOF MS

nalysis.

. Experimental methods
.1. Reagents and materials

Sodium sulfide was obtained from Nihon Shiyaku Industries
td., Japan. Sodium azide was purchased from Janssen Chimica,
Ps and (b) UV–vis absorption spectrum of ZnS-N3 nanoparticles.

USA. Leucine-enkephalin (Leu-enk) and HW6 (a thiopeptide, H-
HCKFWW-OH) were purchased from Kelowna International Scien-
tific Inc., Taiwan. Sinapinic acid (SA), �-cyano-4-hydroxycinnamic
acid (CHCA), dithiothreitol (DTT), zinc chloride, insulin (from
bovine pancreas), ubiquitin (from bovine red cells), cytochrome
c and bovine serum albumin (BSA) and lysozyme (form chicken
egg white) were obtained from Sigma (St. Louis, MO, USA). The
vortex agitator (VM 2000, Digi System Laboratory, Taipei, Taiwan)
was used for incubation of samples. The microwave oven was pur-
chased from LG Electronics (Taipei, Taiwan). The maximum power
and the operating frequency of the microwave oven were 700 W
and 2450 MHz, respectively. The water was purified by a Milli-Q
ultrapure water system (Millipore, Milford, MA, USA) for the exper-
iments. All reagents used were of analytical grade.

2.2. Preparation of peptide/protein solutions
Stock solutions of Leu-enk (1.8 mM), HW6 (1.1 mM) and insulin
(0.17 mM) were prepared by dissolving 1 mg/mL in deionized
water. Ubiquitin (0.12 mM), cytochrome c (78.1 �M), lysozyme
(68.9 �M) and BSA (1.5 �M) were prepared in 50 mM of NH4HCO3
solution (1 mg/mL for each peptide). The above stock solutions were
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urther diluted for desired concentration (HW6, 1.0 pM; insulin,
.25 pM; ubiquitin, 1 pM; cytochrome c, 5 pM; lysozyme, 2 pM and
SA, 5 nM). The matrix solutions of CHCA (26 mM) and SA (50 mM)
ere prepared using water and acetonitrile (1:2, v/v) containing

.1% of trifluoroacetic acid (TFA).

.3. Synthesis of azide modified ZnS nanoparticles

Although this is the first time to synthesize ZnS-N3 nanoparti-
les modified with azide, the idea was associated with the literature
24,25] and the synthesis procedure is shown in Fig. 1a. Surface

odification of ZnS NPs was achieved using sodium azide as the
tabilizer. ZnS-N3 NPs were prepared by mixing sodium azide solu-
ion (40 mM) with ZnCl2 solution (40 mM) in a 250 mL flask. Then
odium sulfide solution was added very slowly to the above solu-
ion via a microsyringe and then stirred for 5–6 h. The resulting
roduct was centrifuged and then the obtained solid was washed
ith deionized water and then dried under vacuum. The obtained

nS-N3 NPs were dissolved in 1 M sodium hydroxide solution and
hen used for MALDI-MS experiments without any further treat-

ent.

.4. Procedure for the analysis of biomolecules using ZnS-N3 NPs
s affinity probes in MALDI-TOF MS

Standard solutions of peptides or proteins were taken into 1 mL
olyethylene vials and diluted with deionized water to desired con-
entration. Then, 1.7 �M of ZnS-N3 NPs solution was added into the
bove solution and incubated for 1 h at room temperature. After
he incubation, the vial was taken out and 0.5 �L of sample solu-
ion was placed onto the MALDI target plate followed by adding
.5 �L of CHCA or SA solution, and further air-dried for 20 min.
hen, the target plate was loaded into the MALDI source for des-
rption/ionization of analytes.

.5. Procedure for microwave assisted tryptic digestion of
roteins

Microwave digestions of proteins (cytochrome c and lysozyme)
ere performed in the Eppendorf tubes. Proteins (4 �M, 500 �L)
ere mixed with 4 �M of trypsin (25 �L; weight ratio from 1:1 to

0:1) in 50 mM of NH4HCO3 solution at pH 8. To this, 5 �L of CaCl2
1.8 M) was added into the above solution to prevent autolysis of
rypsin. We added 2 �L of DTT solution (10 mM) to the above mix-
ure to reduce the formation of disulfide bonds in proteins. After
hat, the ZnS-N3 NP (1.7 �M) solution was added into the above
olutions and mixed well. The solutions were put into a microwave
eating for 30–50 s to digest proteins. The temperature of the
ample solutions was measured immediately by a thermocouple
Genechian industrial Ltd., Taiwan). After microwave irradiation,
he solutions were taken out from the microwave oven and then
irectly deposited onto the MALDI target plates for detection.

.6. Procedure for milk protein analysis

Milk proteins were analyzed according to the reported method
26]. Briefly, 5 mL of milk was centrifuged at 3000 rpm for 5 min,
ample was dried under N2 gas and the dried sample was dissolved
n deionized water. After that, 900 �L of above milk solution was
ransferred into a 1 vial (1 mL) containing 100 �L of ZnS-N3 NPs

1.7 �M) solution and the mixture was further vortexed for 1 h.
he sample vial was centrifuged at 3000 rpm for 5 min and 0.5 �L
f the isolated NP-target species was directly mixed with 50 mM
f SA and evaporated on the MALDI plate and then analyzed by
ALDI-MS.
2 (2010) 540–547

2.7. Procedure for isolation of ubiquitin like proteins from oyster
mushroom

Ubiquitin like proteins were isolated from oyster mushroom by
the described procedure [27]. Briefly, fresh fruiting bodies of oyster
mushroom (Pleurotus ostreatus) (100 g) were purchased from local
market (Kaohsiung, Taiwan), cutting into small pieces and homog-
enized with 10 mM of Tris–HCl (pH 7.2). The resulting mixture was
kept at 4 ◦C for 3 h and then the sample was centrifuged, and the
supernatant solution was diluted (2-fold) with deionized water. To
this, 100 �L of ZnS-N3 NPs (1.7 �M) solution was added and then
vortexed for 1 h. The target species conjugated NPs were analyzed
by the above procedure.

2.8. Instrumentation

The size and morphology of ZnS-N3 NPs were confirmed by
using a scanning electron microscope (SEM; JEOL 6700F, Tokyo,
Japan) and a transmission electron microscope (TEM; JEOL-3010,
Tokyo, Japan). UV–vis absorption spectrum of ZnS-N3 NPs was
measured on a double-beam spectrophotometer (U-3501, Hitachi,
Tokyo, Japan). ZnS-N3 NPs were further verified by using a FT-IR
spectrophotometer (PerkinElmer 100, USA).

All mass spectra were generated in the positive ion mode using
a MALDI-time-of-flight mass spectrometer (Microflex, Bruker Dal-
tonics, Bremen, Germany); 337 nm of a nitrogen laser was used
for irradiation of the analytes. The accelerating voltages were set
at 20 kV. All mass spectra (200 laser shots for per spectrum) were
generated in the reflectron mode for peptides or in the linear mode
for proteins and other parameters not mentioned here were set the
same as those described previously [23]. All experiments were car-
ried out at least three times in order to check the reproducibility of
the current approach.

3. Results and discussion

3.1. Characterization of the ZnS-N3 nanoparticles

A simple approach for synthesis of the ZnS NPs capped with
azide group (N̄ N+ N−) is shown in Fig. 1a, which is electro-
statically self-assembled on the surfaces of ZnS NPs. The UV–vis
absorption spectrum of ZnS-N3 NPs is shown in Fig. 1b and the
maximum absorption wavelength was observed at 310 nm. The
FT-IR spectra of sodium azide and ZnS-N3 NPs are presented in
Fig. 2a,b. The strong band at 2113 cm−1 arises due to sodium azide
(Fig. 2b). The FT-IR spectrum of ZnS-N3 NPs (Fig. 2a) shows bands
at 1012 and 2102 cm−1 are the characteristics of S–N stretching
vibration and azide stretching band of ZnS-N3 NPs, respectively. By
comparing FT-IR spectra of sodium azide (Fig. 2b) and ZnS-N3 NPs
(Fig. 2a), the azide band was slightly shifted to lower wavenumber
which is due to variation in the vibrational transition and the higher
occupation of excited rotational levels which enhance mobility of
the species leading to a different distribution in NPs system [28].
The morphology and size of ZnS-N3 NPs were confirmed by using
SEM and TEM (Fig. 2c and d). The SEM and TEM images demon-
strate the uniform distribution of the NPs and size of the NPs was
about 15 nm which is obtained from the histograms of ZnS-N3 NPs
(Fig. S1 of Supporting Information). The above results indicate the
conclusive evidence to successfully synthesize the electrostatically
self-assembled azide molecules on the ZnS NP surfaces.
3.2. ZnS-N3 nanoparticles to serve as affinity probes for
peptide/protein analysis

The first function of ZnS-N3 NPs is to serve as affinity probes for
the enrichment of peptides and proteins including HW6, insulin,
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Fig. 2. FT-IR spectra of (a) ZnS-N3 NPs and (b) free s

biquitin, cytochrome c, lysozyme and BSA in MALDI-TOF MS
nd the results are present in Figs. 3 and 4 and Supporting
nformation of Fig. S2. Fig. 3a compares the direct analysis of
ytochrome c (Fig. 3a(i)) with the result of using ZnS-N3 NPs
s affinity probes (Fig. 3a(ii)). We observed 7.8-fold of signal
nhancement by using ZnS-N3 NPs as affinity probes. The reason
ay be due to the interactions of ZnS-N3 NPs with cytochrome

. The interactions play a significant role to improve the detec-
ion sensitivity of target analytes in MALDI-TOF MS [23]. Because
he surface modification of ZnS-N3 NPs with azide (functional
roup) allows for efficient interaction with peptides and pro-
eins, the signal intensity of cytochrome c was greatly improved
ith ZnS-N3 NPs as affinity probes than that of the conventional
ethod (direct analysis) of MALDI-MS. In addition, we also applied

nS-N3 NPs as affinity probes for enrichment of HW6 (Fig. 3b),
nsulin (Fig. 3c and Fig. S2 of Supporting Information), lysozyme
Fig. 4a), ubiquitin (Fig. 4b) and BSA (Fig. 4c). The mass peaks were
bserved at m/z ∼12,362.6, 906.3, ∼5739.9, ∼14,317.2, ∼8384.8,
66,351.0 and ∼33,037.2 which are assigned as the protonated
olecules ([M+H]+) of cytochrome c, HW6, insulin, lysozyme, ubiq-

itin, BSA and [M+2H]2+of BSA, respectively. From Figs. 3–4 and
igs. S2 and S5b–c of Supporting Information, comparing to the
rganic matrices, the ZnS-N3 NPs served as affinity probes has
emonstrated 2–10-fold of signal enhancements for peptides and
roteins analysis in the MALDI-MS. From these results, we found

hat the functionalized ZnS NPs modified with azide group could
e served as an universal affinity probe for enrichment of all tested
eptides and proteins in MALDI-TOF MS. It is well known that pro-
ein or peptide interactions are mainly depending on pI values [29].
enerally, proteins (insulin pI 5.5; ubiquitin pI 6.79; cytochrome c
azide. SEM (c) and TEM (d) images of ZnS-N3 NPs.

pI 10.2; lysozyme pI 10.5 and BSA pI 4.7) or peptides (Len-enk pI 5.5
and HW6 pI 8.2) exhibit net positive or negative charges at lower or
higher isoelectricpoint points (pI = pH). While the azide (N̄ N+ N−)
functional group carries both positive and negative charges, which
is able to bind efficiently with charged species of peptides/proteins
through electrostatic attractions without changing pH of the sam-
ple solution.

We also found that the mass to charge ratios of proteins were
slightly varied in the generated mass spectra. This is due to mass
independent (initial) velocities of ions [30] or the broad distribution
of the initial kinetic energy [31]. To further demonstrate the trap-
ping efficiency of the current method for larger biomolecules, we
also examined the enrichment experiments for high mass protein
(BSA) and the result is shown in Fig. 4c in which the protonated
molecules of BSA were successfully enriched by using the ZnS-
N3 NPs as affinity probes. Note that the increase in intensity of
[M+H]+ (singly protonated BSA ions) and decrease in [M+2H]2+

ions when using ZnS-N3 NPs as affinity probes (SA as the matrix)
(Fig. 4c(ii)). The reason may be due to the following. (1) The addition
of NPs facilitates the adsorption of BSA onto the NPs leading to the
reduction of the possible reactive sites for formation of the doubly
protonated BSA ions. (2) The micro-heterogeneity of organic matrix
crystals might be able to reduce the adduct formation of the ions
generated from the organic matrix crystals [32,33].
3.3. ZnS-N3 nanoparticles to serve as accelerating probes for
microwave assisted tryptic digestion of proteins

The second function of ZnS-N3 NPs is to serve as the accelerating
probes in microwave assisted enzymatic digestion of proteins.
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Fig. 3. (a) MALDI-TOF mass spectra of cytochrome c (5 pM) using SA (50 mM) as the matrix: (i) direct analysis and (ii) using ZnS-N3 NPs (1.7 �M) as affinity probes. The mass
peak of protonated cytochrome c was shown at m/z ∼12,362.6. (b) MALDI-TOF mass spectra of HW6 (1 pM) using CHCA (26 mM) as the matrix: (i) direct analysis and (ii)
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sing ZnS-N3 NPs as affinity probes and the protonated mass peak of HW6 was ob
atrix (26 mM): (i) direct analysis and (ii) using ZnS-N3 NPs (1.7 �M) as affinity p
W6 and insulin, 2 h for cytochrome c at room temperature. The mass spectra were

he results are shown in Fig. 5 and Supporting Information of
igs. S3 and S4. Fig. 5a contrasts the mass spectra of microwave
ssisted tryptic digestion of cytochrome c (2 pM) via direct analysis
without ZnS-N3 NPs) (Fig. 5a(i)) with that of using ZnS-N3 NPs
Fig. 5a(ii)). Fig. 5b compares the mass spectra of microwave
ssisted tryptic digestion of lysozyme (2 pM) through direct anal-
sis using CHCA as the matrix (without ZnS-N3 NPs) (Fig. 5b(i))
ith that of using ZnS-N3 NPs as accelerating probes (Fig. 5b(ii)).

t can be noticed that without ZnS-N3 NPs in microwave digestion
Fig. 5a(i) and b(i)), only five peptide fragments of cytochrome c
nd lysozyme were observed with low intensity under the intense
ackground interferences. After the treatment of ZnS-N3 NPs in
icrowave experiments, the digested fragments of cytochrome c

nd lysozyme were effectively enriched and much clean spectra
with less interferences) were observed by using ZnS-N3 NPs as
ccelerating probes and mass spectra are shown in Fig. 5a(ii)
nd b(ii). The identified sequences of digested cytochrome c
nd lysozyme are shown in Tables S1 and S2, respectively. The
equences of digested proteins were further identified by searching
rom http://www.expasy.org/tool/peptide-mass.html. This reveals

hat ZnS-N3 NPs can function as effective accelerating probes for

icrowave tryptic digestion of proteins. Next, we also compared
he capability of ZnS-N3 NPs as heat absorbers for microwave
ssisted tryptic digestion of proteins by measuring the tempera-
ure of protein solution with and without treatment of ZnS-N3 NPs
at m/z 906.3. (c) MALDI-TOF mass spectra of insulin (0.25 pM) using CHCA as the
and mass peak was observed at m/z ∼5739.9. The samples were incubated 1 h for
rated at 76.3 �J of laser energy.

under microwave heating for 50 s. We found that the temperature
of sample solution was 47.2 ± 0.1 ◦C without ZnS-N3 NPs. After
using ZnS-N3 NPs as accelerating probes in the microwave exper-
iments, the temperature of solution was increased to 59.3 ± 0.2 ◦C.
We also optimized the microwave heating time (10, 30, 50 and 60 s)
for efficient microwave assisted tryptic digestion of cytochrome c
and lysozyme. We found that at 30 and 50 s of microwave irradia-
tion time, more number of digested protein signals were observed
by using ZnS-N3 NP as accelerating probes. However, only very few
digested proteins were observed at 30 s of microwave heating (see
Figs. S3 and S4 of Supporting Information). The maximum number
of peaks of digested proteins were observed at 50 s of microwave
heating time. Hence, we selected 50 s as the optimal (microwave)
heating time for efficient tryptic digestion of cytochrome c and
lysozyme.

3.4. ZnS-N3 nanoparticles to serve as desalting probes for protein
analysis

The third function of ZnS-N3 NPs is to serve as the desalting

probes of proteins in MALDI-MS analysis. We studied the capabil-
ity of ZnS-N3 NPs as affinity probes for direct analysis of insulin
by MALDI-TOF MS from high salt solution (1.0–6.0 M of NaCl). The
results indicated that the ZnS-N3 NPs can successfully generate
mass spectrum of insulin at high salt conditions up to 4.0 M NaCl



H.-F. Wu et al. / Talanta 82 (2010) 540–547 545

Fig. 4. (a) MALDI-TOF mass spectra of lysozyme (2 pM) using SA (50 mM) as the
matrix: (i) direct analysis and (ii) with ZnS-N3 NPs as affinity probes. (b) MALDI-
TOF mass spectra of ubiquitin (1 pM) with CHCA (26 mM) as the matrix: (i) direct
analysis and (ii) using ZnS-N3 NPs as affinity probes. (c) MALDI-TOF mass spectra
of BSA (5 nM) with SA (50 mM) as the matrix: (i) direct analysis and (ii) using ZnS-
N3 NPs as affinity probes. The mass peaks of the proteins were observed at m/z
∼14,317.3, ∼8384.8, ∼66,351.0 and ∼33,037.2 which are corresponding to [M+H]+
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Fig. 5. (a) MALDI-TOF mass spectra of microwave assisted tryptic digestion of
cytochrome c (2 pM) using CHCA (26 mM) as the matrix: (i) direct analysis and (ii)
using 1.7 �M of ZnS-N3 NPs as accelerating probes. (b) MALDI-TOF mass spectra of
ons of lysozyme, ubiquitin, BSA and [M+2H]2+ of BSA, respectively. The proteins
ere incubated 1 h for ubiquitin, 2.0 h for lysozyme and BSA at room tempera-

ure. The mass spectra were generated at laser energy of 76.3 �J for lysozyme and
biquitin, and 80.2 �J for BSA.

see Fig. S5a of Supporting Information). When we applied salt
oncentration more than 4.0 M NaCl, the insulin signals were dras-
ically decreased. This indicates that ZnS-N3 NPs exhibit excellent
apability to act as effective desalting probes for protein analysis in
igh salt interferences in MALDI-TOF MS.

.5. Application of ZnS-N3 nanoparticles for analysis of complex
amples

We demonstrated the powerful applicability of ZnS-N3
anoparticles for the direct (separation-/washing free) analysis of
roteins from complex samples by MALDI-TOF MS. We analyzed
wo real samples: (1) milk proteins from cow milk and (2) ubiquitin
nd ubiquitin like proteins from oyster mushroom. Fig. 6a compares
he mass spectra of milk proteins detected from milk samples with-
ut (Fig. 6a(i)) and with ZnS-N3 NPs as affinity probes (Fig. 6a(ii))

sing SA as the conventional matrix. The mass peaks shown in
ig. 6a(ii) were identified at m/z 9108.8, 1159.8, 14,230.9, 14,310.3
nd 18,395.0, which are corresponding to proteoso peptide (1),
3-casein (2), �-lactalbumin (3), lysozyme (4) and �-lactoglobulin
5), respectively [34]. These results clearly indicate that ZnS-N3
microwave assisted tryptic digestion of lysozyme (2 pmol) with CHCA (26 mM) as
the matrix via (i) direct analysis and (ii) using 1.7 �M of ZnS-N3 NPs as accelerating
probes. The samples were radiated in microwave for 50 s and the mass spectra were
generated at 49.7 �J of laser energy.

NPs are able to directly detect the milk proteins from complex
samples. Next example is to directly analyze ubiquitin and ubiq-
uitin like proteins from oyster mushroom by MALDI-TOF MS. The
yield of ubiquitin and ubiquitin like proteins in oyster mushroom is
100–230 �g/kg (fruiting bodies). Hence, it is necessary to develop a
simple, sensitive and straightforward method for direct detection
of ubiquitin and ubiquitin like proteins in mushroom by MALDI-
TOF MS. We successfully applied ZnS-N3 NPs as affinity probes for
rapid and direct identification of ubiquitin and ubiquitin like pro-
teins from oyster mushroom in Fig. 6b(ii). Fig. 6b(i) displays the
direct analysis of ubiquitin proteins extracted from oyster mush-
room by using SA (50 mM) as the matrix. Comparing Fig. 6b(i) with
b(ii) which was obtained using ZnS-N3 NPs as affinity probes along
with SA as the matrix, the mass signals of ubiquitin and ubiqui-
tin like proteins were significantly enhanced (more than 4-fold).
The obtained mass peaks at m/z 8062 (8.0 kDa), 8382 (8.3 kDa),
8509 (8.5 kDa) and 9165 (9.1 kDa) are corresponding to the ubiqui-
tin and ubiquitin like proteins, respectively. Fig. 6b(iii) represents
the MALDI mass spectrum of standard ubiquitin using ZnS-N3 NPs
as affinity probes along with SA as the matrix. The above results
indicated that the current approach is an effective tool for sepa-
rating/washing free analysis of proteins from complex samples (or
biological samples) in the MALDI-TOF MS.
3.6. Advantages of multifunctional ZnS-N3 nanoprobes for
MALDI-MS

Based on the above results, ZnS-N3 NPs exhibit many advan-
tages. (1) It can be well dispersed and stabilized in aqueous solution.
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Fig. 6. (a) MALDI-TOF mass spectra for the analysis of milk proteins from cow milk
(100 �L) using SA (50 mM) as the matrix via (i) direct analysis and (ii) using ZnS-N3

nanoparticles as affinity probes. The generated mass peaks assigned at m/z 9108.8,
1159.8, 14,230.9, 14,310.3 and 18,395.0 are corresponding to proteoso peptide (1),
y3-casein (2), �-lactalbumin (3), lysozyme (4) and �-lactoglobulin (5), respectively.
(b) MALDI-TOF mass spectra of ubiquitin and ubiquitin like proteins from oyster
mushroom using SA as the matrix (50 mM): (i) direct analysis, (ii) using ZnS-N3 NPs
(1.7 �M) as affinity probes, and (iii) standard ubiquitin using ZnS-N3 NPs (1.7 �M) as
affinity probes. The mass peaks 1, 2, 3 and 4 are representing for m/z 8062 (8.0 kDa),
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382 (8.3 kDa), 8509 (8.5 kDa) and 9165 (9.1 kDa) which corresponds to ubiquitin
nd ubiquitin like proteins, respectively. The samples were incubated for 1 h at room
emperature. The mass spectra were generated at 59.6 �J of laser energy.

hus it can be homogeneous mixed with the organic matrix to
orm homogeneous crystals for efficient detection of target ana-
ytes in MALDI-MS. (2) It is an universal nanoprobe for ionization
or a variety of peptides and proteins by elimination of back-
round interferences in MALDI-MS. To confirm this point, we
ompared small peptide (leucine-enkephalin (MW = 556.2)) with
Fig. S5b of Supporting Information) and without (Fig. S5c of Sup-
orting Information) using ZnS-N3 NPs as affinity probes and CHCA
s the matrix. This results indicate that the background signals were
uccessfully reduced by applying ZnS-N3 NPs as affinity probes and
he mass peaks were generated with high intensity of sodium and
otassium adduct ions of Leu-enk (Fig. S5b of Supporting Informa-
ion). While direct analysis using CHCA as the conventional matrix,
uffered from intense interference peaks originated from CHCA
lusters (see Fig. S5c of Supporting Information). However, when
e used ZnS-N3 NPs as affinity probes along with CHCA system was
rovided efficient platform for the analysis of small peptides with
uppressed background signals. This reason might be due to CHCA is

onjugated with NPs/analyte system to form polymeric NP surfaces
hich can drastically reduce matrix interference and background
oise in the low mass range [35]. Meanwhile, the large surface
rea of the nanoparticle can boost-up laser desorption and ioniza-

[

[
[

2 (2010) 540–547

tion of target analytes. (4) The ZnS-N3 NP solution can be stable at
room temperature for several months. (5) The ZnS-N3 nanoparti-
cles were synthesized without using any surfactants which could
avoid adduct formation or wanted interferences produced from
protein–surfactant interaction, surfactant aggregates or interfer-
ences from surfactants. Thus, this approach can be useful for the
rapid analysis of the peptides, proteins and digested proteins in
MALDI-MS. The significance of the current method is attributed
to the strong electrostatic interactions between ZnS-N3 NPs (due
to dipolar charges on the azide stabilizer units) with biomolecules
(peptides or proteins).

4. Conclusion

For the first time, we successfully introduced a simple approach
to synthesis ZnS-N3 NPs capped with azide, which is able to
enhance the detection sensitivity of peptides and proteins and to
serve as accelerating probes for microwave assisted tryptic diges-
tion of proteins in MALDI-TOF MS. This is because ZnS-N3 NPs
possess the unique feature of carrying both positive and nega-
tive charges on the azide functional groups. We also successfully
demonstrated for the analysis of milk proteins from cow milk
and ubiquitin and ubiquitin like proteins from oyster mushroom.
The current approach is a simple, sensitive and straightforward
analytical tool for enriching, desalting, rapid and direct identifica-
tion of peptides and proteins in biological samples in MALDI-TOF
MS.
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