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Covalent protein immobilization with a parylene-H film for
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry
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RATIONALE: For the sensitive analysis of receptor-ligand interactions by matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry (MS), receptor proteins should be immobilized on a target plate with
a high surface density. In this work, a parylene-H film with formyl groups was developed for the efficient covalent
immobilization of receptor proteins for MALDI-TOF MS.
METHODS: The parylene-H film was thermally deposited on a target plate and receptor proteins were covalently
immobilized. The surface properties of the parylene-H film were analyzed by atomic force microscopy (AFM) and cyclic
voltammetry (CV). The immobilization efficiency of the parylene-H film was analyzed by fluorescence imaging with
streptavidin and fluorescence-labeled biotin. MALDI-TOF MS was performed using the parylene-H-coated target plate
with streptavidin and different concentrations of biotinylated peptide as the receptor and ligand, respectively.
RESULTS: The parylene-H film on a target plate had a flat surface (Rq: �2.755 nm) without any pinholes and could
be regarded to be electrically conductive under an electric potential of 30 kV. The fluorescence image proved that
the parylene-H film improved the protein immobilization efficiency as well as ligand detection sensitivity. The mass
spectra quantitatively revealed peaks from the ligand molecules without any interference peaks from the immobilized
receptor proteins.
CONCLUSIONS: A parylene-H film with formyl groups was thermally deposited on a target plate and the receptor
protein was covalently immobilized on the target plate. The interactions of ligand molecules with the immobilized
receptor proteins were quantitatively analyzed by MALDI-TOF MS. Copyright © 2013 John Wiley & Sons, Ltd.
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Matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry (MS) has been used
for the analysis of receptor-ligand interactions.[1–3] Usually,
the immobilization of receptor proteins with a high surface
density is required for the sensitive analysis of ligand
molecules. For the immobilization of receptor proteins,
various surface modification methods have been used
for the target plate including a self-assembled monolayer
(SAM) made of thiolated hydrocarbons, hydrogels, and
polymers.[4–7] For the sensitive analysis of receptor-ligand
interactions, the modified target surface is required to possess
several properties: (1) the receptor should be immobilized
with a high surface density on the modified target surface,
(2) the interference mass peaks from receptor proteins
and the modified target surface should be found in the
MALDI-TOF mass spectrum, and (3) quantitative analysis of
the ligand molecules should be possible.
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In this work, a parylene-H filmwas used tomodify the target
surface for the analysis of receptor-ligand interactions by
MALDI-TOF MS. Parylene-H is a polymer of para-xylxyene
with formyl groups (�CHO) and it was deposited on the target
plate by thermal decomposition, as shown in Fig. 1(a). The
receptor proteinwas covalently immobilized on the target plate
by the reaction between the formyl groups of the parylene-H
film. After immobilization, the amine groups of the receptor
protein produce imine bonds, as shown in Fig. 1(b). Then, the
covalently immobilized receptor protein is maintained on the
target plate even after the repeated washing steps. As shown
in Fig. 1(c), the ligand molecules bound to the covalently
immobilized receptor protein were expected to produce mass
peaks in the MALDI-TOF MS analysis.

Here, the feasibility of using a parylene-H film for MALDI-
TOFMS was demonstrated by analyzing the surface roughness
(atomic forcemicroscopy (AFM)) and electrochemical properties
(V-I curve and cyclic voltammetry (CV)) of the parylene-H film.
The immobilization efficiency of the parylene-H film was
compared with the results of the physical adsorption method
obtained by fluorescence imaging.[8] Finally, quantification
of the receptor-ligand interaction was demonstrated by using
a receptor protein (streptavidin) and a ligand molecule
(biotinylated peptide) as a model system.[9,10]
Copyright © 2013 John Wiley & Sons, Ltd.
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Figure 1. Immobilization of a receptor protein on the parylene-H film. (a) Thermal deposition
of the parylene-H film. (b) Covalent immobilization of a receptor protein on the parylene-H
film. (c) MALDI-TOF analysis of ligand molecules.
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EXPERIMENTAL

Materials

Streptavidin, biotinylated fluorescein, albumin from bovine
serum (BSA), a-cyano-4-hydroxycinnamic acid, sinapinic acid,
Tween 20, potassium ferricyanide, and other analytical grade
chemicals were purchased from Sigma-Aldrich Korea (Seoul,
Korea). Parylene-H dimer was purchased from Femto Science
Co. (Kyounggi-Do, Korea). Biotinylated cyclic citrullinated
peptide was synthesized and modified by Peptron Co.
(Yousung, Korea).
Thermal deposition of the parylene-H film

The parylene-H film was deposited on the MALDI-TOF target
plate by using a parylene coater from Femto Science Co. As
previously reported, the parylene-H film was deposited by
sequential polymerization steps: (i) evaporation of dimer
precursors at a temperature of 160�C, (ii) pyrolysis to produce
highly reactive p-xylene radicals from the precursor vapor
at a temperature of 650�C, and (iii) deposition on the
solid substrate under vacuum (less than 2 Torr) at room
temperature.[11,12] The entire coating procedure was carried
out using a microprocessor controller for the parylene coater.
The thickness of the parylene-H film was controlled to be less
than 50 nm during the thermal deposition process by using a
quartz crystal microbalance (QCM) sensor.
wileyonlinelibrary.com/journal/rcm Copyright © 2013 John Wil
CV and AFM analysis of the parylene-H film

The CV measurement system used in this study was a
classical three-electrode system composed of a working
electrode, a counter electrode, and a reference electrode.[13,14]

For the electrochemical analysis of the parylene-H film, a
gold electrode was prepared by sputtering a gold layer with
a thickness of 100 nm on a silicon wafer with an electrode
area of 5� 10 mm2. In order to adjust the electrode area to
3� 5 mm2, the rest of the electrode was insulated by using
an adhesive film. Parylene-H films with known thicknesses
were prepared on the gold electrode and were used as
working electrodes. Platinum and sintered Ag/AgCl
electrodes were purchased from Metrohm Korea (Seoul,
Korea) and used as the counter and reference electrodes,
respectively. The CV analysis was conducted in 50 mM
potassium ferricyanide (K3[Fe(CN)6]3) at a pH of 7.0 in the
potential range of �100 to +500 mV (vs. Ag/AgCl) at a scan
rate of 100 mV/s using a potentiostat (IVIUM Technologies,
Compactstat, The Netherlands). The measurement was
repeated three times for each sample and the third set of data
was used as the signal for the analysis.

The surface morphology of the prepared parylene-H film
was analyzed by using AFM (XE-100, Park System Co., Seoul,
Korea). The parylene-H film prepared on a gold electrode
was evaluated and the area investigated in the AFM analysis
was 5� 5 mm2. The parylene-H film thickness was measured
by scratching a part of the parylene-H film to expose the
bottom of the gold surface.
ey & Sons, Ltd. Rapid Commun. Mass Spectrom. 2013, 27, 1149–1154
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Protein immobilization with parylene-H film for MALDI-MS
Fluorescence imaging

The interaction between receptor proteins (streptavidin)
and ligand molecules (biotinylated fluorescein (lex= 490 nm
and lem = 524 nm) was observed by fluorescence imaging
as a function of the concentration of the ligand molecules.
The parylene-H film was coated on 30 nm thick
glass slides divided into 96 compartments. In each
compartment, the receptor moelcule (streptavidin) was
covalently immobilized by incubation of a 10 mg/mL
streptavidin solution in 100 mM phosphate buffer
(pH 7.0) for 2 h at room temperature. Then, the blocking
solution (BSA, 1 mg/mL) was treated for 1 h at room
temperature. The glass slides were rinsed with an excess
amount of a 1% (w/v) Tween 20 solution. For the
binding of ligand molecules (biotinlylated fluorescein) to
the immobilized streptavidin, 50 mL of the ligand solution
was treated in each compartment of the glass slides for
1 h at room temperature. Then, the glass slide was rinsed
by using an excess amount of a 1% (w/v) Tween 20
solution and distilled water. The fluorescence image was
taken at an excitation wavelength of 488 nm and an
emission wavelength of 520 nm by a GenePix Microarray
scanner (Molecular Devices Korea, Seoul, Korea).
Figure 2. Surface analysis of the electroch
(a) Roughnesses and (b) thicknesses of th
(b) Cyclic voltammetry analysis of
voltammograms were obtained by usin
(CN)6

3–/4–] at a scan rate of 10 mV/s.
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Analysis with MALDI-TOF MS

MALDI-TOF MS was performed using a Microflex mass
spectrometer (Bruker Co.). The parylene-H film was thermally
deposited on a stainless steel MALDI-TOF target plate
(Bruker Co.) which was patterned to contain 48 wells by
using a mask sheet. The immobilization of the receptor
protein was performed by dipping the target plate in the
streptavidin solution at a concentration of 10 mg/mL in
100 mM phosphate buffer (pH 7.0) for 2 h at room
temperature. Then, the target plate was rinsed with an excess
amount of a 1% (w/v) Tween 20 solution. For the receptor-
ligand interaction, 50 mL of the ligand solution (biotinylated
cyclic citrullinated peptide) was dropped at each analysis
spot of the target plate for 30 min at room temperature.
Then, the target plate was rinsed by using an excess amount
of a 1% (w/v) Tween 20 solution and distilled water. For
the MALDI-TOF MS analysis, the target plate was dried
for 1 h at room temperature. The matrix solution containing
a-cyano-4-hydroxycinnamic acid at a concentration of
10 mg/mL in acetonitrile/water (1:1, v/v) acidified with
0.1% trifluoroacetic acid was prepared and 1 mL of the matrix
solution was dropped at each reaction spot. The MALDI-TOF
instrument is a standard peptide measuring tool.[15,16]
emical properties of parylene-H films.
e parylene-H films obtained by AFM.
the parylene-H films. The cyclic
g a redox couple of ferricyanide [Fe
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RESULTS AND DISCUSSION

Parylene-H film for MALDI

Usually, the thickness as well as the surface roughness of the
modified surface of target plates is known to influence the
sensitivity of measurements.[17] From the AFM analysis of
the parylene-H film with an area of 60� 60 mm2, the root-
mean-square deviation of the surface roughness (Rq) was
estimated to be �2.755 nm, as shown in Fig. 2(a), and pin
holes or collapsed structures were not found on the surface.
Compared to previously reported values in the micrometer
range,[17] the surface roughness of the parylene-H film was
demonstrated to be sufficient for the MALDI analysis. These
results show that the parylene-H film had a suitable surface
roughness and a reproducible thickness for the MALDI
analysis. In this work, the parylene-H film was prepared to
have a target thickness by applying on-line monitoring with
a QCM sensor during the thermal deposition process.
Parylene-H films with thicknesses of 32, 51, 64, and 75 nm
were prepared by using precursor amounts of 150, 200, 250,
and 325 mg, respectively. Then, the actual thickness obtained
from the AFM analysis was correlated to the QCM responses,
as shown in Fig. 2(b). From this correlation, the thickness of
the parylene-H film was correlated to the frequency shift with
a ratio of 62.3 Hz/nm and a linearity factor of 0.98 (n = 10).
In order to characterize the electrochemical properties of the

parylene-H film, CVwas carried out by using a redox couple of
ferricyanide (Fe(CN)6

3–/4–). As shown in Fig. 2(c), the cyclic
volammogram had oxidation and the reduction peaks.
This result indicates that the surface of the parylene-H film
has an exposed surface to result in the reduction and the
oxidation of ferricyanide. The area of the cyclic voltammogram
represents the total charges transferred to the electrode during
the cyclic voltammetry. From the integration of the cyclic
voltammograms, the total charges transferred to the electrode
were calculated to be 39.0, 35.2, 27.9, and 17.7 mC for
payrlene-H films with thicknesses of 0, 15, 50, and 60 nm,
respectively. In comparison to the bare electrode surface, the
exposed area of the target plate coatedwith the parylene-H film
with a thickness of 50 nm was estimated to be 45.4%.
Therefore, the parylene-H film with a thickness of 50 nm

could not completely insulate the electrode surface. These
results demonstrate that the parylene-H film with a thickness
of 60 nm could be regarded to be electrically conductive at the
MALDI analysis potential of 30 kV. These results indicate that
the molecules on the target plate ionized by laser radiation
could be analyzed by MALDI-TOF MS.
Figure 3. Influence of the parylene-H film in the analysis
of receptor-ligand interactions. Fluorescence images were
obtained by the treatment of biotinylated fluorescein at different
concentrations after immobilization of streptavidin (10 mg/mL)
on two different types of target plates. The graph shows the
assay results obtained by analysis of the fluorescence images.
Application of the parylene-H film for the analysis of
receptor-ligand interactions

As previously mentioned, the modified target surface is
required to possess several properties for the sensitive analysis
of receptor-ligand interactions: (1) the receptor should be
immobilized with a high surface density on the modified target
surface, (2) interference mass peaks from receptor proteins and
the modified target surface should be observed in the MALDI-
TOF mass spectrum, and (3) quantitative analysis of the ligand
molecule should be possible. As the first step, the parylene-H
film was demonstrated to improve the immobilization
efficiency of the receptor protein (streptavidin) to improve the
wileyonlinelibrary.com/journal/rcm Copyright © 2013 John Wil
sensitivity to detect the ligand molecule (biotinylated CCP),
as compared to the physical adsorption method. As shown
in Fig. 3(a), the amount of receptor protein (streptavidin)
was immobilized on the parylene-H film and uncoated target
plate by incubation of streptavidin at a concentration of
10 mg/mL.When the target plateswere treatedwith biotinylated
fluorescein in the concentration range of 10 pg/mL to 1 mg/mL,
a significantly higher fluorescence was observed only from the
target plate with the parylene-H film at a ligand concentration
of 0.1 ng/mL. As shown in Fig. 3(b), the dynamic range of
detection was estimated to be from 0.1 ng/mL to 30 ng/mL,
based on the fluorescence image analysis. As the conventional
target plate could not detect the ligandmolecule at a cocentration
of 1 mg/mL, the sensitivity of the parylene-H-coated target plate
increased more than 1000 fold. These results show that the
parylene-H film can vastly improve the ligand detection
efficiency by effectively immobilizing the receptor proteins.

For demonstration of the analysis of receptor-ligand
interactionswith the parylene-H-coated target plate, streptavidin
was immobilized on the parylene-H film as a model receptor
protein and then MALDI-TOF MS was carried out. As shown
in Fig. 4(a), the receptor protein (streptavidin) was analyzed
to be 52 kDa with a conventional target plate by using a matrix
treatment. However, the receptor protein could not be detected
ey & Sons, Ltd. Rapid Commun. Mass Spectrom. 2013, 27, 1149–1154



Figure 4. MALDI-TOF MS of a model receptor protein (streptavidin) with a molecular weight of 52 kDa
(a) before and (b) after covalent immobilization. (c) Mass spectrum after treatment of the ligand molecules
(biotinylated CCP). (d) Quantitative analysis of ligand molecules (biotinylated CCP).

Protein immobilization with parylene-H film for MALDI-MS
after covalent immobilization on the parylene-H film evenwith
treatment of the matrix molecule, as shown in Fig. 4(b). In the
case of the conventional target plate without a parylene-H film,
no significant mass signal from the ligand molecules was
observed. This result shows that the mass signals from ligand
molecules will only be detected in the mass spectrum without
signals from the receptor molecule.
Actually, the mass signal from the ligand molecule could be

detected without other mass signals from the receptor
molecules when the ligand molecule (biotinylated CCP) was
on the target plate with immobilized streptavidin, as shown
in Fig. 4(c). These results show that the parylene-H film can
be more effectively used for the analysis of receptor-ligand
interactions by increasing the density of receptor proteins.
When different concentrations of the ligand molecule
(biotinylated CCP) were applied on the parylene-H-coated
targtet plate with immobilized receptor molecules, quantitative
mass signals were observed, as shown in Fig. 4(d), and the limit
of detection was estimated to be 1 ng/mL. These results show
that the parylene-H-coated microplate can be applied for the
monitoring of receptor-ligand interactions (1) with a high
immobilization efficiency of receptormolecules and (2)without
interference in the mass spectra from the receptor molecules.
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CONCLUSIONS

The applicability of a parylene-H film with formyl groups on
the surface was demonstrated for the analysis of receptor-
ligand interactions by MALDI-TOF MS. The parylene-H
film with formyl groups was thermally deposited on a
target plate and the receptor protein was covalently
immobilized on a target plate. Then, the binding of ligand
Copyright © 2013Rapid Commun. Mass Spectrom. 2013, 27, 1149–1154
molecules was analyzed by MALDI-TOF MS. For the
covalent immobilization of the receptor protein, a parylene-
H film with a thickness of less than 50 nm was thermally
deposited on the target plate and then the amine groups of
the receptor protein reacted with the formyl groups of the
parylene-H film to form imine bonds. After the covalent
immobilization, the receptor protein (streptavidin) was not
detected by MALDI-TOF MS analysis. When the ligand
molecule (biotinylated peptide) reacted with the receptor
molecule, the bound ligand molecule could be detected by
MALDI-TOF MS. This result demonstrates that applying a
parylene-H film is feasible for the analysis of receptor-
ligand interactions using MALDI-TOF MS.
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