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ABSTRACT In recent years, polymer surfaces have become increasingly popular for biomolecule attachment because of their relatively
low cost and desirable bulk physicochemical characteristics. However, the chemical inertness of some polymer surfaces poses an
obstacle to more expansive implementation of polymer materials in bioanalytical applications. We describe use of argon plasma to
generate reactive hydroxyl moieties at the surface of polystyrene microtiter plates. The plates are then selectively functionalized with
silanes and cross-linkers suitable for the covalent immobilization of biomolecules. This plasma-based method for microtiter plate
functionalization was evaluated after each step by X-ray photoelectron spectroscopy, water contact angle analysis, atomic force
microscopy, and bioimmobilization efficacy. We further demonstrate that the plasma treatment followed by silane derivatization
supports direct, covalent immobilization of biomolecules on microtiter plates and thus overcomes challenging issues typically associated
with simple physisorption. Importantly, biomolecules covalently immobilized onto microtiter plates using this plasma-based method
retained functionality and demonstrated attachment efficiency comparable to commercial preactivated microtiter plates.

KEYWORDS: polystyrene • microtiter plate • argon plasma • silanization • surface characterization • surface functionalization

INTRODUCTION

Manufacture of microtiter plates used in clinical
diagnostics, environmental monitoring, biotech,
pharmaceutical research and development, and

many other areas of basic and applied research represents
a half-billion dollar enterprise. Microtiter plates are effective
solid-phase platforms for multiplexed, high-throughput
screening and analysis of biomolecule interactions. This
multiwell format, available in 6, 24, 96, 384, 1536, and even
3456 or 9600-well plates, is widely used in both industry and
medical fields because of its ease of automation, high
capacity for paralleled data collection, and versatile applica-
tion of technologies (e.g., proteomics, functional genomics,
biomolecule separation, and purification).

Microtiter plates are manufactured using a variety of
polymeric materials (e.g., polypropylene, polycarbonate),
but polystyrene (PS) is most commonly employed because
it readily adsorbs (via noncovalent interaction) proteins, has
excellent optical as well as mechanical properties, and is
cost-effective. However, several intrinsic properties of poly-
styrene also present disadvantages: poor chemical resis-

tance, difficulty controlling surface chemistry, but most
importantly, the simple physisorption can lead to protein
denaturation, desorption and/or loss of biomolecule activity
(1, 2). The benefits of the covalent attachment versus
physisorption of biomolecules are largely recognized. It
represents a more robust approach that can ensure a more
stable attachment and functional display of the biomolecule
of interest (3).

Covalent attachment of biomolecules to polymer surfaces
can be achieved using a variety of techniques including wet
chemical treatments, silane monolayers, plasmas, flames,
and UV irradiation (3). The use of wet chemical treatments
alone or as a pretreatment step to render the polystyrene
substrates amenable to silane functionalization can lead to
the production of a wide range of oxygen-containing func-
tional groups (e.g., CdO, O-CdO, CO3), and thus nonspe-
cific biomolecule attachment (4). Polymers treated in this
manner may, therefore, be less useful for applications that
require more specific functionalities. Moreover, harsh sur-
face treatments can lead to irregular surface etching, which
can play a significant role in modulating the efficacy of
bioimmobilization and functionality of the biointerface.

The use of plasmas as means of polymer thin film
deposition, polymer surface treatment by a variety of gases
(Ar, O2, N2, NH3, N2 + H2, CO2, etc.) to introduce desired
functional groups and plasma grafting methods have been
a preferred way for covalent biomolecules immobilization
as signified by the numerous publications in this field (5-9).
However, chemical modifications produced by plasmas and
UV treatments are often accompanied by surface morphol-
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ogy modifications. Surface morphology has been shown to
affect the activity of the immobilized biomolecules and
surface energy of core substrates (10-12), and significantly
alter the biophysical and biochemical behavior of the bio-
interface (13, 14). The ultimate goal of this work is to
immobilize small biomolecules such as peptides, saccha-
rides, and small proteins, which are highly sensitive to their
microenvironment (15-18). Thus precise control over not
only the surface chemistry but also the surface morphology
at the nanoscale is required. The electron beam plasma has
shown the ability to functionalize polymer surfaces while
keeping the surface morphology unchanged (19).

In this work, to further increase the selectivity of biomol-
ecules attachment and to provide better structural order, we
used silane coupling chemistry in addition to plasma treat-
ment of the polystyrene microtiter plates. Two other groups,
Kaur et al. (4) and Darain et al. (20) have described proce-
dures for bioimmobilization on silanized polystyrene sup-
ports for use in enzyme-linked immunosorbent assays. The
first study uses chemical pretreatment prior to silanization
and provides limited characterization of the polymer surface.
Darain et al. (20) suggest using UV/ozone treatment in
conjunction with silanes to covalently immobilize biomol-
ecules. However, their work shows significant change in
polymer surface morphology after UV irradiation, and thus
it might not be applicable to immobilization of small
biomolecules.

In this paper, we describe a method for the surface
modification of polystyrene microtiter plates that consists
of three distinct but dependent steps, comprising both dry
and wet chemical processing, to yield a versatile, covalent
immobilization platform for biomedical and biological ap-
plications (Figure 1) (1): plasma-based introduction of sur-
face hydroxyl groups (2), silane monolayer assembly using
organo-functional silanes, and finally (3), covalent coupling
of the biomolecule of interest using cross-linkers of variable
functionality and spacer length for user-defined surface
characteristics. The surfaces are analyzed after each step by

water contact angle measurements, X-ray photoelectron
spectroscopy, and atomic force microscopy. The efficacy of
biomolecule immobilization was also extensively character-
ized. In addition, peptide immobilization onto treated poly-
mers and glass slides was compared and the results suggest
the ability to use the same biomolecular immobilization
procedures for both substrates.

EXPERIMENTAL SECTION
Materials. Microfluor I and NUNC Immobilizer Amino 96-well

microtiter plates were obtained from Thermo Fisher Scientific
(Rochester, NY). Rabbit anti-lipid A (Escherichia coli) IgG was
purchased from AbD Serotec (Raleigh, NC). Antimicrobial pep-
tides (AMPs) cecropin A, cecropin P1, melittin, and cecropin
A(1-8)-melittin (1-18) amide were received from American
Peptide Company, Inc. (Sunnyvale, CA). Cy3 monofunctional
N-hydroxysuccinimidyl ester, 4-maleimidobutyric acid N-hy-
droxysuccinimide ester (GMBS), and bis(sulfosuccinimidyl) sub-
erate (BS3) were purchased from Amersham-Pharmacia (Pis-
cataway, NJ). Lipopolysaccharide (LPS) from Salmonella
typhimurium, (3-mercaptopropyl)triethoxysilane (MTPES), (3-
aminopropyl)triethoxysilane (APTES), phosphate buffered saline
(PBS), pH 7.4, potassium hydroxide, Tween-20, bovine serum
albumin (BSA), dimethyl sulfoxide (DMSO), and methanol were
purchased from Sigma-Aldrich (St. Louis, MO).

Preparation of Fluorescently Labeled IgG and LPS. Rabbit
IgG and LPS were conjugated with Cy3 monoreactive dye
following manufacturer’s instructions. Briefly, one mg IgG or
LPS in 50 mM sodium borate, pH 8.5 was incubated with one
packet of Cy3 monoreactive dye, previously dissolved in 25 µL
anhydrous DMSO. After 1 h incubation at room temperature,
the labeled IgG and LPS were purified from unincorporated dye
by gel filtration on BioGel P-10 and BioGel P-2, respectively
(BioRad, Hercules, CA). The labeled biomolecules were stored
in the dark at 4 °C until use. The molar ratios of dye to labeled
species ranged from 1.7 to 3.5 for antibodies and 1.1 to 1.4 for
LPS.

Water Contact Angle (WCA) Measurements. Goniometry
was performed using a static sessile drop technique on micro-
titer plate fragments. Contact angle measurements were per-
formed at room temperature using a goniometer (AST Products,
Inc.), equipped with a microsyringe to control volume of the
liquid drop (2 µL). Four water drops were placed at different
locations on each substrate surface. Eight contact angle mea-

FIGURE 1. Schematic illustration of plasma-induced surface functionalization of polystyrene microtiter plate. The method is comprised of
three steps: step 1, argon plasma-induced surface modification with reactive hydroxyl groups; step 2, silanization using organofunctional
silane; step 3, bioimmobilization either directly with indirectly with the use of intermediate cross-linkers.
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surements (each side of one water drop) were averaged and
corresponding standard deviation were calculated for each plate
fragment.

X-ray Photoelectron Spectroscopy (XPS). Surface elemental
and chemical state analyses were performed on a K-Alpha X-ray
photoelectron spectrometer (Thermo Scientific). This instru-
ment is equipped with a microfocusing monochromator (Al-KR
X-ray source, 1486.6 eV), which was operated at a spot size of
400 µm. Analyzer pass energies of 200 and 25 eV respectively
were used for elemental survey and chemically sensitive narrow
scan spectra. The detection angle was 0°, which provides
average analyzed depth down to 10 nm. K-Alpha’s charge
compensation system was used during the analysis, utilizing
very low energy electrons and argon ions to prevent any
localized charge build-up. Spectra were referenced to the main
C 1s peak at 285.0 eV and quantified using Scofield sensitivity
factors. The high-resolution elemental spectra were fitted using
a commercial XPS analysis software package Unifit as previ-
ously described (21). Briefly, the multiple-component fitting in
the C 1s region always started from the lowest binding energy
component and its full width at half-maximum was allowed to
vary. A convolution of Gaussian and Lorentzian line shapes was
assumed for individual peaks, following the line shape param-
etrization. To produce consistent fits of minor C 1s components,
their widths were constrained to the FMHW of the first peak
and their positions were assigned as follows C-CO2 285.7 eV,
C-O 286.6 eV, CdO 287.6 eV, and O-CdO 289 eV. A linear
combination of Shirley and linear functions with consistent
parameters was used to model the background.

Atomic Force Microscopy (AFM). The polymer surface
morphology was examined using an atomic force microscope
(Nanoscope III, Veeco Metrology, Santa Barbara, CA) operated
in tapping mode. Surface images were obtained from 5 × 5 µm2

scans at resolution of 256 × 256 pixels and scan rate of 1 Hz.
For a quantitative evaluation of the topography changes, root-
mean-square (rms) roughness was calculated from the surface
height data zi using

where z̄ is the mean height.
Plasma Treatment of Microtiter Plates. The experimental

apparatus has been discussed previously (22). The system
vacuum was maintained by a 250 L/s turbo pump, with a base
pressure of 5 × 10-6 Torr. The operating pressure was achieved
by introducing argon (purity >99.9999%), through mass flow
controllers and by throttling the pumping speed using a manual
gate valve. The electron beam was produced by applying a -2
kV pulse to a linear hollow cathode for a selected pulse width
and duty factor. The emergent beam passed through a slot in a
grounded anode and was then terminated at a second grounded
anode located further downstream. Beam spreading from col-
lisions with the background gas was suppressed by a coaxial
magnetic field (150 G) produced by a set of external coils. The
microtiter plates were placed on a 10.2 cm diameter stage
located at 2.5 cm from the nominal edge of the electron beam.
The stage was held at ground potential and room temperature.

All of the treatments were conducted at a pressure of 90
mTorr. The total gas flow rate was held constant at 50 sccm.
The exposure time was 2 min. The plasma period was 20 ms
and the duty factor was 10%. The period is defined as the time
between two consecutive pulses, comprising the beam pulse
width (when plasma is produced), the afterglow (when plasma
decays), and the time when no plasma is present; the duty factor
is defined as the ratio of the plasma on-time to the period.

Microtiter Plate Silanization and Immobilization of IgG.
NUNC Microfluor I 96-well microtiter plates were rinsed with

methanol prior to silanization. Microwells were covered with
100 µL of 2% silane solution (MPTES or APTES) prepared in
methanol adjusted to pH 4 by addition of several drops acetic
acid. After 30 min of incubation under nitrogen, plates were
removed, rinsed three times in methanol, and dried. Cross-
linking was performed by covering microwells with 100 µL of
1.0 mM GMBS in absolute ethanol and incubating for 30 min.
Alternatively, 100 µL of 50 mM BS3 in 10 mM phosphate buffer,
pH 6.0, was used. Plates were rinsed thrice with 200 µL
deionized water and dried; 1 µg/mL, 3 µg/mL, or 10 µg/mL Cy3-
labeled antibody (in PBS) was then added into each microwell
and allowed to incubate for 2 h at room temperature with gentle
agitation; each concentration was patterned in quadruplicate.
Each microwell was washed three times with 250 µL of PBS with
0.005% Tween 20 (PBST). One-hundred microliters of PBS was
added to each microwell and the plate was read on a Tecan
Safire microplate reader.

Immobilization of Peptides and LPS Binding Assay. Mi-
crowells were covered with 100 µL of 2% mercaptosilane
solution prepared in acidic methanol and incubated for 30 min
under nitrogen. Cross-linking was accomplished by covering
microwells with 100 µL of 1.0 mM GMBS in absolute ethanol
and incubated for an additional 30 min. One-hundred microli-
ters of antimicrobial peptide solution (250 µg/mL in PBS) was
added to each well and allowed to incubate at room temperature
for 2 h with gentle agitation; each peptide was patterned in
quadruplicate. For detection, after three washes with PBST, each
well received 100 µL of Cy3-conjugated LPS and was incubated
for 2 h at room temperature with gentle agitation. After this
time, each microwell was washed three times with PBST; 100
µL PBS was added to each microwell and the plate was read on
the Tecan microplate reader. For comparison of binding pat-
terns, peptides were also immobilized onto standard glass slides
as previously described using MPTES and GMBS (23, 24). Cy3-
labeled LPS was applied to the glass-immobilized peptides and
incubated for 2 h, prior to washing with PTST and imaging using
a Packard ScanArray Lite confocal microarray scanner; data
were extracted from images using QuantArray microarray
analysis software. To emphasize the differences in the patterns
of binding, as well as to account for disparity in measurements
obtained on the two instruments (microarray scanner, micro-
titer plate reader), data from both microtiter plates and glass
slides were normalized with respect to LPS-melittin binding.

RESULTS AND DISCUSSION
Microtiter plates were exposed to pulsed, electron beam

generated plasma produced in argon to activate the plate
surface by generating oxygen-based functional groups (Fig-
ure 1, step one). OH-Enriched, plasma-modified surfaces
were then treated with (3-mercaptopropyl)triethoxysilane
(MPTES) or 3-aminopropyltriethoxysilane (APTES) to yield
a surfaces functionalized with pendant thiol or amine moi-
eties, respectively (step two), for subsequent immobilization
of biomolecules via commercial bifunctional cross-linkers
(step three). Surfaces were characterized before and after
plasma treatment, and after silanization, using X-ray pho-
toelectron microscopy (XPS) and water contact angle (WCA)
measurements. Efficiency of bioimmobilization was mea-
sured after cross-linking by measuring fluorescence of at-
tached fluorophore-labeled antibodies, or alternatively,
through binding studies of immobilized antimicrobial pep-
tides, previously demonstrated to capture bacterial cells and
cellular markers when immobilized on silane-treated sur-
faces (15, 23).

Rq ) [1
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Characterization of Polystyrene Microtiter
Plates after Plasma Treatment. As expected, the
untreated polystyrene was hydrophobic (WCA of 95.93 (
4.57°) and showed carbon as the predominant constituent
(C1s 92.78 ( 1.43 at. %) (Figure 2A, inset; Table 1). After
plasma treatment, the polystyrene surface exhibited a sig-
nificant increase in oxygen concentration (from 5.3 to 16.26
at. %; P < 0.005), with trace levels of silicon (<0.5 at. %)
detected as well. The high-resolution C1s spectra (Figure 2B)
detailed the plasma-mediated formation of oxygen-based
functional groups, including C-O (hydroxyls, ethers) and
CdO (epoxy, aldehydes, ketones); the presence of these
moieties resulted in an increase in surface hydrophilicity, as
confirmed by the 2-fold reduction of the WCA to 48.68 (
4.37°. The majority of oxygen incorporated into the polymer
surface was in the form of singly bonded oxygen; however,
C-O was indistinguishable from C-OH in the high-resolu-
tion spectra. Gas-phase chemical derivatization analysis (25)
based on fluorine labeling using trifluoroacetic anhydride
indicated that nearly all of the C-O/C-OH bonds designated

in the high resolution C1s spectra were attributed to C-OH
bonds (see the Supporting Information). In contrast to
reactive gases, plasmas created in inert gas do not directly
introduce functional groups to the surface. However, they
do promote surface chemistries via the breaking of bonds,
generating reactive sites (dangling bonds) where functional
groups can attach (19); the incorporation of oxygen occurs
at those locations upon sample exposure to air after plasma
treatment. In this case, hydroxyl groups were most likely
formed because of the dissociative adsorption of water upon
exposure to ambient air (26, 27). As previously noted, the
incident ion energy is small in electron beam generated
plasmas and thus the creation of reactive sites is not ac-
companied by significant changes in morphology as shown
in Figure 3A, 3C (P > 0.5, data not shown). Thus, incorpora-
tion of functional groups, and not surface roughness, is
responsible for the observed changes in water contact angle.
As will be discussed later, this unique plasma surface treat-
ment promotes uniform silane layer formation and small
peptide immobilization.

FIGURE 2. (A) XPS survey spectra and (B) high-resolution C1s region of plasma-treated and untreated (inset) microtiter plate fragments.

Table 1. Ralative Atomic Concentrations (%) and Standard Deviationsa of the Measured Elements, Water
Contact Angles (WCA), and Roughness (RMS) Values of Mercaptotosilanized Polystyrene Microtitre Plate before
and after Argon Plasma Treatment

substrate MPTES C O Si (102.3 eV) S (163 eV) WCA (deg)b rms

MT plate - 92.8 ( 1.4 5.3 ( 1.0 1.2 ( 0.6 0.3 ( 0.3 95.9 ( 4.6 7.0 ( 1.7
MT plate + 82.7 ( 0.6 12.3 ( 1.0 0.5 ( 0.1 1.3 ( 0.1 81.9 ( 10.1 8.3 ( 2.4
MT plate, plasma treated - 80.9 ( 0.4 16.3 ( 0.3 0.4 ( 0.1 NDc 48.7 ( 4.4 7.1 ( 1.7
MT plate, plasma-treated + 72.2 ( 1.1 16.5 ( 1.3 4.3 ( 0.3 4.0 ( 0.3 60.1 ( 2.1 7.9 ( 0.5

a Values represent means of three determinations ( standard deviation. b Value represents mean ( standard error of four averages at different
locations. c ND, not dectected.

FIGURE 3. AFM images of (A) untreated, (B) untreated silanized, (C) plasma-treated, and (D) plasma-treated silanized microtiter plates.
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Characterization of Polystyrene Microtiter Plates
after Silanization. XPS, WCA, and AFM measurements
were also used to evaluate the efficiency and uniformity of
silanization on plasma-treated and untreated polystyrene
surfaces. Because a mercaptosilane was used in the silaniza-
tion step, the presence of sulfur (-SH, binding energy (BE)
at 163 eV) and silicon (O-Si-C, BE at 102.6 eV) in the XPS
survey spectra served as indicators for silanization. The
sulfur and silicon unique to the silane were differentiated
from trace element contaminants in the commercial micro-
titer plates; sulfur content/contamination from the plates was
identified in its oxidized form -SO (BE at 168 eV) and most
of the silicon was in the form of Si-O (BE at 103.3 eV) rather
than O-Si-C (28).

The XPS results of the silanized, plasma-treated polysty-
rene surface showed a significant increase in both sulfur and
silicon content (≈ 4.0 at. %) compared to the silanized,
untreated polystyrene (<1.3 at. %; P < 0.005) (Table 1).
These results indicated that the silanization efficiency was
enhanced by the plasma-induced modification of the poly-
mer surface. WCA of the plasma-treated silanized plate also
indicated that silanization occurred; the WCA value changed
from 48.68 ( 4.37° (before silanization) to 60.05 ( 2.08°
(after silanization) (P < 0.025). The increased WCA value is
attributed to the hydrophobic alkyl chain in MPTES (29) and
is consistent with literature values (20). A moderate (but not
significant) change in WCA upon silanization was also
observed with plates not treated with plasma (P > 0.05).
However, the final WCA values observed with untreated,
silanized plates showed a larger standard deviation, indicat-
ing more heterogeneous surface and presumably less ef-
ficient silane deposition. The uniformity of silane deposition
was further evaluated by atomic force microscopy. Even
though the average roughness values of plasma-treated and
untreated silanized polymer plates were approximately the
same, the standard deviations in both cases were different;
a smaller standard deviation was observed after plasma
treatment. Furthermore, a significant globular formation on
the surface on the untreated plate is also apparent (cf. Figure
3A with Figure 3B). Silane aggregation was observed by
other research groups as well (20). It should be noted that
after electron beam plasma treatment, only a few aggregates
were observed (Figure 3D).

Biomolecule Immobilization Efficacy. There are
many possible permutations of multifunctional and variable
length silanes and cross-linkers that can be considered to
ensure optimized, tailored attachment of biomolecules to the
polystyrene surface. This attachment may take place as a
single step, e.g., direct attachment of a biomolecule to a
surface functionalized with silane possessing reactive end
groups. Alternatively, attachment may be a multistep pro-
cess, e.g., the indirect attachment of biomolecules through
the use of bifunctional cross-linking agents (represented in
Figure 1, step three). To demonstrate the suitability of our
system for versatile, covalent immobilization of biomol-
ecules to plasma-modified plates, we examined two possible
schemes (Figure 4). In scheme one in Figure 4, plasma-

modified microtiter plates were functionalized with APTES
with the intention of presenting surface amine groups. The
APTES-treated microwell surfaces were subsequently re-
acted with an amine-reactive homobifunctional cross-linker
(BS3), which allows the covalent attachment of Cy3-conju-
gated IgG. In scheme two in Figure 4, MPTES was used to
form a silane monolayer presenting surface thiol groups. The
MPTES-treated microwell surfaces were then reacted with
a heterobifunctional cross-linker (GMBS) followed by the
covalent attachment of Cy3-conjugated IgG. In both schemes,
untreated polystyrene microtiter plates served as controls.
On the basis of the two different immobilization schemes
presented, BS3, which contains two amine-reactive NHS
groups, is expected to react only with APTES. GMBS, which
displays both an NHS group and a maleimide group that
react with amine and sulfhydryl groups, respectively, is
expected to react with both APTES and MPTES; however,
only the MPTES-GMBS combination is expected promote
efficient protein conjugation.

Figure 4 represents the mean net fluorescence values of
attached Cy3-IgG (at 1.0, 3.0, and 10 µg/mL) using im-
mobilization Schemes one and two. To fully demonstrate the
ability of the plasma-silane cross-linking methodology to
enable multiple immobilization strategies on the same plate,
we tested APTES-BS3, MPTES-GBMS, and combinations
thereof (i.e., the “wet” chemistry) on the same plasma-
treated 96-well plates, or untreated plates as a control.
Fluorescent signals on the plasma-treated plate were shown
to be significantly higher than the untreated plate (Figure 5,
compare panels A and C with panels B and D, respectively;
P < 0.05). Only low fluorescent signals were detected at even
the highest protein concentration tested on the untreated
plate; these levels, corresponding to <0.02 pmol/well, are
presumably due to background levels of adsorption onto the
microtiter plate surface, and are well-below published satu-
ration values for IgG adsorbed to polystyrene (0.35-0.5
pmol/cm2 (30-32)). Although some immobilization was
observed when GMBS was used to cross-link the antibody
to APTES-treated plates, Cy3-IgG immobilization on APTES-
coated surfaces was much more efficient when BS3 was used
(Figure 5, panel A); GMBS-mediated linking of Cy3-IgG to
APTES surfaces may have occurred by reaction with free
thiols present on native or partially denatured IgGs, or
potentially from low levels of maleimide reaction with excess
amines on IgG surfaces (33). On the other hand, bioimmo-

FIGURE 4. Immobilization schemes using aminosilane (left) or
mercaptosilane (right).

A
R
T
IC

LE

2888 VOL. 2 • NO. 10 • 2884–2891 • 2010 North et al. www.acsami.org



bilization on MPTES coated surfaces was greatest in the
presence of GMBS cross-linker (Figure 5, panel C). Although
the MPTES-BS3 demonstrated higher relative fluorescence,
it was comparable to the control samples containing no
cross-linker.

IgGs and many other large biomolecules can be im-
mobilized using a wide range of substrates and linking
procedures with minimal impact on binding activity. How-
ever, smaller biomolecules such as peptides, saccharides,
and small proteins are highly sensitive to surface morphol-
ogy and orientation when immobilized (16-18, 23, 34). To
demonstrate that the described chemistry could be applied
to this latter category of biomolecules, we utilized a series
of naturally occurring antimicrobial peptides as model ligand-
binding molecules. These biomolecules are capable of bind-
ing to a large variety of microbial cells with different
affinities, which makes them useful in detection assays (34);
the ability to distinguish between different categories of
microbial cells based on their patterns of binding to different
peptides can be used for rapid and broad-spectrum screen-
ing (15, 23, 24). Previous studies have shown that when
immobilized onto glass slides using an amine-directed im-
mobilization strategy (MPTES treatment, followed by GMBS,
analogous to scheme two), the peptides displayed unique
patterns of binding to Gram-positive and -negative bacteria
(35, 36) and to the Gram-negative biomarker lipopolysac-
charide, LPS (Figure 6, white bars). Surprisingly, we observed
very different patterns of LPS binding when utilizing com-
mercial, preactivated microtiter plates (Immobilizer amino,
maleic anhydride; Figure 6, striped bars). Although both
types of commercial plates use amine-directed chemistry (as

did the glass slides), the differences in reactive groups,
overall surface characteristics, and linker lengths appear to
affect the immobilized peptides’ ability to bind the target
LPS, presumably by altering peptide orientation, density,
freedom of movement, and/or the number and identity of
linked amino acid side chains. However, when plasma-
treated plates were processed using analogous chemistry as
used on the glass slides (plasma-treatment f silanization
with MPTESf cross-linking with GMBS), the binding pattern
observed (Figure 6, gray bars) was similar to that of the gold

FIGURE 5. Fluorescent intensities of Cy3-IgG binding on plasma-treated (left panels) and untreated (right panels) polystyrene microtiter plates
with silanization by APTES (top panels) or MPTES (bottom panels) with BS3 or GMBS cross-linkers, as indicated.

FIGURE 6. Binding of Cy3-LPS by antimicrobial peptides (cecropin
A, melittin, cecropin A-melittin hybrid, and cecropin P1) im-
mobilized onto silanized glass slides (white bars), plasma-modified
microtiter plates (via MPTES and GMBS, gray bars), and commercial
amine-directed, preactivated plates (striped bars). As two instru-
ments were used to obtain and extract fluorescence data (microtiter
plate reader, confocal microarray scanner), all values were normal-
ized to those obtained with melittin.
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standard glass slides. The ability to transition an immobiliza-
tion methodology directly from one platform (silanized glass
slides) to another (plasma-treated, silanized plates), with
minimal alteration of binding specificity, illustrates yet
another advantage conferred by the method described here.

Comparison between Plasma-Treated and
Commercial Microtiter Plates. The issues of biomol-
ecule denaturation, desorption, and/or loss of biomolecule
activity that could occur when biomolecules are immobilized
through physisorption have been recognized and not, sur-
prisingly a number of commercial microtiter plate are avail-
able in preactivated form for covalent attachment of bio-
molecules (amine-directed immobilization: Immobilizer
Amino and maleic anhydride-functionalized; sulfhydryl-
directed immobilization: maleimide-functionalized). We com-
pared the efficacy of biomolecule immobilization (using
immobilization scheme two) on plasma-treated, silanized
plates, with those of commercial microtiter plates utilizing
both physisorption and amine-directed, covalent attachment
strategies. Protein immobilization efficiency (fluorescence
of immobilized Cy3-IgG) was determined for each kind of
plate before and after a stringent detergent wash (buffer with
0.5% Tween-20; Figure 7). Consistent with data presented
in Figure 5, plasma-treated plates exhibited significantly
higher fluorescent signal than untreated plates (∼2-fold
increase) where immobilization has occurred via physisorp-
tion (“Microfluor I Untreated”; P < 0.005). As expected, the
difference between the plasma-treated and untreated plates
increases dramatically (∼8-fold difference) after a detergent
wash. Although covalent attachment of IgG to the com-
mercial preactivated plates (Maleic anhydride, NUNC Im-
mobilizer Amino) preserved a greater proportion of the
attached biomolecules, the overall binding efficiency of
plasma-/silane-treated plates was still superior (P < 0.01).

CONCLUSIONS
We have demonstrated that plasma treatment can be

combined with silane functionalization to effect the stable
and versatile covalent attachment of biomolecules to micro-
titer plates. The plasma treatment produces uniformly func-
tionalized surfaces with minimal alterations to surface mor-
phology allowing for formation of uniform silane coverage
and small peptide immobilization. The silane chemistry
provides a facile and controllable covalent immobilization
method that can be used to modify and tailor inexpensive
polystyrene microtiter plates to display distinctive surface
properties or reactive functionalities. Compared to phys-
isorption, covalent attachment avoids desorption and main-
tains long-term chemical stability of the immobilized bio-
molecule.Indeed,nearly95%oftheimmobilizedbiomolecules
were retained after extensive wash on the plasma-treated
surfaces versus 25% of untreated polystyrene microtiter
plate. A distinct advantage of the plasma treatment used
here is that it allows for small peptide immobilization on
polymer substrate. The observed dependences were similar
to peptides immobilization on glass slides thus suggesting
the capability of using the same silane-based attachment
scheme developed for glass slides. Lastly, the plasma-treated
plates performed on par or better that commercially avail-
able preactivated microtiter plates. However, unlike com-
mercial plates that utilize a single attachment chemistry for
all wells, a wide variety of bioimmobilization schemes can
be tested on a single plate. Although this work involved
polystyrene plates, we suspect that this approach could be
used on other polymeric platforms of varying complexities
as well.
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