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We demonstrate the effects of protein orientation and
trehalose on a quantitative analysis of surface-immobilized
proteins by using time-of-flight secondary ion mass spectrometry (TOF-SIMS). As our model protein, streptavidin
(SA) was quantitatively immobilized on a solid surface at
different configurations by random or oriented immobilization and subsequently treated with trehalose. The
resulting surface was analyzed by using TOF-SIMS and
surface plasmon resonance (SPR) spectroscopy, where
the secondary ion spectra from SA were compared with
the surface density of the protein. In the case of oriented
immobilization, the ion peak intensities measured by TOFSIMS were correlated well with the SPR data, regardless
of the presence of trehalose. Alternatively, trehalose
significantly increased correlation between TOF-SIMS and
SPR data for the randomly immobilized SA. It is likely that
a trehalose-treated surface is less vulnerable to denaturation, thus leading to a reliable quantification of surfaceimmobilized proteins by TOF-SIMS. Our results show that
TOF-SIMS can be used for understanding biophysical
states such as orientation and denaturation of surfaceimmobilized proteins as well as for quantifying proteins
within the field of biosensors and biochips.
A quantitative analysis of surface-immobilized proteins is crucial
for the understanding of binding events between capture biomolecules and target analytes in a variety of biochip applications as
well as for the construction of a more efficient biosensing system.1
A number of analytical methods employing labeling and nonlabeling detection strategies have been developed for quantification,2 but they are still challenged by the minimal quantitative
information on the biophysical states of proteins on surfaces. In
recent years, time-of-flight secondary ion mass spectrometry (TOFSIMS) has drawn interest, especially as a way of investigating bio/
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organic surfaces, due to its chemical specificity and surface
sensitivity.3 Indeed, it has already been demonstrated that TOFSIMS spectra of the uppermost atomic layers (10-15 Å) yield
valuable information regarding the biophysical state of proteins
or polypeptides that are adsorbed to various types of surfaces.4
Along with these studies, quantitative studies of adsorbed proteins
using the TOF-SIMS technique, in conjunction with the 125Iradiolabeling or X-ray photoelectron spectroscopy techniques for
tissue engineering applications, have been reported.5
Despite these studies, a TOF-SIMS analysis has not been a
straightforward method for the quantification of proteins, especially given the fluctuating biophysical states of the proteins (such
as their orientation, conformation, or both). For example, significant discrepancies were reported between a TOF-SIMS analysis
of adsorbed proteins and 125I-radiolabeled proteins determined by
using radioactivity measurement,6 and there was very little
correlation between secondary ion intensity and the number of
amino acids.7 It was suggested that these results were mainly
caused by the changes in orientation and conformation of
adsorbed proteins on the surface.
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Efforts have been made to resolve this problem,8 but no
detailed investigations were attempted with respect to the biophysical effects on the quantification of surface-immobilized
proteins. Unlike quantifying surface-adsorbed proteins, we previously reported that TOF-SIMS can be effective in quantifying
surface-immobilized proteins.9 In the present study, we demonstrate the effects of protein orientation and trehalose treatment
on a TOF-SIMS quantitative analysis of surface-immobilized
proteins. In addition to protein orientation, another important
consideration is the prevention of protein denaturation. In general,
the preferred additives for reducing protein denaturation in protein
chip applications have been trehalose and glycerol. Trehalose in
particular is known to effectively stabilize the function and
structure of proteins subjected to drying-induced stress, by linking
multiple hydrogen bonds between the hydroxyl groups of trehalose and the surface polar residues of proteins.10 Castner and coworkers have demonstrated that a trehalose coating on absorbed
proteins would effectively maintain conformational stability without
reducing the secondary ion intensity of the protein.11 Consequently, trehalose as a preservation agent should be seriously
considered for quantitative analysis.
Streptavidin (SA), as a model protein, was immobilized by two
different methods onto a solid surface, namely, random and
oriented immobilization, and then subjected to a TOF-SIMS
analysis in the presence and absence of a trehalose additive.
Specifically, a principal component analysis (PCA) for secondary
ion peaks of proteins was carried out as a multivariate analysis.
The resulting data were compared with surface plasmon resonance
(SPR) data for insight into how protein orientation and the addition
of trehalose affect quantification of surface-immobilized proteins
in a TOF-SIMS analysis.
EXPERIMENTAL SECTION
Sample Preparation. Related reagents were all purchased
from commercial sources: 99% 11-amino-1-undecanethiol (AUT,
Dojindo), sulfosuccinimidyl-6-(biotinamido) hexanoate (sulfo-NHSLC-Biotin, Pierce), bis(sulfosuccinimidyl) suberate (BS3, Pierce),
R-D-glucopyranosyl-R-D-glucopyranoside (D-(+)-trehalose, Sigma),
SA from Streptomyces avidinii (Sigma), bovine serum albumin
(BSA, Sigma), and biotinlyated BSA (b-BSA, Sigma). A gold
substrate was prepared by sequentially evaporating a 20-Å-thick
film of Ti and a 400-Å-thick film of gold onto a Si wafer. Prior to
the deposition of the monolayer, the substrate was cut into 10
mm × 10 mm pieces and cleaned for 5 min by immersion into a
piranha solution (1:4) 30% H2O2: concentrated H2SO4 (v/v).
Caution: the piranha solution reacts violently with most organic
materials and must be handled with extreme care. For the
formation of self-assembled monolayers (SAMs), the substrates
were immersed in a 2 mM ethanolic solution of AUT for 2 h,
followed by a thorough rinsing with absolute grade ethanol and
(8) (a) Eggins, B. Chemical Sensors and Biosensors: John Wiley & Sons, Inc.:
New York, 2002. (b) MacBeath, G. Nat. Genet. 2002, 32 (Suppl), 526532. (c) Wong, K. Y.; Pettitt, B. M. Biopolymers 2004, 73, 570-578.
(9) Kim, Y.-P.; Hong, M.-Y.; Shon, H. K.; Moon, D. W.; Kim, H.-S.; Lee, T. G.
Appl. Surf. Sci. 2006, 252, 6801-6804.
(10) Shi, H.; Tsai, W.-B.; Carrison, M. D.; Ferrari, S.; Ratner, B. D. Nature 1999,
398, 593-597.
(11) (a) Xia, N.; Castner, D. G. J. Biomed. Mater. Res. 2003, 67A, 179-190. (b)
Xia, N.; May, C. J.; McArthur, S. L.; Castner, D. G. Langmuir 2002, 18,
4090-4097.
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distilled water. The resulting substrates were then subjected to
further modification in two different ways: one was immersed in
a 2 mM BS3 solution in 50 mM bicarbonate buffer (pH 8.5) for 30
min, and the other in a 2 mM sulfo-NHS-LC-Biotin solution in 50
mM bicarbonate buffer (pH 8.5) for 30 min.
For binding of SA on the modified surfaces, the BS3-functionalized and biotinylated surfaces were treated with serially diluted
SA solutions (0.2, 1, 5, and 20 µg‚mL-1) in 10 mM PBS (pH 8.5)
and 10 mM PBS (pH 7.4), respectively, for 30 min, followed by a
thorough washing with PBS and water. In the case of the BS3modified surface, a slightly alkaline buffer solution (pH 8.5) was
used to facilitate a more efficient reaction between SA (pI ) 6.5)
and the NHS groups of BS3. To investigate the effect of trehalose
on the quantitative analysis, SA-bound surfaces were incubated
with 0.1% (w/v) trehalose in PBS for 20 min, dried under a stream
of nitrogen, and subjected to TOF-SIMS analysis.
TOF-SIMS and Principal Component Analysis. Ion spectra
measurement by TOF-SIMS was carried out with a TOF-SIMS V
instrument (ION-TOF GmbH), using 25-keV Au3+ primary ions.
The ion currents were measured to be 0.8 pA (Au1+) at 5 kHz by
using a Faraday cup located on the grounded sample holder. A
bunching system gives pulse durations of 16.8 ns with a mass
resolution exceeding M/∆M ) 104 (full width half-maximum) at
m/z 0-300 in the positive mode. The analysis area of 500 × 500
µm2 was randomly rastered by primary ions, and the primary ion
dose was maintained below 1012 ions‚cm-2 to ensure static SIMS
condition. Positive ion spectra were internally calibrated using H+,
H2+, CH3+, C2H3+, and C3H4+ peaks. To verify homogeneous and
reproducible conditions of the samples, three points per sample
were randomly analyzed, and sample preparation was run in
duplicate. A PCA was performed using a PLS_Toolbox (ver. 3.5,
Eigenvector Research, Manson, WA) for MATLAB (ver 7.0
MathWorks, Inc., Natick, MA). For the quantitative PCA, the total
data set from each condition (Chart 1a or b) consisted of 30
spectra [5 different SA concentrations (0, 0.2, 1, 5, 20 µg‚mL-1)
× 6 spots (duplicate sample, 3 random spots/sample)]. Each peak
was normalized by using the total intensity for each spectrum.
Normalization helps to eliminate systematic differences (i.e.,
variations in the instrument at each time of data acquisition) in
total secondary ion yield between spectra. Unless otherwise stated,
the characteristic peak list of SA, biotin, and BS3 for PCA were
then performed using a mean-centering method. An autoscaling
method was also carried out in order to give equal weight to each
of the selected characteristic peaks of the random or oriented SA.
Afterward, the first principal component (PC 1) was used to
establish a principal component regression (PCR) between sample
scores and the surface density of SA. To clarify, the quantified
sample scores were plotted as a function of surface density and
then fitted to calculate determination coefficient (R2) by the linear
regression procedure with 95% confidence intervals by using a
graphic software of Sigmaplot (ver 9.0, SYSTAT Software).
SPR Spectroscopy. SPR spectroscopy was performed with a
BIAcore-3000 instrument and gold sensor chips (BIAcore). The
chip surface was first cleaned with 0.1 N NaOH containing 0.1%
Triton-X for 5 min. The modification steps preceding the immobilization process for SA were similar to those described for
the gold chip. Following the modification of a sensor chip with
sulfo-NHS-LC-Biotin, the resulting sensor chip was docked into

Chart 1. Schematic Diagram Depicting Immobilization Procedures of Streptavidin on a Self-Assembled
Monolayer of AUTa

a (a) Random immobilization by amine-coupling via bis(sulfosuccinimidyl) suberate (BS3) and (b) oriented immobilization by SAbiotin affinity.

an SPR instrument and then rinsed with 10 mM PBS (pH 7.4) for
10 min. The PBS buffer solutions containing four different
concentrations of SA (0.2, 1, 5, and 20 µg‚mL-1 in PBS) were
independently injected into four separate microfluidic channels,
respectively, over the surface for 30 min. The flow rate of the
buffer solution was 5 µL‚min-1 at 25 °C. After washing with PBS,
the relative SPR angle shift for streptavidin binding was determined. The same procedure was followed for a BS3-modified
surface under a PBS buffer condition of pH 8.5. To obtain a similar
surface density of SA on two different surfaces, differing SA
concentrations (biotin-modified SPR chip, 1 µg‚mL-1; BS3-modified
SPR chip, 20 µg‚mL-1) were injected over the surface through all
channels until a similar RU shift was reached. To examine the
effect of trehalose on SA surfaces with similar densities, a
trehalose-treated surface was achieved by passing 0.1% (w/v)
trehalose solution in PBS buffer over each SA-immobilized surface
for 20 min. Trehalose-protected and unprotected channels on the
same surface (biotin- or BS3-linked SA surface) were produced
because the trehalose solution flowed through only two of the
four microchannels inside the BIAcore-3000. Upon removal from
the SPR instrument, the two gold chips were subjected to ultrahigh
vacuum conditions (<1 × 10-9 Torr) for 12 h and then redocked
in the instrument. To test the trehalose-dependent binding activity
of two differently immobilized SA surfaces, a b-BSA (50 µg‚mL-1
in PBS) was sequentially flowed into trehalose-treated and
untreated channels. To check a nonspecific binding, a solution of
BSA (50 µg‚mL-1 in PBS) without a biotin group was also injected
into the trehalose-treated and untreated channels.
RESULTS AND DISCUSSION
Effect of Protein Orientation. To investigate the effects of
protein orientation on a quantitative analysis by TOF-SIMS, SA
was immobilized by two different ways, random immobilization
onto SAMs of AUT on a gold surface (Chart 1a) or oriented
immobilization by using a biotinylated surface (Chart 1b). SA with
a molecular mass of ∼60 kDa consists of four identical subunits,
and each monomer bears a binding site for biotin.12 SA is thought
to be “oriented ” on a biotinylated surface due to the strong
(12) (a) Weber, P. C.; Ohlendorf, D. H.; Wendoloski, J. J.; Salemme, F. R. Science
1989, 243, 85-88. (b) Livnah, O.; Bayer, E. A.; Wilchek, M.; Sussman, J.
L. Proc. Natl. Acad. Sci. U.S.A. 1993, 90, 5076-5080.

interaction with biotin, unlike in the amine-coupling method. Prior
to the quantitative analysis by TOF-SIMS, modified sensor chips
were treated with solutions of varying concentrations of SA (0.2,
1, 5, and 20 µg‚mL-1) and then subjected to SPR analysis. Based
on the assumption that a mass change of 1 ng‚mm-2 in a SPR
sensorgram corresponds to a resonance angle shift of 0.1° (1000
RU in a BIAcore instrument) at a sensing surface,13 the surface
density of SA could be calculated from the experimentally
measured value (ng‚mm-2). The binding density by SPR was
varied as a function of SA concentration at a given time. As
expected, the binding level of SA increased with increasing SA
concentration for both immobilization methods (Figure 1). However, the biotinylated surface resulted in a higher binding level
of SA than the BS3-modified one when the same concentration of
SA was injected for a predetermined time. The maximum surface
densities of SA for oriented and random immobilization methods
were observed to be 231 and 113 ng‚cm-2, respectively, when
incubated with a SA solution of 20 µg‚mL-1.
When the two different SA layers were subjected to a TOFSIMS analysis, numerous peaks were generated with molecular
ion masses of up to 200. Of them, seven characteristics peaks
were selected for a quantitative analysis of SA as shown in Table
1. BS3- or biotin-related peaks were also assigned. We previously
described that cluster ion beams showed a higher signal-tobackground ratio for characteristic secondary ions of SA, compared to monoatomic ion beams.14 Accordingly, for our quantitative
analysis of SA, a cluster Au3+ primary ion beam was chosen over
a monoatomic Au1+ ion beam. Characteristic peaks of SA were
distinct in the range of m/z between 100 and 200. Even though
there were many peaks of m/z <100, they were indistinguishable
from the overlapped underlying layers (AUT, BS3, and biotinrelated peaks) that also contained nitrogen-related moieties. Only
the m/z 59 peak was distinct in the range of m/z <100, whereas
six dominant peaks (m/z 110, 120, 130, 136, 159, and 170) were
observed in the range of m/z 100-200 on both random and
oriented SA surfaces (Figure 2). The difference in immobilizing
methods affected the intensity of generated secondary ion peaks,
(13) Stenberg, E.; Persson, B.; Ross, H.; Urbaniczky, C. J. Colloid Interface Sci.
1991, 143, 513-526.
(14) Lee, T. G.; Shon, H. K.; Lee, K.-B.; Kim, J.; Choi, I. S.; Moon, D. W. J. Vacuum
Sci. Technol. A 2006, 24, 1203-1207.
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Figure 1. SPR isotherms for SA immobilized by (a) an aminecoupling and (b) a biotin-coupling method. Different SA solution
concentrations (0.2, 1, 5, and 20 µg‚mL-1) were sequentially loaded
over each surface through four flow channels. Protein binding is
expressed in response unit (RU), and the binding densities of an
amine and a biotin-coupled surface were determined to be 28, 82,
103, and 113 ng‚cm-2 and 55, 126, 169, and 231 ng‚cm-2,
respectively. The reaction was maintained for 30 min at a flow rate
of 5 µL‚min-1 at 25 °C. These results are representative of duplicate
experiments performed on different sensor chip surfaces.

Table 1. All Characteristic Peaks Selected for Analysis
of Principal Component Regression
characteristic peaks
+

CH5N3 (Arg)
C2H6NS+
C4H7N3+
C5H8N3+ (His)
C5H12N3+
C8H10N+ (Phe)
C9H8N+ (Trp)
C8H10NO+ (Tyr)
C10H11N2+ (Trp)
C11H8NO+ (Trp)
C10H9S3+
C10H15O2N2S+
C12H3S3+
C14H5S3+
C12H22O2N3S+

center mass

surface origin

59.05
76.02
97.06
110.07
114.10
120.08
130.07
136.08
159.10
170.06
224.99
227.09
242.94
268.95
272.14

SA
biotin
biotin
SA
biotin
SA
SA
SA
SA
SA
BS3
biotin
BS3
BS3
biotin

without a change in the peak list of characteristic secondary ions,
which may be indicative of the homogeneous distribution of
compositional amino acid residues over the entire protein structure. Similar TOF-SIMS spectra for differently oriented SA were
also observed for wild type SA and its mutant (his-tagged or
cysteine-substituted form at each monomer) adsorbed on the gold
surface.15 In contrast to our observation, ion spectra of proteins
(15) Xia, N. Ph.D. Thesis, University of Washington, 2003.
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like BSA, IgG, and fibrinogen generally were reported to yield
different secondary ion peak profiles, depending on their orientation, conformation, or both triggered by underlying substrates
when directly adsorbed on sufaces.4b,c,16
Correlation between TOF-SIMS and SPR Data in the
Absence of Trehalose. To quantify surface-immobilized proteins
with TOF-SIMS, a PCA and PCR17 were performed for sensor
chips with different surface densities of SA. BS3- or biotin-related
peaks were also added to respective PCA data for easy separation
of spectra. Figure 3 shows a PCR quantification of surfaceimmobilized SA by the two different methods. In the case of
oriented immobilization using a biotinylated surface, the scores
display a linear evolution with respect to the surface density of
SA (R2 ) 0.9634) as can be seen in Figure 3b, indicating the
usefulness of PCR for quantification of surface-immobilized SA.
On the other hand, random immobilization shows a relatively poor
correlation between the TOF-SIMS scores and surface density of
SA (R2 ) 0.7387) (Figure 3a). This poor correlation may be caused
by the denaturation of proteins under high-vacuum conditions
during the TOF-SIMS measurement.
In both oriented and random immobilizations, samples with
positive scores were dependent on the variables with positive
loadings of SA peaks such as Arg (m/z 59), His (m/z 110), Phe
(m/z 120), Trp (m/z 136), and Tyr (m/z 130, 159, and 170),
whereas samples with negative scores were dependent on the
variables with negative loadings of BS3- or biotin-related peaks
(Figure 3c and d). In the PCR model, the strong dependency of
the PCA score on the surface protein density implies a strong
correlation between the TOF-SIMS and SPR data, which in turn
indicates the reliability of a quantitative analysis using TOF-SIMS.
We previously observed that the quantification procedure could
be simplified with a PCR model of the correlation between the
characteristic SIMS peaks and surface densities obtained from
the SPR data.9 To check the effects of nonspecifically adsorbed
proteins on our study, we tested nonspecific binding of SA on
the AUT SAM (data not shown). The resulting SPR data showed
a very low surface density (less than ∼2 ng‚cm-2) even with a
high concentration of SA. Similarly, the TOF-SIMS data also
showed very low intensities of related secondary ion peaks of SA,
as opposed to the two immobilization methods. In particular, the
binding signals of the biotin- and BS3-linked SA were unchanged
after PBST washing with a high salt concentration (1 M NaCl) in
the SPR experiment. In the study, therefore, nonspecific binding
was negligible and did not affect correlation between SPR and
TOF-SIMS data.
Effect of Trehalose. In order to obtain a more reliable
quantification by minimizing protein denaturation, surfaces with
various densities of SA were treated with a 0.1% trehalose solution
in PBS buffer for 20 min and subjected to a TOF-SIMS analysis.
Interestingly, a significant improvement in correlation with SPR
analysis was observed for random immobilization, showing R2 )
0.9016 as shown in Figure 4a, compared to that without trehalose
(R2 ) 0.7387, Figure 3a). Notably, the percentage of captured
variances in the PC 1 increased from 77.53 to 97.24% without any
change in the loadings data, and the standard deviation within
(16) Henry, M.; Dupong-Gillain, C.; Bertrand, P. Langmuir 2003, 19, 62716276.
(17) Wagner, M. S.; Shen, M.; Horbett, T. A.; Castner, D. G. Appl. Surf. Sci.
2003, 203/204, 704-709.

Figure 2. Positive SIMS spectra of SA immobilized by two different orientations: (a) amine-coupled surface and (b) biotin-coupled surface
with a SAM of AUT on gold. The upper spectra represent the underlying surface without SA immobilization, and the middle and lower spectra
were obtained after protein immobilization at low (0.2 µg‚mL-1) and high (20 µg‚mL-1) concentrations of SA, respectively. The m/z values
indicate distinct characteristic peaks of each surface. A TOF-SIMS analysis was conducted using a Au3+ primary ion gun with an ion dose
below 1012 ions‚cm-2 at a sample area of 500 × 500 µm2.

Figure 3. Quantitative PCR for SA immobilized by amine-coupling (a, c) and biotin-coupling methods (b, d), respectively. Scores plots are
represented as a function of surface density on the PC 1 from PCA of the positive ion spectra of SA (a, b), and the corresponding loadings plots
are labeled m/z value with all characteristic peaks (c, d).

the same samples was much reduced. This result indicates that
the addition of trehalose is critical to a quantitative analysis of
randomly immobilized proteins using TOF-SIMS. As for oriented
immobilization, a marginal improvement (from R2 ) 0.9634 to R2
) 0.9831) in correlation with SPR data was observed when
compared to the correlation in the absence of trehalose (Figure
4b).
It should be noted that the background peaks from trehalose
or a chemical cross-linker would contribute to the peak intensity,
causing some fluctuation in the quantitative analysis, but their
interference was found to be negligible. In practice, the ratios
between the summation of seven characteristic peak intensities

of SA to the total intensity were proportional to the surface density
of SA (from 1.4 to 3.3% in BS3-SA, and from 2.8 to 6.9% in biotinSA), and no significant difference in the ratios occurred due to
the trehalose treatment. Therefore, the intensities of the characteristic peaks of SA measured by TOF-SIMS can be effectively
used for quantitative analysis of surface-immobilized SA. Even
when random and oriented SA layers with various surface
densities were mixed, a good linearity between the TOF-SIMS
and SPR results could be retained in the presence of a trehalose
additive (Figure 5). In addition, an autoscaling method was more
useful for quantitative analysis than a mean-centering method (R2
) 0.9497, Figure 5a) because it is performed by dividing meanAnalytical Chemistry, Vol. 79, No. 4, February 15, 2007
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Figure 4. Effect of trehalose on quantitative PCR for SA immobilized by amine-coupling (a, c) and biotin-coupling methods (b, d), respectively.
Scores plots (a, b) and the corresponding loadings plots (c, d) are presented for comparison with those in Figure 1.

Figure 5. Combined quantitative PCR with TOF-SIMS data of two different SA layers. All combined scores of PC 1 with (a) mean-centering
and (b) autoscaling were plotted in the presence of 0.1% trehalose treatment with respect to the surface density SA measured by SPR. The
PCA scores were obtained by using only SA characteristic peaks in the peak list as shown in Table 1.

centered data by the standard deviation of each variable, thus
maximizing sample differences (R2 ) 0.9605, Figure 5b). The
underlying peaks (BS3 and biotin-related peaks) were removed
from the variances because autoscaling increases the differences
in peak intensities by maximizing the noise between similar
spectra.15 In other words, if all of the peaks from Table 1 are used
in a combined quantitative PCA of SA, the BS3 and biotin-related
peaks could influence the quantitative analysis of SA. Since the
aim of this PCA was to perform a quantitative analysis of SA under
different surface conditions, the peaks from each substrate were
removed in the scores set to interpret only SA-related peaks for
quantification.
Effects of Protein Orientation and Trehalose Treatment
on Denaturation of Proteins. The changes in peak intensities
of the amino acids in the SIMS spectra were verified before and
after trehalose treatment (Figure 6). To remove the effect of
surface protein density, the surface densities were adjusted to
similar levels for two differently immobilized SA molecules by
using SPR: 112 and 125 ng‚cm-2 for random and oriented
immobilizations, respectively. Although orientation, in spite of the
similar surface density, may affect the ion intensity of the protein
due to the differently exposed position of the two surfaces,
randomly immobilized SA in the presence of trehalose produced
ion intensities similar to biotin-coupled SA (lower spectra of Figure
1382
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6a and b). This result seems to be caused by a homogeneous
distribution of peak-generating amino acid residues over the entire
homotetrameric structure of SA, allowing the amino acid residues
to be evenly and equally detected by TOF-SIMS. However, with
a similar surface density, the characteristic peaks of biotin-coupled
SA showed less change in intensities with the trehalose treatment,
compared to randomly immobilized SA (Figure 6). To identify
which characteristic peaks of SA caused the most significant
changes due to trehalose treatment, a PCA of the characteristic
peaks of SA was carried out for trehalose-treated and untreated
samples in the respective surfaces (Figure 7). In the random
immobilized SA, sample scores were distinctly separated into two
groups, namely, trehalose-treated and untreated ones (Figure 7a).
The positive scores corresponding to untreated samples were
mainly due to arginine (Arg) and tryptophan (Trp)-related peaks
as the positive loadings data (Figure 7b). This would indicate that
trehalose treatment inhibits the secondary ion intensity of Arg
and Trp, as shown in Figure 6a. On the other hand, sample
variances in the oriented immobilization were not fully separated,
and the effect of trehalose on the scores was irrelevant to the
corresponding loadings data (Figure 7c and d). The large
differences in PC 1 scores between trehalose-treated and untreated
SA indicates that trehalose treatment caused significant changes
in the detected amino acids of the SA.11a

Figure 6. Trehalose effect on positive SIMS spectra of SA immobilized by two different methods: (a) amine-coupled and (b) biotin-coupled
methods, respectively. The surfaces having similar surface densities of SA (a, 112 ng‚cm-2; b, 125 ng‚cm-2) were treated with trehalose and
analyzed by TOF-SIMS. The m/z values are indicated for distinct characteristic peaks of SA.

Figure 7. PC 1 scores and loadings plot from PCA of positive ion spectra from amine-coupled (a, b) and biotin-coupled SA (c, d), respectively,
at similar surface densities (a, 112 ng‚cm-2; b, 125 ng‚cm-2). Each set of 6 sample scores (2 replicates × 3 points per sample) was compared
in the absence (open circle) and presence (filled circle) of 0.1% trehalose treatment.

Since the Arg-related peak (m/z 59) is normally positioned at
the exterior region of SA, unlike Trp, trehalose could easily react
with the polar amino acid residue via hydrogen bonding,18
resulting in the reduction of secondary ion generation of the Argrelated peaks on both surfaces (Figure 6a and b). However, Trp(18) Allison, S. D.; Chang, B.; Randolph, T. W.; Carpenter, J. F. Arch. Biochem.
Biophys. 1999, 365, 289-298.

related peaks (m/z 130, 159, and 170) exhibited more striking
changes in the randomly immobilized SA with trehalose treatment
than in the biotin-coupled SA. As seen in the SIMS spectra, in
the randomly immobilized SA, the ion intensities from Trp were
higher in the absence of trehalose than those in the presence of
trehalose (Figure 6a, upper and lower spectra), whereas biotincoupled SA showed little trehalose effect on Trp ion intensity
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Figure 8. SPR binding response of b-BSA on the surfaces with two differently immobilized SA in the absence (black line) and presence (red
line) of trehalose treatment: (a) amine-coupled SA and (b) biotin-coupled SA. Specific interaction with b-BSA (solid line) was performed under
conditions with similar surface densities of SA (a, 112 ng‚cm-2; b, 125 ng‚cm-2). As a control, BSA without a biotin group (dotted line) was used
to compare the SPR response.

(Figure 6b, upper and lower spectra). Considering that Trps are
located near the biotin-binding site of SA,19 the TOF-SIMS
sampling depth does not normally allow for sufficient ion generation from Trp residues. It has been reported that the distance
from the top position to Trp residues near the biotin-binding site
is estimated to be 15-20 Å.20 Denaturation of SA, however, can
cause the nonpolar amino acid residues including Trp to be
exposed toward the exterior part of SA, and a significant difference
in the intensities of Trp ion peaks could be observed for conditions
in the absence and presence of trehalose treatment. It should also
be noted that in fluorescence-based analysis using Trps with an
(19) (a) Chilkoti, A.; Tan, P. H.; Stayton, P. S. Proc. Natl. Acad. Sci. U.S.A. 1995,
92, 1754-1758. (b) Freitag, S.; Le, Trong, I.; Chiolkoti, A.; Klumb, L. A.;
Stayton, P. S. Stenkamp, R. E. J. Mol. Biol. 1998, 279, 211-221. (c) Gitlin,
G.; Bayer, E. A.; Wilchek, M. Biochem J. 1990, 269, 527-530. (d) Sano,
T., Vajda, S., Smith, C. L.; Cantor, C. R. Proc. Natl. Acad. Sci. U.S.A. 1997,
94, 6153-6158.
(20) Freitag, S.; Le Trong, I.; Klumb, L.; Stayton, P. S.; Stenkamp, R. E. Protein
Sci. 1997, 6, 1157-1166.
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emission of 350 nm, native SA generated no emission wavelength
of Trps buried within the hydrophobic protein core, whereas
denatured SA resulted in a high emission peak of Trps.21
Therefore, our PCA results indicate that protein denaturation is
more likely to be prevalent for randomly immobilized SA than
for biotin-coupled SA.
Denaturation of surface-immobilized proteins generally reduces
their binding capacity, lowering the performance of biochips in
terms of the sensitivity and reproducibility.22 To compare the
denaturation effect on proteins with similar surface densities,
binding densities of b-BSA were monitored using SPR between a
BS3 and a biotin-coupled SA surface (Figure 8). The maximum
binding density of b-BSA was observed in the case of trehalose
treatment for both surfaces: 463 RU ()46.3 ng‚cm-2) for random
SA and 752 RU ()75.2 ng‚cm-2) for oriented SA. On the other
(21) Waner, M. J.; Navrotskaya, I.; Bain, A.; Oldham, E. D.; Mascotti, D. P.
Biophys. J. 2004, 87, 2701-2713.
(22) Su, X.; Wu, Y.-J.; Robelek, R.; Knoll, W. Langmuir 2005, 21, 348-353.

hand, when BSA without biotin was used as a control, the binding
density was relatively low regardless of trehalose treatment: 110148 RU in BS3-coupled SA and 56-57 RU in biotin-coupled SA.
Despite similar surface densities of SA for the biotin-coupled and
BS3-coupled surfaces, the higher binding density of b-BSA on the
biotin-coupled SA, as opposed to the BS3-coupled SA, indicates
that there are more available biotin-binding sites on the biotincoupled surface. This is likely due to the minimal variations in
the surface position of oriented SA, unlike random SA. This
homogeneity of oriented SA would allow for high binding
accessibility of b-BSA.
In the case of randomly immobilized SA, the binding level of
b-BSA increased with trehalose treatment (385 RU in the absence
of trehalose and 463 RU in the presence of trehalose). But no
significant change was observed for oriented immobilization (721
RU/752 RU). Considering that randomly immobilized SA unlike
biotin-coupled SA entraps relatively large amounts of water,23 it
was expected that randomly immobilized SA underwent denaturation by losing its binding capacity more extensively, compared
to biotin-coupled SA. Therefore, the role of trehalose, namely,
preventing dehydration, was more pronounced for randomly
immobilized proteins than for those immobilized with orientation
during the TOF-SIMS analysis, which explains the difference in
linear correlation between the SIMS and the SPR data as shown
in Figures 3 and 4. This result strongly suggests that treatment
with trehalose is essential for a reliable TOF-SIMS quantitative
analysis of surface-immobilized proteins. It has been also reported
that a significant decrease in the binding capacity of surface-bound
SA layer can occur when the layer is dry; treatment of the layer
with trehalose prevented the loss of binding capacity.24
Quantification by TOF-SIMS. Despite the advantages of
TOF-SIMS, there are limits to its applicability in the quantification
and analysis of protein orientation or denaturation. The main
drawback in current TOF-SIMS technique is the difficulty of
generating a distinct characteristic peak or larger fragments of a
respective protein in a mixture of proteins. Effective methods to
(23) Anderson. G. P.; Jacoby, M. A.; Kigler, F. S.; King, K. D. Biosens., Bioelectron.
1997, 12, 329-336.
(24) Xia, N.; Shumaker-Parru, J. S.; Zareie, M. H.; Campbell, C. T.; Castner, D.
G. Langmuir 2004, 20, 3710-3716.
(25) (a) Winograd, N. Anal. Chem. 2005, 77, 142A-149A. (b) Handley, J. Anal.
Chem. 2002, 74, 335A-341A.
(26) (a) Xua, J.; Ostrowskia, S.; Szakala, C.; Ewing, A. G.; Winograd, N. Appl.
Surf. Sci. 2004, 231/232, 159-163. (b) Wu, K. J.; Odom. R. W. Anal. Chem.
1996, 68, 873-882. (c) Michel, R;, Luginbuhl, R.; Graham, D. J.; Ratner,
B. D. J. Vac. Sci. Technol., A 2000, 18, 1114-1118. (d) McArthur, S. L.;
Vendettuoli, M. C.; Ratner, B. D.; Castner, D. G., Langmuir 2004, 20, 37043709. (e) Delcorte, A.; Medard, N.; Bertrand, P. Anal. Chem. 2002, 74, 49554968; 2005, 77, 2107-2115.

increase the secondary molecular ion yield of proteins, which
include the use of cluster ion analysis beams25 or the incorporation
of various signal enhancers,26 would allow multiple quantifications
of various proteins on surfaces. Most importantly, since SPR alone
offers very little information on the orientation or denaturation of
surface-immobilized proteins, a combination of TOF-SIMS and
SPR data would provide a deeper understanding of the relationship
between the biophysical state of a protein and its surface density.
We anticipate that our approach will be useful not only for the
quantitative analysis of surface-immobilized proteins but for
understanding their biophysical states on a surface in the field of
biosensors and biochips.
CONCLUSIONS
We have demonstrated the effect of trehalose treatment and
protein orientation on a quantitative analysis of surface-immobilized proteins by using TOF-SIMS. When SA was immobilized
with orientation on a surface, the secondary ion peak intensities
measured by TOF-SIMS were well correlated with SPR analysis
regardless of trehalose treatment. On the other hand, in the case
of randomly immobilized SA, a significant improvement in correlation with SPR analysis was observed only with trehalose
treatment. It is likely that the trehalose acted to prevent the
surface-immobilized proteins from dehydration, which enabled
proteins to become less vulnerable to denaturation, thus allowing
for a reliable quantification of surface-immobilized proteins. TOFSIMS can be used for understanding the biophysical states of
surface-immobilized proteins such as orientation or extent of
denaturation as well as quantitative analysis in the field of
biosensors and biochips.
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