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Biologically functionalized surfaces are applied widely in
biochemical/biological research. Many biochemical and bio-
logical events can be detected accurately and reliably on
biosurfaces, including a variety of biochips and bio-
(nano)materials.'! Recently, enormous emphasis has been
placed on the development of new bioanalytical methods to
detect ultralow-abundancy analytes and to handle crude
samples, such as blood or urine, without pretreatment. Such
demands necessitate the amplification of obtained signals,”
for example, the polymerase chain reaction (PCR) in the case
of oligonucleotide targets and label-free detection formats for
observing intact analytes.’! Nam et al. reported an ultra-
sensitive protein detection method in which antibodies on
microparticles and nanoparticles captured target proteins
selectively.'** The large excess of oligonucleotides on the
nanoparticle was applied to the detection of target proteins,
and additional PCR provided increased sensitivity to concen-
trations of several attomoles. Zhao et al. described femtomo-
lar detection of DNA utilizing dye-doped silica nanoparticles,
which entrapped several fluorophores and therefore
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enhanced the fluorescent signals resulting from DNA-binding
events on the DNA chip.”!

The use of mass spectrometry (MS) as a readout system
has come into the spotlight recently because it provides
several advantages over current detection tools. Most impor-
tantly, MS affords the molecular weight—the intrinsic prop-
erty of analytes—and hence enables the use of labels for
target identification to be avoided. However, MS has
limitations for ultrasensitive detection because its sensitivity
depends directly on the amount of analyte. For this reason,
there has been a strong request for the development of
amplification methods for MS signals.

Herein, we report a new signal amplification strategy that
allows attomolar detection of target proteins in solution,
without additional amplification or target-labeling steps, by
combining self-assembled monolayers (SAMs) on gold with
laser desorption/ionization time-of-flight (LDI-TOF) MS
with a matrix-free format. We utilize a small molecule as a
reporter of the target protein in this signal amplification
strategy (Figure 1). The target protein is captured specifically
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Figure 1. Signal amplification strategy for the detection of analytes by
using Am-tag and LDI-TOF MS.
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by ligands or antibodies that are present on the gold
microparticles and the biochip. A gold microparticle carries
small molecules, which exist in large excess over capture
proteins on the gold particle. After the specific capture of
target proteins, the small molecules on a gold particle are
subsequently analyzed by LDI-TOF MS. In this way, the
biological event can be transduced to a highly amplified mass
signal by observing a large number of small molecules instead
of target proteins. We term this small molecule an amplifi-
cation tag (Am-tag), because the molecule is tagged on a gold
particle and plays a role in amplifying the biological event.

Our approach utilizes SAMs on gold particles of size 2 um
that possess capture proteins or antibodies among triethylene
glycol moieties. The triethylene glycol groups play a dual role
in our strategy. First, they ensure that the modified surfaces
are inert to nonspecific protein adsorption, and therefore
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reduce false-positive signals substantially.””! Second,
as depicted in Figure 1, they incorporate a function
of Am-tag to amplify biological events, such as
protein-ligand and protein—protein interactions,
because they are present in large excess over
capture proteins on a gold particle. In addition,
the small Am-tag molecule can induce a much
stronger mass signal than target proteins or biolog-
ical macromolecules, which are often difficult to
analyze by MS because of their size, even if they
exist at high concentrations.

The use of microparticles over nanoparticles is
advantageous in our strategy for the amplification
of biological signals, as the colloidal stability and
feasibility of surface modifications are sometimes
important issues in the use of nanoparticles.!
Furthermore, a single microparticle has a much
higher loading capacity for Am-tags, which induces
greater amplified signals than a nanoparticle alone.
Scanning electron microscopy revealed that the size
of the gold particles was uniform with an average
diameter of 2 um (Figure S1 in the Supporting
Information).

Scheme 1 shows the structures and chemical
modifications of the monolayers used. The mono-
layers were prepared from a mixed solution of triethylene
glycol-terminated alkanethiols and functional-group-termi-
nated alkanethiols. Biotin and glutathione were immobilized
through well-known conjugation reactions on the monolayers
presenting amine and maleimide functional groups, respec-
tively. The amine-presenting monolayers were treated with N-
hydroxysulfosuccinimide  (sulfo-NHS)-modified  biotin
(50 mm in pH 7.4 phosphate-buffered saline (PBS)) and the
maleimide-presenting monolayers® were treated with gluta-
thione (50 mwm in pH 7.5 Tris buffer). The matrix-assisted LDI
(MALDI)-TOF MS analyses of these monolayers with 2,5-
dihydroxybenzoic acid (DHB) as a matrix confirmed that the
reactions proceeded with high yield (Figure S2 in the
Supporting Information).””’ For the incorporation of proteins
onto gold particles, the amide coupling reaction with carbo-
diimide was used. Carboxylic acid groups on gold particles
were activated with NHS (5 mgmL ™! in CH,Cl,) by using 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC, 20 mgmL~" in CH,Cl,). NeutrAvidin or glutathione S-
transferase (GST; 50 uM in pH 7.4 PBS) was then incubated
with the resulting gold particles to obtain the proteins
immobilized on gold particles.

To test the fidelity of our strategy for amplifying biological
signals, we first examined protein-ligand interactions: Neu-
trAvidin binding to the biotin ligand and GST binding to the
glutathione ligand. We prepared ligand-presenting monolay-
ers with various surface densities ranging from 1077 to 10 %.
First, we directly analyzed specifically bound proteins by
MALDI-TOF MS with a sinapinic acid matrix (5 mgmL™ in
50% aqueous acetonitrile). Biotin-presenting monolayers
were treated with NeutrAvidin (50 um in pH 7.4 PBS) and
subsequently analyzed by MS. The monolayers with biotin
density above 1% clearly gave a mass peak at m/z 14.6 kDa
corresponding to NeutrAvidin, whereas no distinctive peaks

Angew. Chem. Int. Ed. 2008, 47, 9518 —9521

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

Scheme 1. Structure of SAMs on gold and chemical modifications used to prepare
functionalized surfaces. Biotin and glutathione were immobilized on the mono-
layers presenting amine and maleimide functional groups, respectively, to capture
NeutrAvidin or GST. Proteins were immobilized on acid-presenting gold particles
by using carbodiimide as a coupling reagent.

were observed for the monolayers with biotin density below
0.01% (Figure 2a). In the case of GST (20 um in pH 7.5 Tris
buffer, 1 mm dithiothreitol) interaction, specifically bound
GST was observed on the monolayers with glutathione
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Figure 2. Amplifications of biological signals: protein-ligand interac-
tions. a) Monolayers presenting various densities of biotin were
treated with NeutrAvidin and analyzed by MS. A major peak corre-
sponding to NeutrAvidin at m/z 14.6 kDa was observed for monolayers
with a biotin density above 1%. b) Specifically bound GST was
observed on monolayers with a glutathione density above 10%, as
shown by a mass peak at m/z 27.0 kDa. c,d) Am-tag-containing gold
particles were used to amplify biological events. An Am-tag peak at
m/z 693.2 was observed on monolayers with a biotin density as low as
107%% for NeutrAvidin detection, and on monolayers with a gluta-
thione density as low as 107*% for GST detection. Note that the
spectra in (a) and (b) were obtained by using sinapinic acid as a
matrix, whereas those in (c) and (d) were obtained without the use of
a matrix.
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density above 10%, as revealed by a mass peak at m/z
27.0 kDa corresponding to GST (Figure 2b).

We repeated this experiment with Am-tag-containing
gold particles on which NeutrAvidin or GSTwas immobilized.
We observed the Am-tag peak at m/z 693.2, which corre-
sponded to triethylene glycol-terminated disulfide on mono-
layers with a biotin density as low as 10°°% for NeutrAvidin
detection and on monolayers with a glutathione density as low
as 107*% for GST detection (Figure2c and d, respec-
tively)."” These results indicate that biological signals of
protein-ligand interactions were transduced to highly ampli-
fied mass signals by a factor of about 10°. As a control, a
biotin-presenting monolayer with a density of 0.01% was
treated with Am-tag/myoglobin-modified gold particles, and
an amine-presenting monolayer with a density of 0.01 % was
treated with Am-tag/NeutrAvidin-modified gold particles.
The mass analyses showed no major peaks, thus indicating
that the Am-tag signals of these experiments stemmed from
specific protein-ligand interactions (Figure S3 in the Sup-
porting Information).

Intriguingly, we found that mass analysis of Am-tag-
modified gold particles gave a mass peak more clearly without
the use of a matrix. Hence, we carried out all signal
amplification experiments with the matrix-free format."! To
verify that the Am-tag peak at m/z 693.2 shown in Figure 2
came from gold microparticles with the matrix-free format
and not from the ligand-presenting monolayers, two control
experiments were performed (Figure S4 in the Supporting
Information). First, we prepared a monolayer modified with
triethylene glycol-terminated alkanethiol, which was ana-
lyzed by MS without a matrix under the same experimental
conditions as the gold particle analysis. The mass spectrum of
the monolayer showed no peak at m/z 693.2. Next, an
identical monolayer was treated with gold particles that were
modified by tetraethylene glycol-terminated alkanethiol.
Mass analysis of the monolayer without a matrix gave a
major peak of only m/z 780.6, which corresponded to a
tetraethylene glycol-terminated disulfide constituent of the
gold microparticle surface. These results implied that the Am-
tag signals represented amplified biological signals. Further-
more, signal amplification by Am-tag gold particles avoids the
use of a matrix and thereby allows for simpler protocols.

Finally, our strategy was applied to the detection of
analytes in solution with ultrahigh sensitivity. We demon-
strated this application with specific interactions between
antigens and antibodies. As targets, adiponectin (Acrp30,
apM1, a possible therapeutic target for type 2 diabetes and
obesity)™? and alpha-fetoprotein (AFP, a biomarker for
several cancers, such as testicular cancer and ovarian
cancer)™® were tested. To detect target antigens, two mono-
clonal antibodies (mAbs) were used for adiponectin, and a
monoclonal antibody and a polyclonal antibody (pAb) were
used for AFP. Antibodies were immobilized on acid-present-
ing monolayers and gold particles through amide coupling
reactions with NHS and EDC as described above. The mAb-
presenting monolayers were exposed to antigens at concen-
trations ranging from 1 pMm to 1 am, followed by Am-tag gold
particles that were conjugated with mAbs for adiponectin and
pAbs for AFP. Figure 3 shows the representative mass spectra
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Figure 3. Amplifications of biological signals: protein—protein interac-
tions and detection of antigens in solution by using gold particles
decorated with Am-tag/Abs. a) mAb-presenting monolayers were
exposed to adiponectin at concentrations ranging from 1 pm to 1 am,
followed by Am-tag gold particles that present another mAb. LDI-TOF
MS analysis showed that Am-tag peaks can be observed at concen-
trations as low as 1 am. b) By using the same approach with mAb on
monolayers and pAb on gold particles, AFP can be detected at
concentrations as low as 10 am.

of LDI-TOF analyses without the use of a matrix. Note that
Am-tag peaks at m/z 693.2 were observed at concentrations as
low as 1 aM for adiponectin and 10 am for AFP. As a control
experiment, the mAb-presenting monolayers were treated
with Am-tag/mAb gold particles without antigen treatment.
As expected, the mass analysis gave only trace Am-tag
peaks.'! These results strongly indicate that our strategy
demonstrated ultrahigh sensitivity to the detection of antigens
in the range of 1-10 am, which, to the best of our knowledge, is
one of the best sensitivities to date.!"”

The use of MS as a detection tool is now routine.’'® MS
enables label-free assays and multiplexing analysis for multi-
ple analytes because it provides the molecular weight, the
intrinsic property of analytes. In addition, by observing
molecular-ion peaks, the signals of analytes can be readily
discriminated from background species. In particular,
MALDI-TOF MS is well suited to the analysis of SAMs on
gold. Mrksich et al. described SAMs for MALDI (SAMDI)
MS to observe proteins that were specifically bound to the
monolayers through protein-ligand or protein—protein inter-
actions."”” However, the sensitivity of this method depends
directly on the amount of protein bound on the monolayers,
which hampers the detection of low-abundance analytes.

The work described herein provides a new analytical tool
for the detection of low-abundance analytes in solution with
ultrahigh sensitivity in the attomolar range, without addi-
tional amplification or target-labeling steps. In addition, all
experiments are performed without the use of a matrix, thus
facilitating the analysis process. This work might be extended
to multiplexing formats in detecting multiple analytes in
crude samples. We are expanding our strategy to other
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binding pairs, such as small-molecule capture agents, DNA/
RNA, and aptamers. We believe this method can be used as
an alternative to existing tools, such as ELISA, and will find
applications in disease therapeutics and tissue imaging by MS.

Experimental Section

Monolayers were prepared according to standard procedures.'®!
Briefly, gold-coated silicon wafers were immersed in a solution of
functional-group-terminated alkanethiol and a triethylene glycol-
terminated alkanethiol in ethanol, in a ratio ranging from 5:95 to
0.0000001:99.9999999, for 12 h (the total concentration of thiol was
1 mM.). The monolayers were rinsed with copious amounts of ethanol
and dried under a stream of nitrogen. Biotin- or glutathione-
presenting monolayers were prepared by immersing amine- or
maleimide-presenting monolayers in 50 mwm sulfosuccinimidyl-6-(bio-
tinamido)hexanoate or glutathione solutions, respectively, for 2 h.
The ligand-presenting monolayers were washed with ethanol and
stored at 4°C.

Mass analysis was performed with an Autoflex IIIl MALDI-TOF
mass spectrometer (Bruker Daltonics, Germany) with a Smartbeam
laser as ionization source. All of the spectra were acquired with an
accelerating voltage of 19 kV, a 50 Hz repetition rate, and positive
mode with an average of about 500 shots. To confirm the reaction
progression, monolayers were analyzed with DHB (5 mgmL™" in
acetonitrile) as a matrix. Direct protein observation was performed
with sinapinic acid (5mgmL™" in 50% aqueous acetonitrile) as a
matrix.
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