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ABSTRACT: We present a configuration for fluorescence spectroscopy that
exploits the optical properties of semitransparent gold films and widely available
instrumentation. This method enables monitoring of biomolecule interactions
with small molecules tethered on substrates in multicomponent environments.
The neurotransmitter serotonin (S-hydroxytryptamine) was covalently attached to
self-assembled monolayers on thin gold films at low density to facilitate antibody
recognition. Protein-binding studies were performed in a fluorescently labeled
immunoassay format. We find that the use of this method enables evaluation of
nonspecific binding and relative quantification of specific binding between
competing binding partners. This fluorescence spectroscopy technique has the
potential to assess biosensor or medical device responses in complex biological

matrices.
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One of the key challenges in designing biocapture materials,
such as those used in diagnostic devices and biosensors, is to
enable specific and selective binding of analytes of interest in
complex milieus.' > Both label-free and label-based formats have
been used to analyze interactions between surface-tethered
probes and targets captured from solution. For instance, quartz
crystal microgravimetry (QCM), a label-free technique that
exploits the piezoelectric properties of quartz crystals, is used
to measure changes in bound surface mass.’ '® We have used
QCM to investigate recognition and capture of antibodies and
membrane-associated receptors by dilute surface-tethered small-
molecule probes.”'"'* However, while label-free techniques
offer simple sample preparation and analysis, the lack of chemi-
cally selective detection associated with these techniques remains
amajor challenge for sensing in real biological environments, e.g.,
plasma, serum, tissue, or culture media, which are composed of
complex biomolecule mixtures.

Label-based methods provide an approach to the specific
determination of binding partners. For example, surface-plas-
mon-enhanced fluorescence spectroscopy (SPES) facilitates en-
hanced detection sensitivity, in combination with detection
selectivity, using fluorescently tagged molecules.">'* The SPES
technique relies on the resonant excitation of surface plasmons at
a metal—liquid interface to enhance the fluorescence signal of
labeled biomolecules bound at the surface.'® However, sophis-
ticated optical instrumentation is necessary to produce surface
plasmons and to measure fluorescence.

v ACS Publications ©2011 american chemical Society

Here, we describe a novel method for sensing biomolecule
binding to immobilized small-molecule partners using fluores-
cence spectroscopy. This technique does not require a custom-
built optical configuration to excite fluorophores on gold surfaces.
Instead, we exploit the o7ptica1 properties of semitransparent
continuous thin Au films'” in our experimental design to excite
surface-bound fluorescent labels. Binding is detected using a
commercial fluorescence spectrometer. The neurotransmitter
serotonin (S-hydroxytryptamine; S-HT) was investigated as a proto-
typical small-molecule probe. Serotonin is an important signaling
molecule in the central nervous system and periphery."® ** Seroto-
nin was covalently tethered at low density to self-assembled
monolayers (SAMs) that resist nonspecific binding interac-
tions,”""'* enabling selective detection of antibody binding
partners (Figure 1).

Our goals are to develop a straightforward and accessible label-
based immunoassay technique to distinguish and to quantify
specific vs nonspecific binding and to assess relative binding
between multiple biorecognition partners. While previous stud-
ies have focused on determining the binding of a single partner to
a corresponding surface-tethered probe,”'*'> there has been
substantially less work directed at understanding how multiple
partners in competitive environments interact with tethered
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Figure 1. Schematic of antibody binding detected by fluorescence
spectroscopy: Oligo(ethylene glycol)-terminated self-assembled mono-
layers on semitransparent 15-nm-thick Au films were functionalized at
dilute coverage with serotonin (S-HT, purple triangle). Substrates were
incubated with antiserotonin primary antibodies (1°Ab) and fluores-
cently labeled (orange %) secondary antibodies (2°Ab), the latter of
which recognize 1°Ab. Samples were placed in a water-filled cuvette at a
64° angle from the base of the cuvette.

probe systems. This type of study is important for determining
the efficacy of probe-functionalized surfaces for capturing bind-
ing partners from mixtures containing single or multiple specific
binding partner(s) in the presence of nonspecific proteins, where
binding depends on the relative affinities of various targets for
the probe. This represents a significant situation that requires
optimization for sensing in complex biological environments.

Bl MATERIALS AND METHODS

Chemicals. 23-(9-Mercaptononyl)-3,6,9,12,15,18,21-heptaoxa-
tricosanoic acid and 1-(9-mercaptononyl)-3,6,9-trioxaundecan-11-ol
were purchased from Toronto Research Chemicals (Toronto,
ON). N-Ethyl-N-(dimethylaminopropyl)-carbodiimide (EDC),
N-hydroxysuccinimide (NHS), S-hydroxytryptamine hydrochlor-
ide (S-HT), fibrinogen, fibronectin, and bovine serum albumin
(BSA) were obtained from Sigma-Aldrich (St. Louis, MO). Com-
mercial grade ethanol (EtOH) was from Pharmaco-AAPER
(Brookfield, CT). Antibodies (rabbit antiserotonin polyclonal
and rat antiserotonin monoclonal) were procured from Milli-
pore (Temecula, CA). Alexa Fluor 488-labeled goat antirabbit
secondary antibody (excitation 495 nm, emission S18 nm) was
purchased from Invitrogen (Carlsbad, CA). Substrates were prepared
from custom cut 10 mm X 30 mm pieces of standard 1-mm-thick
microscope glass slides (VWR International, West Chester, PA).

Thin Gold Films. Substrates were prepared by evaporating Au
(15—100 nm) over a 1-nm Cr undercoat on 10 mm X 30 mm
glass slides using an electron-beam evaporator (Kurt J. Lesker,
Clairton, PA). Deposition was carried out at a rate of 1 A/s.
Substrates coated with Au were rinsed with deionized H,O,
followed by EtOH, then dried under a stream of N,, and annealed
using a H, flame for 1 min prior to monolayer formation.

Monolayer Preparation and Functionalization. Self-as-
sembled monolayers were prepared by immersing Au substrates
in a 1 mM solution of 1-(9-mercaptononyl)-3,6,9-trioxaundecan-
11-ol. Carboxy-terminated tether molecules were then inserted
into monolayer defects using a 0.2 mM solution of 23-(9-
mercaptononyl)-3,6,9,12,15,18,21-heptaoxatricosanoic acid 8

Terminal carboxyl groups in the resulting dilute mixed SAMs
were ester activated to facilitate the formation of an amide bond
between the serotonin primary amine and carboxyl groups on
monolayer surfaces (Figure 1)?

Transmission UV—Visible Spectroscopy. Transmission spec-
tra were obtained using a Lambda 950 UV—vis—NIR spectrophoto-
meter (Perkin-Elmer, Waltham, MA). All measurements were
carried out in a cuvette in air at room temperature. A plain glass
sample was used to obtain measurements for baseline correction
before each experimental measurement.

Atomic Force Microscopy. Images were acquired using a
commercial Dimension 5000 atomic force microscope (Veeco
Instruments, Santa Barbara, CA) in tapping mode. Images were
obtained at a scan rate of 1 Hz using silicon cantilevers (Veeco
Instruments, Santa Barbara, CA) and a scan size of 1 #m with a
resonant frequency of 280 kHz.

Fluorescence Spectroscopy. Fluorescence emission spectra
of surfaces were measured using a QM-4/2005 fluorescence
spectrometer (Photon Technology International, Inc., Birming-
ham, NJ) equipped with a xenon lamp. This light source and
detector were in the same plane at right angles to each other
(Figure 1). Surfaces were maintained in a water-filled cuvette at a
64° angle from the base of the cuvette for fluorescence measure-
ments, as shown in Figure 1. Samples were incubated with either
rabbit antiserotonin polyclonal antibody (1:100 dilution from
stock solution) or rabbit antiserotonin polyclonal antibody and
varying ratios of rat antiserotonin monoclonal antibody (1:100
dilution from stock solution) for 45 min at room temperature. In
other experiments, samples were incubated in a mixture of rabbit
antiserotonin polyclonal antibody and the nonspecific proteins
fibrinogen, fibronectin, or BSA for 45 min. For calculations of
molar ratios, we used an antibody molecular mass of 150 kDa and
a density of 2.4 mg/mL. Fibronectin, fibrinogen, and BSA
molecular masses are 440, 340, and 66 kDa, respectively. All
samples were exposed to Alexa Fluor 488-labeled goat antirabbit
secondary antibody (1:200 dilution from stock solution) for
30 min, followed by rinsing for 10 s with deionized H,O before
fluorescence measurements. The secondary antibody is raised
against rabbit IgG antibodies; thus, it selectively recognizes rabbit
antiserotonin polyclonal antibodies vs rat antiserotonin mono-
clonal antibodies. Normalized fluorescence peak intensities were
calculated by dividing the emission peak intensities collected
from each sample after exposure to secondary antibodies by the
emission peak intensities measured after exposure to primary
antibodies alone.

B RESULTS AND DISCUSSION

Transmission of Thin Gold Films. We characterized the
transmission of light as a function of wavelength through sub-
strates with Au films of varying thicknesses. Representative
spectra, shown in Figure 2, illustrate that the transparency of
the Au films decreases substantially with increasing thickness, as
expected.”” ' Maximum transmission decreased from 50% to
30% when the Au thickness was increased from 15 to 25 nm.
Films with 15-nm-thick Au resulted in a transmission peak
maximum (A.,.,) at 521 nm, whereas 25-nm-thick Au films
showed a blue-shifted A, at 515 nm.>"** For Au film thick-
nesses of S0 nm, transmission was negligible for the purpose
of these experiments. We attribute the transmission peak at
~520 nm to electronic transitions and recombination between
filled d-bands and the conduction band in the Au."”** Atomic
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Figure 2. Effects of Au film thickness on transmission: Gold was deposited on glass substrates by controlled evaporation. Incident light was passed
through the substrates. (A) Transmission was measured as a function of wavelength. The dotted line indicates the transmission maximum for 15-nm-
thick Au substrates. (B) A representative topographic atomic force microscopy image of a 15-nm-thick continuous Au film on glass. Topographic

features are indicative of the underlying glass surface roughness.
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Figure 3. Fluorescence intensity associated with antibodies captured by
bound serotonin depends on the Au film thickness. Fluorescence
emission spectra were measured for antibodies captured by serotonin-
functionalized self-assembled monolayers on varying thicknesses of Au
on glass. Functionalized surfaces were incubated with primary antiser-
otonin antibodies followed by fluorescently tagged secondary antibodies
(Alexa Fluor 488; peak emission S18 nm).

force microscopy analysis suggests that 15-nm-thick Au films on
glass have continuous grain structure’’ with an average rms
roughness of 2.1 nm (Figure 2).

Fluorescence Intensity of Serotonin Antibody Binding
Depends on Au Thickness. We fabricated serotonin-function-
alized SAMs”' "' on Au films of varying thicknesses (15—100 nm).
Substrates were incubated with primary antibodies that recognize
tethered serotonin and fluorescently tagged secondary antibo-
dies that bind to these primary antibodies. After antibody
immobilization, the fluorophores on secondary antibodies are
more than 10 nm from the Au surface, minimizing metal-induced
quenching.w’%z’5 As shown in Figure 3, semitransparent Au
layers less than 50 nm thick yield measurable fluorescence spectra,
whereas the opaque, thicker Au layers produce no detectable
emission spectra. Of the thicknesses tested, the emission peak was
strongest for 15-nm-thick Au films, in agreement with the
transmission data in Figure 2. We expect that because the skin
depth of incident light of ~500 nm wavelength is ~20 nm for
Au,* the lack of transmitted light for thicker Au substrates results
in the absence of excitation of surface-bound fluorophores. Thus,
15-nm-thick Au films were used for further experiments. Others and

we have observed that the monolayer quality on 15-nm-thick Au
substrates is comparable to thicker Au substrates (>100 nm).>"

In surface-plasmon-enhanced fluorescence spectroscopy, sig-
nals due to fluorescently tagged secondary antibody binding to
primary antibodies captured on Au substrates are enhanced by
surface plasmon resonance via the Kretchmann configuration."*'¢
With the use of this optical configuration, incident excitation
light at the plasmon resonance angle is directed through a prism
such that it impinges on an opaque Au layer grown on the back
side of the prism where surface plasmons are excited. Fluores-
cence is measured via a photodetector positioned at the front
(functionalized) side of the Au layer. For the fluorescence-
spectroscopy-based design investigated here, incident light
passes through a thin Au-film-coated substrate. The transparency
of Au films on glass appears to be critical in this experimental
configuration because substrates with Au film thicknesses that
transmit measurable light (Figure 2) are integral to achieving
fluorescence signals (Figure 3). Preliminary results indicated that
the observed fluorescence emission is anisotropic (Figure S1 in
the Supporting Information); emission intensity depends on
sample orientation with respect to the incident light. The
anisotropic nature of the fluorescence suggests that the emission
signal might be affected by surface-mediated interactions.>”*®
The detailed mechanism of fluorescence emission associated
with this type of Au surface using the optical configuration in
Figure 1 is currently under investigation.

Serotonin-Functionalized Surfaces Resist Nonspecific
Binding. Fibronectin, fibrinogen, and serum albumin are abun-
dant components of extracellular and blood matrices and are com-
monly used to evaluate the fouling characteristics of surfaces.>” As
shown in Figure 4, no statistically significant changes in fluores-
cence intensity occurred when serotonin polyclonal antibodies
were coincubated with the (unlabeled) nonspecific proteins fibro-
nectin or fibrinogen (1:3 molar ratios) prior to exposing the
samples to secondary antibodies. These results demonstrate
that dilute functionalized substrates bearing oligo(ethylene
glycol) largely prevent nonspecific binding in an environment
where proteins simultaneously compete for binding epitopes.*>”
Furthermore, specific binding is not inhibited by the presence of
high concentrations of these nonspecific proteins.

Surfaces functionalized with serotonin showed a small amount
of binding of bovine serum albumin (BSA) at high molar ratios
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Figure 4. Serotonin-functionalized surfaces resist nonspecific protein
adsorption: Ratios are molar concentrations of serotonin polyclonal
antibody vs the nonspecific proteins fibronectin, fibrinogen, bovine
serum albumin (BSA), and fluorescently tagged secondary antibodies
(2° AD). Error bars represent standard errors of the means for N = 3
samples per group. One-way analysis of variance indicated significant
differences across means [F(4,10)=1400; P < 0.001]. Individual group
comparisons were by Tukey’s post hoc tests and are indicated by s,
P < 0.001 for 1:9 (BSA) or 2° antibody alone vs all other conditions.

(1:9), indicated by a 10% drop in peak fluorescence intensity
(Figure 4). These data suggest that high concentrations of BSA
slightly reduce the binding of the primary antibody to serotonin-
functionalized surfaces or alternately, secondary antibody recog-
nition of the primary antibody. We also investigated nonspecific
binding using secondary antibodies alone. Secondary antibodies
(2° Ab) were expected to lack specificity for surface-tethered
serotonin. As shown in Figure 4, the normalized peak intensity
for exposure to 2° Ab alone is only 20% of the binding of the
combination of serotonin primary antibody plus fluorescently
labeled secondary antibody. These results are consistent with
previous results obtained using QCM measurements on seroto-
nin-functionalized surfaces.”'"

Using QCM, we found that serotonin-functionalized surfaces
specifically recognize serotonin antibodies compared to nonspe-
cific IgG proteins and BSA; however, it was not possible to
investigate nonspecific binding under competitive conditions. By
employing the fluorescence-based method developed here, we
demonstrate the selectivity of serotonin-functionalized surfaces
for capturing binding partners from binary mixtures of a non-
specific protein (fibrinogen, fibronectin, or BSA) and a specific
binding protein, serotonin polyclonal antibody. On the basis of
these results, we hypothesize that binding detection of targets in
complex environments, e.g., blood plasma or serum, will be
possible using fluorescence spectroscopy provided that the SAM
matrix resists nonspecific binding. While the oligo(ethylene
glycol)-terminated SAMs used here enable discrimination be-
tween pairs of specific and nonspecific binding proteins, there is
evidence that this type of SAM is not optimal for use with
undiluted blood plasma or serum.® Future efforts will focus on
developing zwitterionic polymers* or other types of oligo-
(ethylene glycol)-terminated thiols*' capable of ultralow fouling
for use with thin Au films, in combination with insertion
strategies for dilute functionalization, to investigate biomole-
cule capture from complex biological matrices via fluorescence
spectroscopy.

Even with the use of concentrations of antiserotonin poly-
clonal antibody as low as 15 nM, binding to serotonin-functionalized
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Figure 5. Competitive binding of different types of antibodies to
surface-tethered serotonin by fluorescence spectroscopy: The ratios
indicate the molar concentrations of serotonin polyclonal antibodies
(pAb) vs serotonin monoclonal antibodies (mAb). Substrates were
exposed to combinations of primary antibodies and subsequently
incubated with fluorescently tagged secondary antibodies (Alexa Fluor
488; peak emission 518 nm), which recognize pAb but not mAb. The
inset shows mean normalized peak intensities at various antibody ratios.
Error bars represent standard errors of the means for N = 3 samples per
group and are too small to visualize in some instances. One-way analysis
of variance indicated a statistically significant difference across means
[F(3,8)=1300; P < 0.001]. Individual group comparisons were evaluated
by Tukey’s post hoc tests and are indicated in the figure as s, P < 0.001
for 1:1, 1:5, or 1:10 vs all other conditions.

surfaces is detectable using the fluorescence-spectroscopy-based
method described. In contrast, we were unable to detect binding
responses of serotonin polyclonal antibodies at similar concen-
trations using QCM. While further studies to investigate the
limits of detection by fluorescence spectroscopy are needed, this
result, in conjunction with work by Knoll and co-workers,'®**
suggest that limits of detection of label-based fluorescence
spectroscopy methods are lower than label-free methods.

Detection of Multiple Binding Partner Interactions. Pre-
viously, we demonstrated via QCM that two different serotonin
antibodies (one monoclonal and one polyclonal) recognize
serotonin-functionalized surfaces.” However, as QCM is a la-
bel-free mass-based technique, it lacks the chemical selectivity
needed to assess competitive interactions between high-affinity
targets due to its inability to distinguish different bound species.
By employing the fluorescence spectroscopy-based method
developed here, we are able to investigate the relative capture
of two different target proteins, both with specificity for the
probe-functionalized surface. Serotonin-functionalized surfaces
were challenged with serotonin polyclonal antibodies (pAb), in
combination with increasing ratios of serotonin monoclonal
antibodies (mAb), both of which compete for binding to sur-
face-tethered serotonin. Subsequently, samples were exposed to
fluorescently labeled antirabbit secondary antibodies, which
selectively recognize rabbit pAb.

As shown in Figure S, increasing relative concentrations of
mADb results in lower fluorescence intensities. These data suggest
that as the ratio of monoclonal antibodies increases, monoclonal
antibodies outcompete polyclonal antibodies for specific binding
sites. As a result, the number of fluorescently tagged secondary
antibodies on the surface decreases because there are fewer
surface-bound polyclonal antibodies.

We developed a quantitative model to determine the relative
equilibrium affinity binding constants of competing binding
partners in the type of three-component system used here.
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We assume that serotonin polyclonal antibodies and serotonin
monoclonal antibodies interact with surface-tethered serotonin
such that the following equilibria exist:

K3
SHT* + pAb— SHT*pAb (1)
K};/
SHT*pAb + 2Ab == SHT*pAb2Ab (2)
KR
SHT* + mAb==SHT*mAb (3)

where pAD refers to serotonin polyclonal antibodies and mAb
refers to serotonin monoclonal antibodies, both in solution,
SHT™ refers to surface-tethered serotonin, and SHT*pAb and
SHT*mADb are serotonin-bound polyclonal and monoclonal
antibodies, respectively. Additionally, SHT*pAb2Ab describes
the surface-bound secondary antibody (2Ab)/polyclonal anti-
body complex. Secondary antibodies are assumed to recognize
pAb vs mADb selectively. From these relationships, equilibrium-
binding constants are given by

» _ [SHT*pAb]

= o] ?

& [SHT*pAb2pAb]
[SHT*][pAb]K% [2Ab]

(5)

[SHT*mADb]

K3 = ST mab)

(6)
where K and Kj are the equilibrium affinity constants for
polyclonal and monoclonal antibodies, respectively. The equi-
librium binding constant for eq 2 is substituted into eq 4 to get
eqS.Ineq$, K, is defined as the equilibrium affinity constant for
the interaction between secondary antibodies and surface-bound
serotonin polyclonal antibodies. Here, KP [2Ab] 0.3 based on
an equilibrium binding constant of 0.003 nM ™~ between surface-
tethered rabbit antibody (IgG) and goat antirabbit IgG.** The
concentration of goat antirabbit IgG ([2Ab]) in these experiments
was ~100 nM.

K is defined as the relative equilibrium affinity constant for
polyclonal vs monoclonal antibodies and is obtained by dividing

eq S byeq6:

K,  [SHT*pAb2Ab|[mAb]

K =22 =
K®  0.3[SHT*mAb][pAb]

(7)

The normalized peak intensities from the inset in Figure 5
are proportional to polyclonal antibodies bound to serotonin-
functionalized surfaces (SHT*pAb2ADb). Using the molar ratio of
serotonin polyclonal (pAb) and monoclonal (mAb) antibodies
in solution and the corresponding amounts of bound antibody,
SHT*pAb2Ab and SHT*mADb, respectively, in eq 7, we calculate
K' =23 £ S. This result indicates that serotonin polyclonal
antibodies have a 20-fold higher affinity for surface-tethered
serotonin than monoclonal antibodies. We observed minimal
cross reactivity (~2%) between antiserotonin monoclonal anti-
bodies and the secondary antibody used in these experiments
(Figure S2 in the Supporting information) indicating that
changes in fluorescence intensities are directly related to changes
in antiserotonin polyclonal primary antibody binding.

Bl CONCLUSIONS AND PROSPECTS

We present a straightforward method that enables detection of
biomolecule binding using semitransparent gold substrates and
commercially available fluorescence spectrometers. Self-as-
sembled monolayers functionalized at low density with the
small-molecule neurotransmitter serotonin were used to study
antibody recognition under competitive conditions to investigate
binding specificity and selectivity. Our findings show that these
surfaces are capable of selectively capturing specific binding
partners from mixtures containing common plasma and extra-
cellular matrix proteins found in high abundance in biological
tissues. The use of the fluorescence spectroscopy method des-
cribed here enables investigation of competitive binding
behavior between targets with similar specificities, indicating
that small-molecule-functionalized surfaces are capable of
capturing multiple proteins from complex mixtures based on
their affinities for surface-bound targets and relative concen-
trations. Comparative interaction strengths of binding partners
were calculated without a priori knowledge of the absolute binding
affinities.

We believe this fluorescence spectroscopy method will prove
applicable to the study of a wide range of bimolecular interactions
on surfaces, including receptor— hgand and nucleic acid systems.
For example, in place of QCM,"" receptors captured on small-
molecule-functionalized surfaces might be detected using fluor-
escently tagged antireceptor antibodies via fluorescent spectro-
scopy on thin gold films. This technique could also be employed
to monitor DNA hybridization using fluorescently tagged target
strand binding to surface immobilized complementary single-
stranded DNA probes.** The success of fluorescence spectros-
copy to study biochemical interactions depends on the use of
semitransparent gold substrates and on capturing fluorophores
above the critical distance (10 nm) from the gold substrate to
circumvent fluorescence quenchmg Moreover, this technique,
as currently configured, is most efficient for fluorophores with
excitation wavelengths between 500 and 540 nm because of
the higher transparency of thin Au films in this range. How-
ever, we envision that by incorporating Au-nanomaterial-
based localized SPR, fluorescence spectroscopy can be applied
throughout the visible spectrum for the detection of multiple
fluorophores.** ™!

B ASSOCIATED CONTENT

© Supporting Information. Additional information is avail-
able on the orientation dependence of fluorescence measure-
ments and secondary antibody binding to serotonin-
functionalized substrates. This material is available free of charge
via the Internet at http://pubs.acs.org.
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