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Abstract

Responding to need to develop sensitive and easy to use sensors for fungal diseases, we have shown using
a portable Raman detector system that a SERS sandwich assay employing lectins can detect fungal cell wall
polysaccharides at a level of <200 pg/ml sensitivity. This is competitive with reported SERS sandwich immunoassays,
and opens up a new approach to the development of recognition molecule-based sensors. Lectins, found throughout
the microbial, plant and animal kingdoms target large polysaccharide structures, and could be used in multiplexed
sensor designs to rapidly identify the nature of infection so that timely treatment can begin. SERS sandwich assays
have the potential to detect analytes at concentrations as low as atto-molar. The combination of these two technologies
has the potential for development of a wide range of useful sensing platforms for use in medicine and research.
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Introduction

Despite advances in pharmacological management, fungal diseases
like Invasive Aspergillosis (IA) [1,2] are devastating, frequently fatal
infections for immuno-compromised and immuno-suppressed patients
(i.e. premature and malnourished infants, AIDS and cancer patients,
seniors, and organ donation recipients) [3]. Diagnosis and initiation of
antifungal therapy within the first 24 hours after innoculation can be a
life or death determinant [4]. Today’s enzyme-linked immunosorbent
assays (ELISA) for Aspergillosis can detect fungal cell wall antigens
at hundreds of pg/mL or ng/mL levels [5], but take several hours
to perform and are compromised by interferences and patient-to-
patient variability. This work focuses on establishing the fundamental
underpinnings for a new, lectin-based paradigm for Surface-Enhanced
Raman Scattering (SERS) sandwich assay detection of disease markers,
and demonstrating the feasibility of this approach for the detection of
the fungal infection Aspergillosis. The antibody-based SERS immuno-
sandwich assay has been demonstrated to be capable of femtomolar-
level detection of target antigens in 2-6 hours [6-8], which depending of
the molecular weight of the marker can be a detection level significantly
less than pg/mL Lectin microarrays have been developed for basic
research in glycomics analyses [9-11]. This recognition mode, however,
has yet to be employed in the SERS sandwich assay.

The current immunological version of the SERS sandwich assay for
galactomannan polysaccharide can reach limits of multiplex detection
comparable or better than the corresponding ELISA kit, but is limited
by the availability of effective antibodies, their stability and selectivity,
and susceptibility to non-specific protein binding. Our hypothesis
is that by implementing lectins in place of, or alongside antibodies,
we can take advantage of lectin’s unique features (i.e. multivalency,
cooperative structural change, and catch-and-slip binding) to realize
the greater potential of the SERS sandwich assay for polysaccharide
detection. Then we can significantly impact the clinical outcome of
affected patients by providing an easy to use, highly sensitive test that
could quickly yield results and even be performed near the bedside
using a portable detection system for more accurate and responsive
care. Long-term, the technology we will develop can be extended to the
detection of other fungal diseases that are a growing threat to global
human, animal and plant health impacting ecosystems, agriculture,
housing, food and medical product safety [12].

The detected Raman scattering signal in the SERS sandwich
immunoassay [13] arises from the interaction of light with a specially
selected Raman reporter molecule, such as dithiobis(succinimidyl
propionate) attached to a gold nanoparticle (GNP) ~60 nm in diameter.
When this complex islocalized within a few nanometers of an atomically
smooth gold surface, coherence of surface plasmon resonances of the
particle and the gold surface greatly amplifies (up to 10" times) the
Raman scattering signal [14]. The size of the nanoparticle is selected
to maximize resonance coherence and the Raman reporter is selected
to ensure that the signal is well-shifted from the naturally scattering,
luminescent background of the specimen, usually of biological origin.
In the SERS immuno-sandwich assay, both the gold surface and the
GNP are decorated with antibodies and target antigens are trapped
between the two. The length of crosslinkers for the recognition
molecules is optimized to increase the signal strength [15]. The Raman
signal is highly resolved (10-100 times narrower spectral linewidths
than fluorescence emissions) and detectable under ideal conditions
down to femtomolar antigen concentration in picoliters of sample
[16], competing favorably with PCR based [17] methods. Examples
of the SERS sandwich immunoassay have detected a variety of protein
biomarkers in a broad range of diseases including tuberculosis [18],
Dengue flu [19], fungal infections [20] and cancer [21].

While SERS assays have proven to be highly effective, ongoing
challenges include availability of effective antibodies and limited
understanding of molecular-events at the non-ideal assay interface
and what conditions lead to interferences and non-specific binding.
Antibody availability for fungal infections is a particular challenge
because one of the primary biological functions of fungal cells is to
circumvent [22,23] or inhibit [24] the mammalian immune system
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from producing antibodies against them. Because one of the major
antigenic markers of fungal infection are cell wall polysaccharides
[25,26] not present in mammalian cells, it is possible to use lectins
instead of antibodies as a recognition element. Lectins are soluble
proteins, non-enzymatic in function, that bind to soluble carbohydrates
or to a carbohydrate component of a glycoprotein or glycolipid. There
are more than1000 highly effective and target-specific lectins [27,28]
throughout the animal [29,30], plant [31-33] marine [34] and fungal
[35,36] worlds where they play a protective role, and are involved in
regulation of physiological functions and the recognition between
cells or cells and various carbohydrate-containing molecules [37-40]
They are used successfully in diagnostic and therapeutic applications
to agglutinate specific cells and precipitate glycoconjugates. Jacalin, a
plant lectin, is found to completely block human immunodeficiency
virus type 1 in vitro infection of lymphoid cells, presumably by inducing
the proliferation of CD4* T lymphocytes [41].

Lectins (Figure 1) are generally smaller in size than antibodies (i.e.
<~100 kDa). While antibodies have two single-point and independent
antigen docking sites, lectins can have 4-12 binding sites on multiple
subunits of the molecule and bind to target polysaccharides in multiple
places with cooperativity [42]. In solution, this multivalent, complex
binding has been described with the following model:

KponN: (KMono) aN

Where a is the cooperativity factor and N is the number of binding
interactions. Both the negative [43] and positive [44] cooperativity
is found in lectin-carbohydrate systems, and is related to the lectin
structural class and whether the event occurs in solution or on a cell
surface. For some lectins N can be as large as 10 and significantly larger
than 1. So, while lectins bind individual monosaccharides weakly
(dissociation constant K, ~ 10 uM), their affinity for larger, complex
carbohydrate ligands with multiple connect points acting cooperatively
can be significantly greater [45,46]. Many lectins also exhibit shear-
force dependent catch-and-slip bond formation in which binding is
improved when the molecules are exposed to fluid shear [47,48]. The
phenomenon is best seen in the example of the binding of sialyl Lewis*

A Increasing fluid shear
GOLD SUBSTRATE
GOLD SUBSTRATE
B
GOLD SUBSTRATE
C
GOLD SUBSTRATE
Figure 1: Unique features of lectin-polysaccharide recognition and sandwich
assay. A) Effect of fluid shear on lectin and antibody configuration. B) Catch-
and-slip mechanism (L to R). C) Lectin vs. antibody SERS sandwich assay.

(a tetrasaccharide attached to PSGL-1 on the surface of leukocytes)
to selectin (k ~27000 M's"). The hinge domain of selectin opens
and closes every few nanoseconds in solution, but under low shear
stresses the open position is maintained allowing the catch-and-slip
phenomenon to take place with sialyl Lewis molecules at different
points in the chain [47]. This mechanism is responsible for the familiar
rolling and slow down of leukocytes on the surface of blood vessels [48].
A major advantage of this feature is that a lectin-based SERS sandwich
is likely to recognize and bind to targets better under constant fluid
shear that occurs periodically during the sensor operation. Under
similar conditions, fluid shear may degrade the performance of the
immuno-based sandwich assay.

Materials and Methods

Materials

Gold surface preparation: A solid, acid-washed glass microscope
slide, was sputter coated through a machined aluminum template with
chromium to a thickness of 50 nm, and then with gold to a thickness
of 200 nm in order to obtain a microscopically smooth surface. The
template allows the creation of a 3 x 8 array of gold dots, approximately 1
mm in diameter uniformly distributed across the slide (Figure 2). Prior
to attachment of recognition molecules, the templated gold surface was
peroxide-washed to remove any residual materials from the sputtering
and dried in air in a dust free chamber. The templated gold microscope
slide was them immersed in an ultrapure water solution containing 10
mM mercaptohexadecanoic acid (MHA) for 30 minutes, and then air
dried in a dust free chamber.

OM-1 was attached to this surface via amide bonds. Om-1 is a
human derived lectin that recognizes the galactofuranose moiety of
galactomannan. The dry, MHA-coated support was briefly immersed in
solution of EDC (1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide)/
S-NHS (N-hydroxysulfosuccinimide) according to the manufacturer’s
instructions. This formed amide bonds between the MHA and EDC
molecules, and presented a reactive succinimidyl derivative on the
support surface for reaction with an exposed amine group on OM-1.
The slide was then incubated in phosphate buffer solutions of OM-1,
followed by rinse with ultrapure water. Unreacted sites were blocked
with 150 ul TBST per well x 2 hr.

Gold nanoparticle preparation: Gold nanoparticles 100 nm in
diameter were mixed with an ultrapure water solution containing 1
mM disuccinimidyl nitrobenzoate (DSNB) titrated with NaOH to pH
8. DSNB contains two Raman active nitroso groups (v, 1336 cm™ shift),
two succinimidyl group for reaction with lectin, and a disulfide bond.
The disulfide bond is reduced at the gold nanoparticle surface and the

Figure 2: Top right: Aluminum sputtering mask; Top left: Microscope slides
after deposition of gold. Middle: schematic of arrangement of gold island on the
microscope slide. Bottom: assembled assay device.
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two halves of DSNB each are available to bind to the gold nanoparticle
via an Au-S ligand bond which is extremely stable. Concavalin A was
added to the mixture and allowed to react for 15 minutes with the
available succinimidyl groups. Unbound DSNB, DSNB fragments,
and Concavalin A were removed by centrifugal pelleting of the
functionalized gold nanoparticles, decanting of the supernatant, and
resuspension of the nanoparticles in ultrapure water. The decanted
fraction was reserved for spectroscopic analysis to obtain information
about the binding process.

Assay assembly: The Array-It 96-well plate microwell plate
assembly was adopted for the assay (Figure 2 bottom image). This device
consists of two plastic parts into which up to 4 gold-templated, OM-1
functionalized microscope slides can be inserted and the two halves
pressed together with a silicone gasket in between. The upper plate
created the well into which assay reagents and specimen were applied.
Greer’s antigen (which contains ~ 10% by weight of the A. fumigatus
galactomannan) was added in triplicate from 0-64 ng per gold spot.
To complete the detection sandwich, Concavalin A functionalized 100
nm gold particles were applied and the excess particles rinsed using
ultrapure water.

Material characterization

UV-Vis absorption measurements were carried out using a Cary
50 (Agilent) in 1 cm pathlength microcuvettes at room temperature.
Dynamic light scattering measurements of gold nanoparticle was
performed using a Zetasizer ZS (Malvern) in semi micro cuvettes at
25°C. SERS signals generated by the nitroso group of DSNB (V_ at
1336 cm™ Raman shift) were measured either using the MiniRAM III
(BWTEK, Newark, DE), which utilizes a 785 nm laser and is capable of
10 cm! resolution of Raman shifts or MiniRam (BW-Tek) instrument
was used with a 785 nm laser set to 40% power level (~150 mW) and a
10 msec integration time. Data was collected at multiple spots in each
well, and averaged. The dark current was subtracted from all spectra.

Results and Discussion

Surface-enhanced Raman scattering (SERS) is a powerful technique
for analyzing biological samples as it can rapidly and nondestructively
provide chemical and, in some cases, structural information about
molecules in aqueous environments. In the Raman scattering process,
both visible and near-infrared (NIR) wavelengths of light can be used
to induce polarization of Raman-active molecules, leading to inelastic
light scattering that yields specific molecular vibrational information.
The development of surface enhancement has enabled Raman
scattering to be an effective tool for qualitative as well as quantitative
measurements in immunoassays with high sensitivity and specificity.

In the SERS sandwich all-lectin assay, a lectin specific for a target
polysaccharide molecule is immobilized on a surface via succinimidyl
ester chemistry to a gold-bound thiolate adlayer formed from
dithiobis(succinimidyl propionate) (DSP). When target is present, the
immobilized layer of lectin specifically extracts available target from
the surrounding fluid. After rinsing, the surface is then incubated
with Extrinsic Raman Labels (ERLs). These are nanoparticles of gold
decorated with 5,5'- dithiobis(succinimidyl-2-nitrobenzoate) (DSNB).
The nitro group of the bound DSNB provides an intense SERS signal,
while the succinimide group acts as a coupling agent for tethering
another lectin to the nanoparticle. The quantity of target sandwiched
between the two lectins in a given area is estimated by the spectral
intensity of the symmetric nitro stretch (v (NO,)). Ideally, there would
be one sandwich per ERL on the gold surface, but this is difficult to

control. Thus there is some inherent quantitative uncertainty due to
variable connection points per particle.

During the assembly it is possible to monitor each step to ensure
optimal conditions. For example, effectiveness of DSP and DSNB
binding in a given area of the platform can be estimated spectroscopically
by monitoring the fraction of material left unbound. The uniformity of
lectin binding to the surface can be measured using SEM. For control
samples, the amount of bound target can be confirmed via the residual
amount of target remaining in the fluid, but, for unknown samples it is
necessary to rely on an experimentally-derived estimate of SERS signal
intensity per ERL nanoparticle. This method has some drawback in
that for high target titers the attachment density of ERLs is also high
and so nanoparticle-nanoparticle interactions can alter the effective
signal intensity per nanoparticle signal. Thus this technique worked
best at low target concentrations, where the distance between attached
ERL nanoparticles is large.

The all-lectin SERS sandwich assay utilizing Om-1 on the flat gold
substrate and Concavalin A on the gold nanoparticle show sensitivities
of less than 100 pg of A. fumigatus galactomannan. Typical signals are
shown in Figure 3. The galactomannan used is in the form of an extract
mixture of cell wall components from the organism and comprises
<10% of total material. We will refer to this mixture subsequently as
Greer’s antigen. Typical SERS signals recorded as a function of total
amount of Greer’s antigen (in ng) are shown in Figure 3. Figure 4 shows
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Figure 3: Typical Raman shift spectra observed from the lectin-lectin sandwich
assay as a function of Greer’s antigen concentration. Greer’s antigen contains
less than 10% galactomannan, the remaining being other cell wall glycoproteins.
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Figure 4: Background-subtracted SERS signal intensity of an all lectin SERS
sandwich assay in which Om-1 is used in place of antibody clone WF-AF-1.
The percentage of galactomannan present is about 10% by weight suggesting
a current sensitivity of detection of about 100 picograms.
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a galactomannan dose-response curve with excellent linearity. The data
were corrected for instrument baseline signal as well as background
scattering. The lowest detectable amount of galactomannan is
represented at the origin of the graph, and is less than 100 pmol. The
signal intensity represented on the Y axis is both instrument and assay
dependent. The important point to note is that the BWTek device is
intended for use as a portable field unit, thus this level of sensitivity is
excellent.

Shown in Figure 5 are results obtained using a SERS sandwich
immunoassay using commercially available WF-AF-1 antibody, as well
as those from the Platellia EIA kit used clinically. The overall intensity
axis of this graph is smaller than that in Figure 4, due to use of a different
instrument and slightly different gold nanoparticles in the assembly.
Both these systems provide similar quality dose-response curves
with a limiting sensitivity of about 100 picograms galactomannan
content. This shows that the all-lectin SERS sandwich assay and the
conventional antibody-based SERS sandwich immunoassay can be
used interchangeably with loss of sensitivity.

Two other galactomannan bindinglectins Lens Culinaris Agglutinin
(LCA) and Hippeastrum Hybrid Lectin (HHL) were compared to
Concavalin A in the all-lectin SERS sandwich assay (Figure 6). All three
lectins respond more or less linearly to the presence of analyte, but
Concavalin A generates the largest signals as a function of increasing
galactomannan concentration under the same conditions. Both exhibit
a gradual increase in signal with continued linearity.

As seen in Figure 5 the actual working range for Concavalin A
ERLs is relatively narrow, with SERS signals plateauing above about
32 ng/ml of Greer antigen mixture. This is mainly due to the signal
collecting limitations of the hand-held Raman device. In the field,
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Figure 5: SERS immunoassay using WF-AF-1 antibody (red squares) and

Platelia™ EIA (Black squares) for galactomannan in Greer’s Ag. Courtesy M.
Porter.
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Figure 6: SERS signal intensity of Om-1/various lection ERL systems.

where there may be a wide range of analyte concentrations possible,
having a sensor that is limited to only the lowest concentration ranges
can be cumbersome. If a sensor analyzes the same unknown sample
simultaneously using two types of lectins, for example Concavalin A
for the lower range and Lens Culinaris Agglutinin for a higher range,
the array employing LCA, for instance will continue to report a reliable
linear signal even when the Concavalin A section of the array is no
longer reliable. The two measurements together provide a cross-check
of each other as well in overlap regions. The data shown the linearity
of response for Lens Culinaris Agglutinin and Hippeastrum Hybrid
Lectin is poorer than for OM-1. This is due in part to the complex
structure of those proteins which makes binding affinity and specificity
slightly different than for OM-1. In a multiplexed platform, errors at
low concentration are covered by OM-1. In general it is necessary to
pick the best lectin pair to construct an optimal assay under the desired
conditions.
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