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Abstract:

A new facile method for the modification of magnetic beads with a SERS active substrate is
introduced. The technique involves enzymatically induced silver deposition. Horse radish peroxidase
is immobilized on streptavidin modified beads using a short biotinylated oligonucleotide as linker
molecule. The enzyme induces the reduction of the silver ions to elementary silver, resulting in the
growth of flower-like silver nanoparticles on the surface of the magnetic beads. Due to the unique
structure of the silver nanoflowers they provide an enhancement of the inherently weak Raman signal
of analyte molecules. In this study the structure of the silver modified magnetic beads and their SERS
properties are investigated using adenine as model analyte.

Key words: surface enhanced Raman spectroscopy (SERS), silver nanoflowers, magnetic beads,

adenine

Introduction

Nanostructured metal surfaces are essential for
the application of surface enhanced Raman
spectroscopy (SERS) as this technique is
based on inducing an enhanced
electromagnetic field at metal nanostructures
[1-4]. Molecules close to the metal surface are
affected by the enhanced field resulting in a
significantly enhanced Raman signal intensity
of these molecules. In order to achieve such an
enhanced electromagnetic field localized
surface plasmon polaritions have to be excited.
Therefore, the wavelength of the incident laser
light has to overlap with the plasmonic
absorption profile of the nanostructured metal
surface. Common metal nanostructures applied
as SERS active substrate are silver and gold
colloidal  solutions  [5-7], nanostructures
produced by lithographic techniques [8-11] or
rough metal electrodes [12,13]. Most of these
applied SERS active substrates provide a
narrow absorption profile and are designed for

precise applications in specific wavelength
regions. SERS substrates known to provide a
rather broad plasmonic absorption profile are
enzymatically generated silver nanoparticles
(EGNP) [14]. These nanoparticles exhibit a
nanoflower-like structure which is well suited for
the application as SERS active substrates [15].
EGNP can be produced very easily and cost
efficient and are applicable with excitation
wavelength within the whole visible range [14].
The potential of these substrates for SERS
measurements has already been shown
successfully by Strelau and co-workers [14,15].

The application of SERS as powerful analytical
detection method is becoming more and more
of interest especially in the field of bioanalytics
and medical diagnostics [16-23]. This is due to
the high sensitivity and fingerprint specificity of
SERS. For establishing SERS as routine
detection method in this application field
suitable SERS substrates have to be provided.
However, investigation of bioanalytical and

Fig. 1. Scheme of the preparation of silver nanoflowers on magnetic beads
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medical samples still remains a major challenge
due to often inevitable sample preparation. The
molecules of interest are mostly located in
complex matrices as e.g. blood and urine. For
this reason research is focused on the
development of particles, which provide beside
the local field enhancement, properties
applicable for sample preparation steps [24,25].
A novel approach is the preparation of magnetic
particles covered with SERS active metal. The
magnetic properties can be used for sample
preparation, enrichment and separation steps
as well as for localizing the particles for
detection [26-32]. So far magnetic particles
covered with gold and silver have been
introduced  applying chemical reduction
mechanisms.

In this contribution a new approach for
modifying magnetic particles with a SERS
active substrate is presented. Magnetic beads
were covered with enzymatically generated
nanoflowers combining a unique silver surface
structure suited for SERS detection with
magnetic properties applicable to manipulate
the particles for preparation and detection
procedures. These SERS active magnetic
beads were tested concerning their
performance for SERS measurements.
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Experimental details

For the preparation of silver nanoflowers on
magnetic beads, streptavidin-modified magnetic
beads were purchased from PerkinElmer
Chemagen Technologie GmbH (Baeseweiler,
Germany) with an initial concentration of
25 mg/ml. 10 pl of these magnetic beads were
washed twice with 150 ul storage buffer (1xPBS
— phosphate buffered saline 0.1% BSA — bovine
serum albumin) and resuspended in 148.5 ul
storage buffer. Consequently 1.5 ul of 100 uM
horseradish peroxidase (HRP) and biotin
labelled oligonucleotide were added and the
solution was incubated for 30 min at room
temperature with slow tilt rotation. Due to the
interaction of streptavidin and biotin, the
oligonucleotides were bound to the surface of
the magnetic beads. Subsequently the beads
were washed three times with 150 ul storage
buffer, twice with distiled water and
resuspended in 50 ul distilled water. Applying
455 ul of the EnzMet reagent from Nanoprobes
(Yaphank, NY, USA) the silver deposition in
nanoflower-like structures takes place based on
an enzymatically (HRP) driven mechanism.
After 5 min the particles were washed twice
with distilled water, once with citrate buffer and
finally resuspended in 50 ul citrate buffer for

Fig. 2. SEM (A and a) and contrast images (B and b) of magnetic beads covered with enzymatically generated
silver nanoflowers
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storage. Before the SERS measurements, the
particles were washed again with distilled water
three times and resuspended in 200 ul distilled
water. In Figure 1, a theoretical scheme for the
preparation of silver nanoflowers on magnetic
beads is shown. Figure 2 presents scanning
electron microscopy (SEM) images (A and a)
and SEM images in backscatter electron
imaging mode (B and b) of magnetic beads
covered with enzymatically generated silver
nanoflowers (see detailed explanation in
section ‘results and discussion’).

For the SERS measurements adenine of
analytical grade was purchased at Sigma
Aldrich and dissolved in distilled water to
prepare the dilutions. The SERS measurements
were carried out at a conventional micro-
Raman setup (LabRam, Horiba Jobin-Yvon)
equipped with a 300 lines/mm grating, which
was combined with an inverse Olympus
microscope. The frequency doubled Nd:YAG
laser (excitation wavelength 532 nm) was
focused into the micro cuvette with the help of
an Olympus 50x UPlan FLN microscope
objective. The incident laser power present on
the sample was approximently 7 mW. The
180° back-scattered light was detected with
back-illuminated CCD camera (1024 x 512
pixels).

For the SEM measurements silicon chips of
10 mm x 10 mm were treated for 10 min in
acetone and for 10 min in isopropanol in an
ultrasonic bath. Afterwards the chips were
washed with distilled water and dried using
pressurized air. In order to investigate the
EGNP modified magnetic beads 1pul of a
sample was deposited on the silicon chips and
dried. The images were acquired using a field
emission scanning electron microscope (FE-
SEM) JEOL JSM-6700F instrument (Tokyo,
Japan).  Additionally, SEM images in
backscatter electron imaging mode (material
contrast mode) were taken to obtain pictures
with a higher contrast regarding their chemical
composition.

The data evaluation was carried out using the
open source script language GNU R [33]. The
spectra were background corrected applying
sensitive nonlinear iterative peak (SNIP)
clipping algorithms before further evaluation.

Results and Discussion

A new approach for covering magnetic beads
with a SERS active surface is investigated
within this contribution. Enzymatically
generated silver nanoparticles, which exhibit a
nanoflower-like structure, are deposited at the
surface of magnetic beads as described above
and studied concerning the applicability for
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Fig. 3. SERS spectra of magnetic beads covered with
EGNP with and without adenine (c = 1x10°° mol/l)

SERS measurements in solution. Figure 2
shows the SEM images (left side) and SEM
images in material contrast mode (right side) of
magnetic beads covered with EGNP. Applying
SEM for characterization of the silver
nanostructures on the magnetic beads, only
morphology features such as small plates
arranged like desert roses indicate the
formation of the EGNP on the surface. Thus,
images in backscatter electron imaging mode
are recorded as well for the same image
sections. Here, the silver structures appear in a
high contrast with the magnetic beads due to
the different chemical composition. It can be
seen that the magnetic beads are covered with
islands of nanoflowers.

Figure 3 shows a SERS spectrum of the
magnetic beads covered with EGNP without an
additional analyte (figure 3 black spectrum) as
well as after the addition of an adenine solution
with the concentration of 1x10™ mol/l (figure 3
blue spectrum). The pure suspension of EGNP
covered magnetic bead shows a significant
fingerprint  SERS spectrum. According to
literature the appearing bands can be attributed
to the streptavidin-modified surface of the
magnetic beads [34]. Galarreta et al.
investigated  streptavidin/biotin ~ monolayer
assemblies on gold substrates via SERS. In
respect of the reported band assignment, the
bands at 1574, 1444, 1339, 1147, 1112 and
1082 cm™ can be related to streptavidin. The
band at 242 cm™ is typically assigned to a v(Ag-
N) mode [35]. When adding a solution of
adenine to EGNP covered magnetic beads the
adenine ring breathing mode at 735 cm™ can be
observed in the SERS spectrum. The bands
assigned to streptavidin decrease in intensity or
are covered by background features. For the
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Fig. 4. Integrated Raman intensity of the band at
242 cm™ within the SERS spectra at different adenine
concentration

measurements with and without analyte the
concentration of the magnetic beads with
EGNP was identical. However, the intensity of
the band at 242 cm™ is drastically decreasing
when adding adenine with a concentration of
1x10° mol/l.

In order to investigate the change of the v(Ag-
N) mode in dependence of the adenine
concentration, different concentrations of
adenine were added to the magnetic beads.
The detected SERS spectra were background
corrected and normalized (I1 normalization)
before further data evaluation. For all SERS
spectra of the different adenine concentrations
the v(Ag-N) mode at 242 cm” was integrated.
In figure 4 the integrated Raman signal intensity
of the band at 242 cm™ is plotted as function of
the adenine concentration. It should be noticed
that the integrated Raman signal intensity stays
constant up to a concentration of 2.5x10° mol/l
adenine. With a concentration of 5x10™ mol/l
adenine the integrated Raman intensity
decreases. For concentrations from 2.5x10™ to
1x10° mol/l the integrated signal intensity
reaches a constant value again. It has to be
mentioned that for this investigation the limit of
detection for adenine is 1x10™ mol/l. For this
concentration the adenine ring breathing mode
is still observed. For lower concentration it does
not appear within the spectra. The change of
the integrated signal intensity of the band at
242 cm’ results from the presence of adenine
at the surface of the EGNP covered magnetic
beads, but cannot explained in detail so far.

Investigating the SERS signal of the adenine
ring breathing mode in dependence of the
adenine concentration, the best correlation of
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Fig. 5. Raman intensity of the adenine band at
737 cm™" within the SERS spectra of different adenine
concentration after normalization to the band at
242 cm’

the signal intensity with the concentration can
be found normalizing the background corrected
SERS spectra to the respective integrated
Raman signal intensity of the v(Ag-N) mode at
242 cm’™ (figure 5). Here, a significant increase
in respect to the background (concentration
below 1x10™° mol/l, where no ring breathing
mode of adenine appears at 735 cm™ in the
SERS spectra) is observed at a concentration
of 2.5x10° mol/l adenine. The signal intensity
for concentrations of adenine of 7.5x10™ to
1x10° molll show an additional increase
compare to the concentrations from 2.5x10° to
5x10* mol/l. This can be due to a complete
coverage of the EGNP on the magnetic beads
with adenine molecules. Below the
concentration of 2.5x10 mol/l adenine the
number of adenine molecules might not be
sufficient to provide a continuous layer of
molecules at the deposited EGNP on the
magnetic beads. This would also explain that
the signal intensity of the ring breathing mode
drops with increasing concentration above
5x10™ mol/l as a saturation of the existing silver
surface at the magnetic beads is saturated with
analyte molecules.

Conclusion

Within this contribution the high potential of
magnetic beads covered with EGNP for the
application in SERS diagnostics is
demonstrated. However, the application of
EGNP covered magnetic beads for SERS
measurements still lacks of a sufficient
sensitivity of the substrate. This is due to an
inconsistent coverage of the surface of the
magnetic beads with EGNP, which has to be
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improved and further investigated. However,
this new approach for covering magnetic beads
with a SERS active surface seems to be
promising as it provides the following
advantages: 1) the magnetic core allows a
manipulation of the particles like trapping for
detection or sample separation steps; 2) the
EGNP provide a unique nanoflower structure
well suited for SERS detection; 3) EGNP can
be produced easily and cost efficient.
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