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Homogenously Magnetically Concentrated Silver Nanoparticles for
Uniform “Hot Spots” in Surface Enhanced Raman Spectroscopy

Andrew J Frank, Alanna McEneny-King, Nicole Cathcart and Vladimir Kitaev~
Department of Chemistry and Biochemistry, Wilfrid Laurier University,

75 University Avenue W., Waterloo, Ontario, Canada

ABSTRACT

We report reproducible and sensitive surface-enhanced Raman spectroscopy (SERS)
detection achieved with a developed nanoparticle platform, Ag&MH. Ag&MH is
comprised of silver nanoparticles (AgNPs), as a sensing substrate that is efficiently and
uniformly magnetically concentrated with the assistance of maghemite, y-Fe,0s3,
nanoparticles (MHNPs). MNHPs were optimized synthetically for minimal charge
interactions with AgNPs and low optical absorbance. At sufficiently high concentrations,
magnetic maghemite NPs hydrodynamically trap AgNPs and concentrate them on the
inner surface of a quartz optical cell to form an Ag&MH SERS substrate for highly
reproducible SERS detection. The reproducibility is a combination of several factors
contributing to uniform “hot spots”: homogeneous magnetic concentration by gentle
hydrodynamic trapping and weak electrostatic interactions of the same-charge
nanoparticles and non-close packing of AgNPs, in particular decahedra. Size-uniform
silver decahedra nanoparticles (AglisNPs) featuring sharp localized surface plasmon
resonance (LSPR) peaks, coupled with minimized optical interference from MHNPs,
enable sensitive and reproducible SERS detection, where 5,5’-dithiobis-(2-nitrobenzoic
acid), DTNB, was used as a probe molecule. Reproducibility of independent
measurements at nanomolar level was ca. 10% — consistently overcoming the “hot spot”
problem through uniform distribution of AgJisNPs in the Ag&MH SERS substrate.
Picomolar concentrations were detected using a simple fiber-optic Raman
spectrometer. The developed Agli3&MH sensing platform is promising for convenient
and reproducible SERS detection of analytes in common laboratory settings.

* E-mail: vkitaev@wlu.ca
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INTRODUCTION

Plasmonic metal nanoparticles (MNPs)* demonstrate excellent potential for applications

2,7,89

in sensingzs'6 and diagnostics. owing to their unique optical properties tuneable by

10,11

size and shape. One of the most established and researched sensing methods

6,12

utilizing plasmonic NPs is SERS.”"“ SERS is a sensitive technique for the identification of a

4,13

variety of analytes.”" LSPR of noble metal NPs is well documented and established for

enhancing the Raman scattering cross-sections of adsorbed molecules;*** silver

especially has been used for SERS since the early 1970’s.'
Efficiency and utility of noble metal nanoparticles as SERS substrates can be further

17722 A combination of silver NPs with

enhanced by incorporating magnetic separation.
magnetic NPs has been shown to be advantageous for a wide range of potential
applications by utilizing the SERS ability of silver NPs and the magnetic field

2324 Notable biochemical applications include

controllability of superparamagnetic NPs.
silver NPs affixed to polystyrene coated magnetite NPs for protein separation and
identification,25 sensitive detection of DNA,26 and silver-silica core-shell NPs affixed to
magnetite for separation in immunoassays using SERS for identification.”” One example
of the biochemical applications is a SERS-based sandwich immunoassay that employs

immunomagnetic separation to concentrate Escherichia coli (E. coli) cells.?®

The magnetic component enables efficient concentration of a small amount of analyte,

resulting in improved detection limits, as well as a higher density of Raman active “hot

» 29-32

spots”. Improved SERS detection limits are common for magnetic silver NP

3337 Sjlver-coated magnetite NPs have been demonstrated to serve as an

systems.
effective analysis tool for SERS of organic molecules such as naphthalene,38 with an
important advantage being ease of separation for recycling of the SERS-active NPs for

subsequent Raman analysis.>

One of the major limitations in SERS measurements with nanoparticle substrates,

including magnetic systems, is the reproducibility dealing with “hot spots” for the

3

reliable detection.’® Intense research efforts were directed to address the
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reproducibility of “hot spots”,**** which still remains a problem for the use of regular

non-modified nanoparticles as a SERS substrate.*

Herein we present an effective SERS detection platform composed of maghemite and
silver decahedral NPs (AgJ.sNP&MH), which enables a high degree of reproducibility in
SERS detection and picomolar detection limits. Agl;sNP&MH utilizes a combination of
two simple independent components, where maghemite NPs carry the same charge as
AgNPs to interact gently with AgNPs and to uniformly concentrate AgJisNPs with the
adsorbed analyte upon application of magnetic field. Together with a uniform AgNP
concentration, low optical absorption of magnetite and sharp LSPR peaks of AglisNP
enable sensitive SERS detection. AgJi3&MH can be conveniently prepared by an
environmentally friendly all-agueous synthetic procedure and can serve as a versatile

SERS substrate, with notable advantages of high reproducibility and low detection limits.

EXPERIMENTAL
Reagents

For all experiments, high purity deionized water (>18.3 MQ'cm) was produced by a
Millipore A10 Milli-Q system. Iron (Il) perchlorate hydrate (98%), L-arginine (98%), silver
nitrate (99+%), hydrogen peroxide (99.999%) 30 wt.% in water, sodium citrate tribasic
dihydrate (99.0%), sodium borohydride (99%), and 5,5’-dithiobis-(2-nitrobenzoic acid)
(99%) were supplied by Sigma-Aldrich. Poly(vinylpyrollidone) with average M,, of 40,000
(99.0%) was supplied by Caledon. Argon (PP 4.8) was provided by Praxair. All chemicals

were used as received.
Synthesis

Monodisperse silver decahedral nanoparticles (AglJisNPs), 45 + 3 nm across the
pentagonal rim (Fig. S4), were prepared as previously reported in the original
procedure,43 and aged a minimum of ten days to ensure decomposition of any

unreacted sodium borohydride and hydrogen peroxide.
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Magnetite (Fe;04) was synthesized following a modified one-pot aqueous synthesis.** In
a typical preparation, 200 puL of 0.2 M arginine was added to 8.4 mL of deionized water
in @ 20 mL borosilicate vial (VWR) sealed with a rubber septum. The solution was
sonicated and deoxygenated. Under argon gas flow, 1.00 mL of similarly deoxygenated
0.026 M iron (Il) perchlorate was added to the arginine solution via syringe to attain a
1:1 molar ratio between arginine and iron (ll). The gas flow was removed and the
septum-sealed vial was left to react at room temperature overnight. The reaction
solution started olive green and slowly turned brown in several hours, and then

gradually a black precipitate of arginine-stabilized magnetite nanoparticles formed.

Maghemite (y-Fe;03, an oxidized form of magnetite) was prepared by combining 2.50
mL of 0.2 M arginine, 1.25 mL of 0.026 M iron (IlI) perchlorate and 8.25 mL of deionized
water. Initially a deep olive dispersion, a medium brown magnetic precipitate forms

within 3-5 hours in an open vial.
SERS sample preparation

The composite dispersions of magnetic and plasmonic NPs for SERS experiments were
prepared by first concentrating 12.0 mL of the as prepared AglisNP dispersion by
centrifugation and redispersing it in 7.5 mL of high purity deionized water. To this
dispersion, 188 pL of 0.1 M poly(vinylpyrollidone) (PVP) was added, for an overall PVP
concentration of 2.5 mM. Either magnetite or maghemite nanoparticle dispersions were
then added to the redispersed Agli3sNP solution to produce iron-to-silver ratios ranging
from 0.25:1 to 5:1. For a typical 1:1 iron-to-silver preparation, 100 pL of the as prepared
maghemite dispersion (2.7 mM iron concentration) was added to 1.25 mL of the
redispersed Agli3NP solution (0.20 mM silver concentration) and diluted with deionized
water to a final volume of 2.50 mL. Composite dispersions of other plasmonic
nanoparticles were prepared according to a similar protocol. Optimal equilibration time
for the composite dispersions prior to SERS measurements is 4 to 12 hours. The samples

remain functional for at least 3-4 days after mixing.

For SERS measurements, samples were prepared by transferring 0.625 mL of the above

prepared composite dispersion to a 0.5 cm quartz cell. After the analyte solution was
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introduced, the cell was shaken mechanically for 5-10 seconds then positioned next to a
5-mm circular rare earth magnet to form a compact deposit on an inner wall of the
qguartz cell for SERS measurements, see measurement schematics in Figure 1a. The laser
beam of the Raman probe was centered on these composite deposits to yield highly
reproducible Raman measurements with low detection limits. The SERS analyte was
5,5’-dithiobis-(2-nitrobenzoic acid), DTNB. Measurements could be also performed in
PMMA cells. For those measurements, a liquid cap (see below) was used to make the
measurements from the back side of the cell, so the material of the cell would not

interfere.
Characterization

Raman spectroscopy was performed using a R-3000QE fiber-optic Raman spectrometer
equipped with a 290 mW laser at 785 nm (RSl), operated at 190 mW with 5 second
integration time (see Fig. S8-S10and Table S3 for the selection of optimal laser power
and integration times). Both solid cap and liquid caps were used that focus the probing
beam on the cell’s surface and inside the cell, respectively. Focusing the beam inside the
cell with the liquid cap enabled measurements from the inner surface of the pellet.
Visible spectroscopy was carried out using either an Ocean Optics QE-65000 fiber-optic
UV-vis spectrometer or a Cary 50 Bio UV-vis spectrophotometer. Electron microscopy
(EM) imaging, both transmission (TEM) and scanning (SEM), was performed using a
Hitachi S-5200 with a typical operating voltage of 30.0 kV. The samples were deposited
onto a copper grid with a formvar/carbon film (FCF-200, EMS Corp.). Zetasizer S
(Malvern Instruments) was used to measure both zeta potentials and to estimate
hydrodynamic particle sizes. PXRD measurements were performed using D2 Phaser
diffractometer (141 mm goniometer radius) with Cobalt radiation (30 kV, 10 mA),
LYNXEYE silicon strip detector, and iron K-beta filter. Samples were prepared by drop-
casting onto a low-background silicon wafer and allowed to dry prior to measurements.
Signal was collected for 3 hours. Quantitative Rietveld refinement was performed using
an approach based on fundamental parameters with DIFFRAC.TOPAS and

crystallographic structures exported from the ICDD PDF-4 Database (Release 2014).
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RESULTS AND DISCUSSION

Preparation of Ag&MH SERS substrate.

The experimental protocol of SERS measurements with Ag&MH is summarized
schematically in Figure 1a. The analyte, DTNB, was reproducibly detected by SERS using
a composite substrate of Agl;sNPs and maghemite NPs (AglisNP&MH) formed by
magnetic concentration. Magnetic NPs were concentrated by a strong permanent
magnet, and at sufficiently high concentrations (starting with 0.05 mM of maghemite —
see Figs. S1 and S2 and Table S2) were able to hydrodynamically drag AgJisNPs and
uniformly concentrate them. The image of the pellet is shown in Fig. S3d. As a result, the
AglisNP&MH substrate was built on the inner wall of the quartz cell within a few
minutes (typically 3-5 minutes, see Fig. 2d). The deposited Agl;3sNP&MH layer remained
intact after the magnet was removed (Fig. S3d). As a SERS substrate, Agl;sNP&MH
enables remarkable measurement reproducibility: both for different samples areas
within the same substrate and upon subsequent dispersal and re-deposition of the
substrate film (see right panel of Fig. 1a for a representative spectrum and Table S1 for
the data). Effectively, very uniform hot spots were created in the Agl;sNP&MH substrate

by virtue of the low size-dispersity of AglisNPs and homogenous deposition of AgNPs.
Key features of Ag&MH

Maghemite. The use of maghemite is essential due to several factors. First is its weaker
optical absorption compared to magnetite (Fig. 2c), which is crucial for the sensitivity of
detection. The maghemite preparation was optimized to achieve smallest uniform
particles (ca. 4-5 nm) with the least optical absorption (Figs. 1b,c). Since Fe(ll) was used
as a starting precursor, uniform oxidation of most of Fe(ll) to Fe(lll) was required to
achieve minimized optical absorption. Typically the optimal properties have been
reached after 3-5 hours, in line with the recent report on maghemite formation.* The
maghemite samples typically contain some residual magnetite. For the larger-scale
sample (0.5 g of maghemite) prepared for PRXD, the amount of magnetite can be

interpolated from the deconvolution process of the very close magnetite and
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maghemite peaks, as 3012 vol.% (Fig. S7). The large-scale sample was oxidized less
efficiently, so the amount of actual maghemite component in typical Agl;sNP&MH
samples is likely less. An important factor, again, is appreciably less absorbance of
Agl13NP&MH samples (Figs. 1b,c).

The second important factor is the same surface charges of magnetic and plasmonic NPs
required to avoid strong electrostatic interactions of nanoparticles and their irreversible
aggregation. The weakly negative surface charge of MHNPs (zeta potential of -9 mV)
was achieved using excess of arginine as a capping ligand. The negative charge of
MHNPs is corroborated by the maximum colloidal stability at weakly basic pH of ca. 8
(Fig. S11). Surface charge reversal of typically positively charged iron oxide surface is
likely the consequence of guanidine fragments of arginine complexing iron atoms at the
surface with the remaining carboxylic group imparting overall negative charge upon
ionization. We also found that the large excess of arginine is necessary to prepare the
smallest particles and to assure uniform oxidation of magnetite to maghemite within 3-5
hours. The excess of arginine is likely important for interactions with AgNPs that is

responsible for dragging them into the forming pellet.

The same charges of magnetic and plasmonic NPs (zeta potentials of -9 mV for
maghemite NPs and -23 mV for citrate-stabilized AglisNPs) are responsible for the
hydrodynamic and weak electrostatic origin of the AgJisNP concentration rather than
strong attractive electrostatic interaction of oppositely charged NPs. The weak
electrostatic interactions are supported by slow flocculation of AgNPs and MHNPs which
can be monitored by the solution colour (Fig. S3). These interactions dictate optimal
aging time of AgJisNP&MH samples of 4-12 hours for SERS measurements. Arginine and
PVP are two important components to control weak electrostatic interactions of AgNPs

and MHNPs.

The hydrodynamic origin is also supported by the requirement of the minimal
concentration of magnetic NPs to trap and drag AgNPs into the deposited layer. The
hydrodynamic concentration is further corroborated by EM images (Figs. 1b and 1c)

where no preferential adsorption of MHNPs to Agli3NPs is observed, as it would be the
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case for the interaction of NPs with opposite charges. It is important to point out that
TEM images do not representatively characterize the pellet, since EM measurements are
performed upon drying and under high vacuum. For more AglisNP and Agl,sNP&MH
TEM images see Figs. S4 and S5, respectively.

Lastly, the perchlorate salt of iron (ll) was chosen as a precursor of magnetic
nanoparticles instead of more common iron (ll) chloride, since chloride is known to

strongly affect silver NPs.*®

Maghemite vs. magnetite. Considering that magnetite is the most commonly used

material of magnetic NPs, direct comparison of magnetite and maghemite NPs was
performed. Both maghemite and magnetite NPs were shown to be ca. 7.0 £ 1.3 nm in
diameter by electron microscopy (see Fig. 1b and Fig. S6) and ca. 4.3 nm from PXRD data
(Fig. S7), given the similarity of their preparations (see Experimental). It was determined
that maghemite NPs offer superior enhancement compared to magnetite NPs at all
analyte concentrations (Fig. 2a). The superior enhancement is primarily attributed to
smaller optical absorption of maghemite dispersions in comparison to magnetite (Fig.
2c). The weaker optical absorption of maghemite originates from less charge transfer
interactions, since maghemite is predominantly iron(lll) oxide with the spinel structure
retained.*’ Furthermore, Agl;sNP&MH was found to yield a higher percent removal of
AgNPs upon application of magnetic field, and thus efficiency of magnetic concentration

than its magnetite analog (AgJ;sNP&MN), as shown in Figure 2d.

Optimal MH/Ag ratio, detection limits_and reproducibility of measurements. The

maghemite-to-silver ratio in AgJ;sNP&MH was explored to determine the best SERS
enhancement in the system that is governed by the balance between optical clarity and
ease of magnetic concentration. The optimal conditions were found to be the
AglisNP&MH with an iron-to-silver molar ratio of 1:1 (see Figs. S1 and S2).
Subsequently, detection limits and reproducibility for this system were further
investigated. The lower limit of detection was found to be 7.0 pM for DTNB. The key
important feature of this system is high reproducibility for several consecutive trials: at

concentrations (74 nM to 0.74 mM), the standard deviation of the signal peak intensity
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for six random trials was below 10% (Fig. 1e). The formation of a uniform layer of
Agli3NPs on the inner side of the quartz cuvette, where the layer is smooth and stable,
greatly enhances SERS detection reproducibility. The standard deviation of SERS signal
for repeated re-dispersion and re-concentration cycles were similar ca. 10% at
nanomolar concentrations. Near detection limits of 7.4 pM of DTNB, the reproducibility
remained a respectable 40-60% (Fig. 1e.) The magnetic concentration of AglisNP by
maghemite NPs enhanced the SERS signal consistently by a factor of 200 in a wide
concentration range from mM to pM (Fig. 2a), with 1.19 log(counts) for AglisNP
enhanced to 2.75 log(counts) for Agl;sNP&MH.

AglJi1sNP compared to other plasmonic NPs in Ag&MH. The protocol for the formation

of composite magnetic-plasmonic substrates developed for AgJisNP&MH was
subsequently extended to different types of gold and silver nanoparticles including gold-
coated silver decahedra (Au@AglsNP&MH, with 10 mol. % Au relative to Ag),*® silver
pentagonal rods (AgPRNP&MH),*>*" silver icosahedra (AglyNP&MH), and stellated gold
nanoparticles (AuStNP&MH). First, magnetic concentration with MHNPs works
universally for all of the tested metal nanoparticles, since they all share in common
charge stabilization of a negatively charged NP surface. At all analyte concentrations,
the AgJ;sNP&MH composites yielded the greatest enhancement of Raman signal (Figure
2b). The best enhancement for AglisNPs can be attributed to their sharp well-defined
LSPR peaks with HWHM below 20 nm and a corresponding Q factor > 12, as well as their
inability to pack into close packed arrays due to their pentagonal symmetry43 that

creates consistent interparticle gaps advantageous for SERS.>>>3

CONCLUSIONS

With the excellent reproducibility of measurements due to the creation of uniform SERS
“hot spots”, picomolar detection limits, and simple preparation including an option of
using PMMA sample cells, the developed nanocomposite Ag&MH substrate offers great

promise for SERS and will be further optimized for specific applications.
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TOC image:

Uniform magnetic concentration of AQNPs

TOC text:

Same-charge maghemite NPs act as a hydrodynamic net to concentrate SERS active

Agl13NPs, enabling uniform “hot spots” and reproducible Raman detection of low
analyte concentrations.
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FIGURES & CAPTIONS
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Figure 1. (a) Schematic representation of SERS measurements using the developed

Ag&MH nanocomposite substrate. (b) TEM and (c) SEM images of AgJ;sNP&MH; scale

bars are 100 nm. (d) Series of SERS spectra of DTNB detection by AgJ;sNP&MH at DTNB
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concentrations ranging from 7.40 pM to 0.740 mM. (e) Reproducibility and reliability of
multiple measurements both at different spots of the same substrate and after several

cycles of Agl;sNP&MH re-dispersion and re-concentration.
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Figure 2. Comparison of SERS detection sensitivity of DTNB: (a) between Agl;sNP&MH
and AgJisNP&MN; (b) between AglisNP&MH and various plasmonic nanoparticles
concentrated by maghemite (see full description in the text). For both (a) and (b) the
DTNB concentration varied from 7.40 x 10° M to 7.87 x 10™ M. (c) Normalized UV-vis
spectra of AgJiaNP, AglisNP&MN and Agl;sNP&MH. (d) Percentage of magnetic removal
of AglJ13NPs with time for 1:1 Ag to Fe Agl;sNP&MH and 1:5 Ag to Fe Agl;sNP&MN.
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