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Optimization of Fe3O4@Ag nanoshells in magnetic
field-enriched surface-enhanced resonance Raman
scattering for malaria diagnosis

Clement Yuen and Quan Liu*

The great potential of magnetic field enriched surface enhanced resonance Raman spectroscopy (SERRS)

for early malaria diagnosis has been demonstrated previously. This technique is able to detect

b-hematin, which is equivalent to a malaria biomarker (hemozoin) in Raman features, at a concentration

of 5 nM. In this study, we present the optimization of nanoparticles used in the magnetic field enriched

SERRS by tuning the core size and shell thickness of nanoparticles with an iron oxide core and a silver

shell (Fe3O4@Ag). The discrete dipole approximation (DDA) model was introduced to investigate the

localized electromagnetic field distributions and extinction efficiencies of the aggregate of Fe3O4@Ag

and b-hematin, in correlation with their magnetic field enriched SERRS performance. We find that the

optimal core–shell size of Fe3O4@Ag leading to the effective aggregation of Fe3O4@Ag and b-hematin

under an external magnetic field with superior extinction efficiencies is the key to realize highly

augmented Raman signals in this strategy. Furthermore, it is noted that the optimized result differs

from the case without the external magnetic field to that with the external magnetic field. Therefore,

this work demonstrates experimentally and theoretically the potential of tuning the core–shell

Fe3O4@Ag for achieving the efficient magnetic field-enriched SERRS detection of b-hematin for early

malaria diagnosis.
Introduction

Hemozoin is a unique biomarker in human malaria disease
with isostructural and paramagnetic properties similar to those
of the chemically fabricated b-hematin.1–3 The detection of
these crystals (hemozoin or b-hematin) has been demonstrated
by Raman spectroscopy and its variations (e.g. resonance
Raman, surface enhanced Raman, and tip-enhanced Raman
spectroscopy).4–7 These techniques have the advantages of fast
data acquisition, minimal need for labor, and minimal
requirement of skilled workers, in comparison to the micro-
scopic examination of a blood smear that is the “gold standard”
of malaria diagnosis.8

Recently, our group has demonstrated magnetic eld-
enriched surface-enhanced resonance Raman spectroscopy
(SERRS) for the sensitive detection of b-hematin by using
nanoshells with an iron oxide core and a silver shell, i.e.
Fe3O4@Ag. Our result shows that the detection limit of this
technique in terms of the parasitemia level is comparable to
that in early malaria infection at the ring stage, which suggests
the great potential of this technique for early malaria diag-
nosis.8 The unique feature in this technique is that resonance
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Raman,9 surface enhanced Raman,6 and the magnetic eld
enrichment10 effects are integrated to give further augmentation
of the Raman signal, which allows more sensitive b-hematin
detection (at a concentration of 5 nM) than each of these
aforesaid techniques alone.8

Although the optimizations of core and shell size-correlated
plasmonic properties (e.g. Raman performance, extinction, and
electromagnetic eld distributions) for similar plasmonic
structures have been studied in other experiments without an
external magnetic eld,11 these core and shell-related proper-
ties could be modied due to nanoparticle aggregation
induced by the external magnetic eld. Moreover, b-hematin
crystals, which are the target analyte generating Raman signals
for enhancement, possess an elongated shape, a large size and
paramagnetic properties compared to those commonly studied
molecules such as Rhodamine 6G (R6G). These factors deter-
mine that the optimization of nanoshells for the enhancement
of b-hematin Raman signals would be different from other
common Raman molecules. In this study, we explore the
variation in the core diameter and shell thickness of Fe3O4@Ag
in relation to the magnetic eld-enriched SERRS of para-
magnetic b-hematin crystals to maximize Raman signal
enhancement.

In this paper, we present the trends in the magnetic eld-
enriched SERRS performance of b-hematin as a function of the
core and shell size of Fe3O4@Ag nanoshells in comparison to
This journal is ª The Royal Society of Chemistry 2013
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that without the magnetic eld enrichment strategy. The
discrete-dipole approximation (DDA) method,12 which is exible
in handling irregular geometries,13 is exploited to evaluate the
performance of Fe3O4@Ag with different core–shell sizes in the
magnetic eld-enriched SERRS technique. The aggregation of
nanoshells due to the external magnetic eld for a range of core
and shell sizes during SERRS measurement is also discussed.
Methods and materials
Fabrication of core–shell Fe3O4@Ag nanoparticles

The Fe3O4 nanoparticles were fabricated by a coprecipitation
technique.14 0.168 M of FeCl2$4H2O (Alfa Aesar, USA) and 0.333
M of FeCl3$6H2O (Alfa Aesar, USA) were prepared and dissolved
in deionized water, prior to the introduction of 4 M NaOH
(Sigma-Aldrich, USA) drop-wise to the mixture at 60 �C under
vigorous mixing (15k rpm, SilentCrusherM, Heidolph, Ger-
many). To synthesize Fe3O4 with three different radii, the
addition of NaOH was stopped at pH values of 11, 13, and 14,
respectively, and the mixture was heated subsequently at 70 �C
for another 1 hour and cooled to room temperature under
stirring, followed by separation using a magnet and then
washing with deionized water. 16.2 mM of the fabricated Fe3O4

nanoparticles in 20ml of ethanol was surface graed with 0.15 g
of polyacrylic acid (Sigma-Aldrich, USA) in 80 ml of ethanol,
prior to sonication (Elma E30H, Elma, Switzerland) for 15 min.
Fe3O4 was separated with a magnet, followed by washing with
ethanol. About 2.1 mM of Fe3O4 were re-dispersed in ethanol
and deionized water (80.6 : 19.4% v/v) for Ag shell synthesis.

The Ag shells were coated by using the seed-growth reduc-
tion method.8,15 The number of Fe3O4 nanoparticles used,
which was estimated by considering the weight and the size of
these Fe3O4 nanoparticles, was kept identical in each of the
following sets. For each size of Fe3O4, we coated the Ag shell
with three different thicknesses by introducing the following
mixtures drop-wise to the aforesaid Fe3O4 suspension in an
ultrasonic bath.

Set 1. AgNO3 (2.8 mM, Merck, USA) was added and mixed for
30 min, prior to introduction of hydroxylamine hydrochloride
(4.1 mM, MP biomedical, USA), NaOH (8.1 mM), in Triton X-100
(Bio-Rad laboratories, USA), ethanol, and deionized water
(0.9 : 70.8 : 28.3% v/v/v);

Set 2. The chemicals and their concentrations added were
the same as the previous set prior to the introduction of AgNO3

(9.7 mM) in Triton X-100, ethanol, and deionized water
(2 : 65.3 : 32.7% v/v/v).

Set 3. The same procedure as stated in set 2, except that
19.4 mM instead of 9.7 mM of AgNO3 was used during the
second-time addition of AgNO3.

Set 4. Additional AgNO3 (9.7 mM) was mixed into set 3, prior
to the introduction of Triton X-100, ethanol, and deionized
water (2 : 65.3 : 32.7% v/v/v).

Finally, mixtures in these sets were washed and a magnet
was used to separate the Fe3O4@Ag nanoparticles. The nal
nanoparticles were obtained by ltering (0.2 mm supor syringe
lters, Pall, USA) a suspension of the Fe3O4@Ag nanoparticles
in 15 ml of methanol.
This journal is ª The Royal Society of Chemistry 2013
Raman measurements of analytes

The preparation of analytes [Rhodamine 6G (R6G) and
b-hematin], the setup for magnetic eld-enriched SERRS, and
Raman instrumentation were the same as reported in the
previous publication.8 Briey, for the SERS measurements of R6G
(Sigma-Aldrich, USA), aqueous R6G at concentrations ranging
from 10�6 to 10�9 M was adsorbed onto Fe3O4@Ag nanoshells. In
the sample preparation for the SERRS evaluation of b-hematin
with and without magnetic eld enrichment, b-hematin crystals
were fabricated by using the same acid-catalyzed method as dis-
cussed,8 at concentrations ranging from 10�3 to 10�7 M were
mixed with an equal volume of Fe3O4@Ag nanoshells suspension
of 0.33 ml and the number of nanoshells was about 5 � 1011.
These analytes were transferred to a small vial made of aluminum
foil for SERS measurements with the bottom of the vial being
exposed to a magnetic eld of 0.198 T and a magnetic eld
gradient of 26.6 T m�1. These samples were excited by a 633 nm
laser (Renishaw, UK) with an excitation power of 0.1 mW that was
focused through a microscope objective (20�, NA¼ 0.4, Leica) to
a spot about 3 mm in diameter. The emitted Raman signals were
fed into a Czerny–Turner type spectrograph (f ¼ 250 mm) and a
holographic grating (1800 g mm�1) dispersed the incoming
signal into a RemCam CCD detector (inVia, Renishaw, UK) with a
spectral resolution of 2 cm�1. All spectra were acquired with an
integration time of 15 s and averaged from more than ve
different samples, in which the typical standard deviation of the
signal intensity is smaller than 5% for R6G and smaller than 10%
for b-hematin. These raw data were corrected for the baseline
level, then smoothed by averaging over a window of ve points,
and processed for removing the uorescence background to yield
the nal spectra.
Discrete-dipole approximation (DDA) model

The discrete-dipole approximation (DDA) model12,16 was used to
calculate the extinction efficiency (Qext) of Fe3O4@Ag nano-
particles with different core and shell dimensions under the
excitation wavelength of 633 nm. Qext was calculated for
comparison with the experimental SERS performance of these
nanoparticles, since Qext and SERS signals are closely related to
the induced electromagnetic eld (Eind).12,13 Qext is related to the
induced electromagnetic eld by the imaginary (Im) part in the
equation,12

Qext¼
4pk��EO

2
��
XN
j¼1

Im
�
E*

ind;jPj

�.
aeff ; (1)

where k is the wavevector, EO is the amplitude of the incident
electromagnetic eld, Einc,j is the induced electromagnetic eld
incident on the j-th dipole, with a polarization of Pj (j ¼ 1, 2,.,
N) for N discretized cube-shaped dipoles with sides of length
5 nm and aeff is the effective area. For SERS signals, the inten-
sities can be approximated to be proportional to |Eind|

4.17

Moreover, the electromagnetic eld distributions of these
Fe3O4@Ag nanoparticles in close contact with the irregular-
shaped b-hematin crystal were investigated. The ADDA code16

was used in the DDA calculations with the assumption that
Analyst, 2013, 138, 6494–6500 | 6495
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these nanoparticles were comprised of Fe3O4, Ag, and b-
hematin only, using electric constants18–20 reported in the
literature.
Fig. 2 (a) Experimental SERS spectra of R6G solution at concentrations of 10�6

M adsorbed on Fe3O4@Ag nanoparticles with core–shell parameters of C40S60,
C40S50, C40S40, C40S10, C25S60, C25S45, C25S25, C25S10, C10S50, C10S40,
C10S30, and C10S10. C10S50 means Fe3O4@Ag with a core radius of 10 nm and
an outer shell thickness of 50 nm. (b) Raman peak intensities at 1508 cm�1

(aromatic C–C stretching) for R6G solution at concentrations of 10�6, 10�7, 10�8,
Results

Fig. 1 shows the eld emission scanning electronic microscopy
(FESEM, JEOL JSM-6700F, JEOL, Japan) images of the fabricated
Fe3O4@Ag nanoparticles. These Fe3O4 nanoparticles show radii
of (a) 10, (b) 25, and (c) 40 nm serving as the cores of nanoshells.
The cores with a radius of 10 nm were coated with 10, 30, 40,
and 50 nm thick Ag [Fig. 1(a)]. The cores with a radius of 25 nm
were coated with 10, 25, 45 and 60 nm thick Ag [Fig. 1(b)]. The
cores with a radius of 40 nm were coated with 10, 40, 50 and 60
nm thick Ag [Fig. 1(c)]. The total size typically had a range of less
than �30 nm according to zetasizer measurements. The
compositions of nanoshells were conrmed by taking energy-
dispersive X-ray graphs, which show Fe, O, and Ag peaks origi-
nated from the Fe3O4 core and Ag shell (result not shown).

Fig. 2(a) shows the SERS spectra of aqueous R6G at a
concentration of 1 mM adsorbed on these Fe3O4@Ag nano-
particles whose SEM images are shown in Fig. 1 and Fig. 2(b)
plots the corresponding R6G Raman peak intensities at 1508
cm�1 (aromatic C–C stretching). R6G adsorbed on these nano-
particles provides different Raman enhancements [Fig. 2(a)],
which are revealed by the Raman intensities of prominent peak
locations at about 615 cm�1 (C–C–C ring in-plane bending), 775
cm�1 (CH out-of-plane bending), 1310 cm�1 and 1365 cm�1 (C–
C/C–N stretching), and 1508 cm�1 (aromatic C–C stretching).8

For the shell dimensions C40S60, C40S50, C40S40, C40S10,
C25S60, C25S45, C25S25, C25S10, C10S50, C10S40, and C10S30,
in which the rst number indicates the Fe3O4 core radius and
the second number gives the shell thickness, the signal
enhancement is roughly 36.0, 26.4, 6.2, 1.6, 23.9, 7.8, 3.9, 1.3,
4.7, 4.3, and 2.2 times higher than that observed for C10S10.
Fig. 1 FESEM images of Fe3O4@Ag nanoparticles with different Fe3O4 core radii
(C) and Ag shell thicknesses (S). (a) Raw 10 nm Fe3O4 nanoparticles and
Fe3O4@Ag with Ag thicknesses of 10, 30, 40 and 50 nm. (b) Raw 25 nm Fe3O4

nanoparticles and Fe3O4@Ag with Ag thicknesses of 10, 25, 45 and 60 nm. (c)
Raw 40 nm Fe3O4 nanoparticles and Fe3O4@Ag with Ag thicknesses of 10, 40, 50
and 60 nm. The scale bar indicates a length of 200 nm and is shared by all figures.

10�9 and 10�10 M by using these Fe3O4@Ag nanoparticles.

6496 | Analyst, 2013, 138, 6494–6500
These SERS intensities are linearly proportional to the R6G
concentrations adsorbed on the Fe3O4@Ag with different core
and shell sizes [Fig. 2(b)], which are typical13 in SERS
measurement. The general trend is that a larger Fe3O4 core and
a thicker Ag shell yield higher Raman signal enhancement, with
the highest Raman signal enhancement noted for C40S60. The
trend in the enhancement factor with the shell and core
dimensions of R6G conforms to the typical variation of the core
and shell-related SERS performance.

Fig. 3 compares the different enhancement trends in the
representative SERRS spectra of b-hematin (a) without and (b)
with the inuence of an external magnetic eld by using
different Fe3O4@Ag nanoparticles. Interestingly, the trend in
magnetic eld-enriched SERRS performance is no longer a
monotonic function of the core size or shell thickness of
Fe3O4@Ag nanoparticles, based on intensities corresponding to
the most prominent vibrational features of b-hematin, such as
n15 (754 cm�1, D4h notation system for resonance Raman peak
studies on myoglobin),21 n22 (1120 cm�1), n2 (1570 cm�1), or n10
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Experimental SERRS spectra of b-hematin at (a) concentration of 0.5 mM
without magnetic-field enrichment and (b) concentration of 0.5 mM with
magnetic-field enrichment by using Fe3O4@Ag nanoparticles of different core–
shell parameters. Some spectra are scaled by the specified magnifying factors to
facilitate comparison.

Fig. 4 SERRS intensities at Raman peak n10 (1628 cm�1) for b-hematin at 5 �
10�3, 5 � 10�4, 5 � 10�5, 5 � 10�6, 5 � 10�7, and 5 � 10�8 M by using
Fe3O4@Ag nanoparticles of different core–shell parameters (a) with and (b)
without magnetic enrichment.
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(1628 cm�1). Note that these SERS spectra of b-hematin are
similar to RRS spectra reported5 and the SERS spectra in tip-
enhanced Raman measurements of hemozin7 without any
inuence of the magnetic eld. Such a similarity can originate
from the fact that the free-carboxylate COOH group in
b-hematin, which is supposed to be responsible for the forma-
tion of hydrogen bonds in a physisorption process,22 is difficult
to attach to the OH-terminated group of Triton X-100 capped Ag
surfaces because the hydrogen bond formed between the OH
group of Triton X-molecules and water molecules is much
stronger23 than that established with a COOH group. In
contrast, R6G molecules are allowed to chemisorb with the
Triton X-100 molecules24 in close proximity to the Ag shell for
giving rise to stronger adsorption. Thus, attachment of
Fe3O4@Ag to b-hematin can be enabled by magnetic forces
under the inuence of a magnetic eld instead of weak
adsorption. A similar observation, i.e. the weak adsorption of
molecules on Ag yields SERRS spectra similar to ordinary
Raman spectra, has been reported previously.25 The shell
dimension of C25S45 yields the largest SERRS signal among
This journal is ª The Royal Society of Chemistry 2013
these nanoparticles, which is about 10.3 times higher in Raman
intensity than that for C10S10. Therefore, the core and shell
size-correlated enhancement trends of Fe3O4@Ag are modied
in the magnetic eld-enriched SERRS measurement of
b-hematin.

Fig. 4 shows the corresponding b-hematin SERRS intensities
at Raman peak n10 (1628 cm�1) in the case with magnetic-eld
enrichment in comparison to those without magnetic-eld
enrichment. The magnetic-eld enriched b-hematin SERRS
performance is more sensitive and displays the highest SERRS
intensities for C25S45 among these nanoparticles [Fig. 4(a)],
which is different from the trends observed without magnetic
enrichment [Fig. 4(b) and 2] that show a higher SERRS signal for
a larger core. Thus, selecting the optimal core–shell dimensions
of Fe3O4@Ag can improve the magnetic eld-enriched SERRS
detection of b-hematin.
Discussion

The trend in Raman enhancement with different core–shell
dimensions shown above can be explained in terms of the
extinction efficiencies and magnetic enrichment effectiveness
contributed by these Fe3O4@Ag nanoparticles with different
core diameters and shell thicknesses.

Higher SERS enhancement resulted in (1) a thicker Ag shell
with the same Fe3O4 core size (e.g. C40S10, C40S40, C40S60, and
C40S60) or (2) a larger core size with the same shell thickness
(e.g. C10S10, C25S10, and C40S10) for the R6G SERS (Fig. 2) and
b-hematin SERRS in the case without magnetic enrichment
[Fig. 4(b)]. This observation is consistent with the enhancement
trends derived from the extinction efficiencies in other types of
core–shell nanoparticles reported in the literature.13,26 In
contrast, b-hematin SERRS in the case of magnetic-eld
enrichment [Fig. 3(b) and 4(a)] gives a different trend and an
improved sensitivity, in comparison to that without the
magnetic eld. These ndings will be explained as follows.
Analyst, 2013, 138, 6494–6500 | 6497
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Fig. 6 Schematic diagram used in DDA modeling of b-hematin and (a) 1, (b) 4,
and (c) 5 Fe3O4@Ag nanoparticles (C25S25) at 633 nm wavelength excitation
polarized along the axis as indicated by the arrows. The scale bars represent 100
nm. (d) Ratio of |E|2 distributions obtained by a point by point ratio of |E|2

distributions between (b) to (a); (e) ratio of |E|2 for (c) to (a), and (f) ratio of |E|2 for
(c) to (b). The intensity in (d) and (f) is rescaled to saturate at higher values for clear
illustration of the enhancement at the interface between Fe3O4@Ag and b-
hematin. The white line outlines the nanoparticles and the b-hematin.
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One factor that may play an important role in the formation
of aggregates between Fe3O4@Ag nanoshells and b-hematin as
well as among nanoshells could be inter-particle forces. Among
these forces, the magnetic dipole–dipole attractive and repul-
sive force is likely most signicant in the presence of a magnetic
eld due to its much longer effective range than other forces
such as steric interaction and electrostatic interaction.27 The
magnetic force can bring two or more nanoparticles or
b-hematin crystals that are originally out of the critical distance
for SERS close enough (<40 nm)8 for effective SERS activities.
Fe3O4@Ag nanoshells with a larger Fe3O4 core have a larger
magnetic dipole moment than that of a smaller core since the
dipole moment is proportional to the cube of the core diameter.
As a result, these nanoparticles will form aggregates easily along
the direction parallel to the magnetic eld resulting in
increased Raman activities. In addition, the magnetic force can
be increased with a decreasing Ag shell thickness because a
large Ag shell could shield the magnetic force. From the point of
view of increasing the formation of aggregates, nanoshells with
a large Fe3O4 core and a thin Ag shell are desirable, since the
magnetic shielding effect should be minimized with a thinner
outer Ag shell (similar to other magnetic nanoparticles28

reported in the literature). In our experiment, the shielding
effect is nominal for the same diameter iron core with a thicker
shell (e.g. C40S10, C40S40, and C40S50 in Fig. 3), which can be
attributed to the greater weight that allows faster aggregation
settlement at the laser focused spot.

We analyze the electromagnetic eld (|E|2) distribution or
the extinction efficiency (Qext) enhancement of these nano-
particles without (Fig. 5) and (Fig. 6 and 7) with the
Fig. 5 Calculated electromagnetic (|E|2) distributions of (a) 9, (b) 5, (c) 1,
Fe3O4@Ag C25S25 and (d) 13 Fe3O4@Ag C20S15, in contact with the b-hematin
crystal, in comparison with that (e) without Fe3O4@Ag nanoparticles at 633 nm
wavelength excitation polarized along the horizontal axis. (a) is obtained by
introducing four nanoparticles to (b) with the positions of the original five
nanoparticles unchanged, and (b) is obtained from (c) likewise. Colors in the color
bar have been tuned in (e) to avoid misconception that high |E|2 distributions can
be achieved without nanoparticles. The white line demarcates the position of a b-
hematin crystal. The topography of the b-hematin crystal is obtained from (f) the
FESEM image. The FESEM image of Fe3O4@Ag (g) C25S25 and (h) C20S15 with b-
hematin in magnetic field-enrichment.

6498 | Analyst, 2013, 138, 6494–6500
improvement inuenced by neighboring Fe3O4@Ag based on
the DDA method, since Raman intensities are closely related to
|E|2 and Qext as discussed. These coexisting phenomena are
illustrated separately for the ease of discussion. For the
calculation of |E|2 distributions of a b-hematin crystal in
contact with Fe3O4@Ag (Fig. 5 and 6), the b-hematin topography
is obtained from FESEM [Fig. 5(f)]. A horizontally (Fig. 5 and 6)
and vertically (Fig. 6) polarized 633 nm illumination is excited
onto each of the investigated volume of 875 nm� 435 nm� 120
nm. The Fe3O4@Ag is modeled as a Fe3O4 spherical core of
diameter 50 nm with a constant Ag shell thickness of 25 nm
(unless otherwise stated) to show clearly the dependence of |E|2

distribution and Qext on the number of Fe3O4@Ag attached to a
b-hematin.

Fig. 5 shows the |E|2 distributions of a b-hematin in contact
with Fe3O4@Ag spaced at least a radius from each other, to
exclude neighboring Fe3O4@Ag enhancement as shown in our
results later. High |E|2 intensities are observed at contacts
between b-hematin and Fe3O4@Ag [Fig. 5(a)–(d)], known as “hot
spots”, in comparison to the situation without Fe3O4@Ag
nanoparticles [Fig. 5(e)]. The number of hot spots increases with
the number of nanoparticles attached to b-hematin with Qext

of 4.4, 3.4, and 1.81 for these arrangements as shown in
Fig. 5(a)–(c), respectively, which is in agreement with our
previous published work8 that magnetic enrichment leads to
nanoparticle aggregation with better Raman signals. Moreover,
we nd that smaller Fe3O4@Ag [C20S15 in Fig. 5(d) with Qext of
3.4] allows more of the Fe3O4@Ag to be attached around a
b-hematin crystal [Fig. 5(g) and (h)] to create more hot spots.
The comparison between Fig. 5(c) and (d) demonstrates that the
increase in the number of hot spots in the arrangement C20S15,
as shown in Fig. 5(d), could enlarge Qext so that its maximum
This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 FESEM of Fe3O4@Ag aggregates at (a) the tip of a b-hematin crystal and
(b) two sides of a b-hematin crystal, and the corresponding simplified schematic
diagrams (c) and (d), respectively. (e) Unpolarized extinction efficiencies of
Fe3O4@Ag (C25S25) for different dimers, 3-nanoparticle chain, trimers, and single
nanoparticle configurations.
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|E|2 value is comparable to the arrangement of C25S25 in
Fig. 5(c), although monomer C20S15 shows a lower Qext than
C25S25 theoretically,26 due to a smaller core and a thinner shell.

In contrast, Fig. 6 illustrates the ratio of |E|2 distributions for
different congurations of Fe3O4@Ag nanoparticles in contact
with b-hematin inuenced by the neighboring Fe3O4@Ag on the
original nanoparticle. Real nanoparticle arrangements are
simplied to spatial arrangement [e.g. Fig. 6(a)–(c)] to study the
enhancement of an electromagnetic eld on the original
Fe3O4@Ag (marked with “�” and “o” at the same position next
to the identical b-hematin) due to additional Fe3O4@Ag
attached to the b-hematin crystal. We found that additional
Fe3O4@Ag nanoparticles [e.g. Fig. 6(a)–(c)] that are in close
contact with each other and attached to a b-hematin crystal
improve the |E|2 intensity of the original nanoparticle [Fig. 6(d)–
(f)]. The |E|2 intensity vicinity between the nanoparticle and
b-hematin improves Raman intensity since SERS is approxi-
mated to be proportional to |Eind|

4, although reduced |E|2

intensity is observed at other locations. These observations
imply the same aforesaid point that the magnetic enrichment
This journal is ª The Royal Society of Chemistry 2013
strategy leads to improved Raman performance for arrange-
ments with more aggregations and smaller Fe3O4@Ag size.

We also account for the enhancement attributed from other
Fe3O4@Ag located at the ends and opposite sides along the
length [Fig. 7(a) and (b)] of the b-hematin crystal as illustrated in
the simplied schematic diagrams in Fig. 7(c) and (d), respec-
tively. Fig. 7(e) presents the extinction efficiency (Qext) for
different spatial congurations of Fe3O4@Ag C25S25. At our
excitation wavelength of 633 nm, a higher Qext is observed
[Fig. 7(e)] for Fe3O4@Ag nanoparticle aggregations [Fig. 7(a) and
(c)] that form under an external magnetic eld in comparison to
single-nanoparticle Qext which is analogous to dispersed nano-
particles without magnetic enrichment [Fig. 7(e), resonance
peak at about 420 nm typically observed29 in individual Ag
nanoparticles]. Moreover, Fe3O4@Ag positioned on opposite
sides of the b-hematin crystal at about 5 to 40 nm apart creates
high SERS enhancement, which is analogous to other types of
SERS nanoparticles reported25 in the literature. Thus, further
Raman enhancement and dissimilar core and shell size-corre-
lated enhancement trends are noted [Fig. 3(b) and 4(a)] for
aggregated nanoparticles.

To briey summarize our investigation to explain the nding
that C25S45 yields the largest Raman intensity for b-hematin
SERRS, the following factors would play different roles in the
determination of Raman intensity from b-hematin SERRS
measurements.

1. In the absence of a magnetic eld, a larger Fe3O4 core and
a larger Ag shell in nanoshells would yield more signicant
Raman enhancement, which is evident from Fig. 2, 3(a)
and 4(b).

2. When an external magnetic eld is present, the magnetic
attractive force would signicantly increase the chance of
forming the aggregates of b-hematin and nanoshells according
to the SEM image shown in Fig. 5 and 6 and our previous
publication.8 This observation could result in two opposing
trends.

(a) From the point of view of increasing the formation of
aggregates, nanoshells with a large Fe3O4 core and a thin Ag
shell are desirable according to the discussion earlier about the
magnetic force.

(b) However, nanoshells with a smaller size are more likely to
create more hot spots around the b-hematin crystal (Fig. 5) and
have much improved extinction (Fig. 6), which would result in
higher Raman enhancement.

Thus, the evaluation of the above factors and calculated
results (e.g. |E|2 distributions and Qext) for the different core and
shell dimensions allows tuning of the magnetic eld-enriched
SERRS, causing C25S45 to give optimal SERRS performance
instead of C40S50 in the case of magnetic enrichment. This
study provides more insight into SERS performance under an
external eld for the paramagnetic test molecules and ferro-
magnetic SERS-active metal nanoshells, which would be
otherwise difficult to predict based on the commonly used DDA
model alone, since the forecast of the geographical distribu-
tions for these molecules and nanoparticles is unknown. The
theoretical predictions presented in this work are in agreement
with the experimental results (Fig. 3 and 4), which enable the
Analyst, 2013, 138, 6494–6500 | 6499
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nanoshell C25S45 to achieve a b-hematin detection limit of 5
nM (equivalent to detection of 30 parasites per ml in the earlier
malaria stage), as reported in our previous work.8

Conclusion

In conclusion, we report the dependence of magnetic eld-
enriched b-hematin SERRS on the variations of the Fe3O4@Ag
core size and shell thickness. We explain that the magnetic
eld-enriched SERRS performance of b-hematin can be further
improved by tuning the extinction efficiencies, localized elec-
tromagnetic eld and magnetic properties of the Fe3O4@Ag to
an optimal core size and shell thickness. Hence, the optimized
magnetic eld-enriched SERRS performance shows the poten-
tial for sensitive b-hematin detection for early malaria diag-
nosis. The methodologies developed in this study will be
applicable to nanoparticles of other shapes such as nanostars
for SERS measurements from b-hematin, which could yield
higher enhancement than nanoshells. This strategy can be also
generalized to optimize SERS enhancement for nanocrystals of
interest with irregular shapes in other applications.
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