
Nanoscale
Advances

COMMUNICATION

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
0/

26
/2

02
5 

11
:3

5:
33

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Magnetoplasmon
aCAS Key Laboratory of Nanosystem and Hie

Nanoscience and Technology, Beijing, 10019

cn
bCenter of Materials Science and Optoelectr

Academy of Sciences, Beijing 100049, P. R. C
cKey Laboratory for Micro-Nano Physics an

Institute of Optoelectronic Integration, Colle

Hunan University, Changsha, Hunan 41008
dInstitute of Materials, Ecole Polytechnique

Switzerland

† Electronic supplementary informa
https://doi.org/10.1039/d3na00396e

‡ These two authors contributed equally.

Cite this: Nanoscale Adv., 2023, 5,
4670

Received 8th June 2023
Accepted 4th August 2023

DOI: 10.1039/d3na00396e

rsc.li/nanoscale-advances

4670 | Nanoscale Adv., 2023, 5, 467
ic gold nanorods for the sensitive
and label-free detection of glutathione†

Zexiang Han,‡a Wajid Ali,‡abc Ting Mao,d Fei Wangab and Xiaoli Wang *ab
This work exploits the magneto-optical activity of gold nanorods for

the detection of sub-micromolar concentrations of glutathione using

magnetic circular dichroism spectroscopy. Modulations of the mag-

netoplasmonic response of nanorods serve as the basis of the sensing

methodology, whereby the presence of glutathione induces the end-

to-end assembly of nanorods. In particular, the nanorod self-assembly

enables a localized electric field in the nanocavities with adsorbed

thiol molecules, whose field strength is amplified by the external

magnetic field as confirmed by finite-element modeling, enabling

their high-sensitivity detection. Our simple magnetoplasmonic sensor

for glutathione requires no specific chemical tags and exhibits an

impressive limit of detection of 97 nM.
Glutathione (GSH) is a tripeptide antioxidant that plays a vital
role in diverse physiological functions of plant and animal
cells.1,2 GSH exists in reduced form under normal conditions,
whereas, in high concentrations, it becomes oxidized into
glutathione disulde. The ratio of the reduced to the oxidized
form is commonly used for assessing cellular toxicity, and the
normal functioning of biological cells necessitates a sufficiently
high fraction of the reduced GSH.2 Accordingly, abnormal
changes in this level/concentration are found to correlate with
numerous diseases, including cystic brosis and immunode-
ciency diseases.3,4 This highlights the critical need to detect
GSH in a facile fashion. Traditional analytical techniques such
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as liquid chromatography andmass spectrometry could provide
the exact ngerprint of GSH for high-delity detection. Never-
theless, these methodologies are oen time-consuming and
may require a large sample volume for analysis.

Optical spectroscopies are attractive alternatives as they have
been widely adopted in the food science and pharmaceutical
industries thanks to their ease of use and efficacy. Plasmonic
sensors based on metallic nanoparticles are bourgeoning owing
to the localized surface plasmon resonance (LSPR) and its
strong manipulation of electromagnetic waves, especially
visible light, in the nanoscale regime. Such a plasmonic
response is sensitive to the nanostructure shape and assembly
conguration and greatly enhances the optical activity of
molecules in close proximity. By this remarkable property,
metallic nanostructures are excellent materials for designing
sensing devices to detect biological and chemical analytes with
high sensitivity, generally outperforming their dielectric
analogs.5–12 However, the sensing performance of nano-
plasmonic devices such as using uorescence or Raman signals
is oen compromised because of the strong absorption and
scattering background. To overcome this, an external agent that
enhances the optical resonance at specic wavelengths should
be sought, and the application of an external magnetic eld
remains a strategy that is less explored. In particular, the
external magnetic eld couples with the localized eld around
the plasmonic nanostructures to enable emergent magneto-
plasmonic effects for enhanced sensing performance.

Herein, we propose for the rst time a magnetoplasmonic
sensor for GSH based on the circular magnetoplasmonic modes
of GNRs. The choice of design could be rationalized for the
following reasons. Colloidal GNRs greatly amplify the optical
activity of adjacent organic molecules via LSPR compared to the
gold nanospheres that lack the longitudinal LSPR mode.13,14

Using an external magnetic eld, magnetic circular dichroism
(MCD) spectroscopy provides rich information on the plas-
monic nanostructures and their environment that remains
uncaptured by ordinary absorption or CD spectroscopies.15,16

This underutilized magneto-optical effect lays another
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3na00396e&domain=pdf&date_stamp=2023-09-09
http://orcid.org/0000-0003-1662-1162
https://doi.org/10.1039/d3na00396e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00396e
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA005018


Fig. 1 The schematic view of the magnetoplasmonic sensor for
glutathione. Here, incident left and right circularly polarized light
waves impinge on the colloidal solution in the presence of a 1.6 T
magnetic field. The field direction, from the North pole to the South
pole, is in the direction of light propagation. Changes in the spectral
output are used to confirm the presence of GSH with high sensitivity.
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foundation for our design. A previous study from our group has
demonstrated that the MCD spectral signature of plasmonic
nanostructures is highly dependent on the nanoparticle geom-
etry and assembly conguration.17 The overall concept is sche-
matically shown in Fig. 1. To elaborate, the colloidal sensing
platform is subject to a static 1.6 T magnetic eld. Upon the
addition of GSH, the magnetoplasmonic modes of GNRs
change due to changes at the metal–dielectric interface via self-
assembly, leading to spectral differences in the MCD signal. By
examining the spectral shi in the zero-line crossing point, GSH
could be quantitatively detected at low concentrations.

Colloidal GNRs coated with cetyltrimethylammonium
bromide (CTAB) are synthesized following the well-reported
seed-mediated growth method,18 and the synthesis protocol is
detailed in the ESI le.† The absorption spectrum (Perkin
Lambda 950) of the as-prepared GNRs in water displays two
apparent plasmonic resonance modes, where the transverse
plasmon band is found at 517 nm and the longitudinal LSPR
band at 646 nm, conrming their anisotropy (Fig. 2a, black
line). Transmission electron microscopy (TEM, Tecnai G2 T-20
U-TWIN, Fig. 2b) images show that the nanorods are well-
dispersed and relatively homogeneous in morphology: the
GNRs are 18.2± 4.6 nm in diameter and 40.2± 8.5 nm in length
(Fig. S1, ESI†). The aspect ratio is about 2.3 ± 0.5, which is
relatively optimized for achieving large MCD signals.17,19 For
Fig. 2 (a) Absorption spectrum of as-prepared GNRs (in black) and
GNRs with 0.5 mM glutathione over time following GSH addition (in
colored lines). (b) TEM image of well-dispersed GNRs. (c) TEM image
showing end-to-end assembly of the GNRs induced by the addition of
GSH at time t = 10 h.

© 2023 The Author(s). Published by the Royal Society of Chemistry
spiking, GSH is added into the colloidal suspension at a desired
concentration. Importantly, the pH of the mixture is kept
constant around 5.07 since the chemistry of the medium has
a strong inuence on the self-assembly of GNRs.20,21 Following
GSH spiking, all the spectra at different time points show
a similar spectral shape. As time progresses, the longitudinal
LSPR also redshis slightly, whereas the transverse mode
remains relatively stable. In addition, the appearance of small
and new plasmonic modes in the longer wavelengths corrobo-
rates the self-organization of GNRs in the longitudinal direc-
tion. These nanoassemblies and the existence of nanogap
regions between the GNR ends are directly visualized by TEM
(Fig. 2c) and scanning electron microscopy (Fig. S2, ESI†). The
thiol groups in GSH preferentially adsorb onto Au tips due to
strong gold–thiol interactions and a lower density of CTAB
ligands compared to on the surface, enabling GNRs to self-
assemble in an end-to-end conguration.22,23 The formation of
end-to-end assembly with such a low concentration of GSH as
well indicates the reduced interaction of CTAB molecules and
Au at the ends of the nanorods as compared to their sides.

MCD spectroscopy (Jasco-1500 spectrophotometer)
measures the differential absorption of le and right circularly
polarized light under the inuence of a static magnetic eld
parallel to the light propagation direction. Averaged MCD
spectra of the gold nanorods in the absence and presence of
varying concentrations (0.1–0.5 mM) of GSH are shown in
Fig. 3a. Both well-dispersed GNRs and nanoassemblies present
nondegenerate circular magnetoplasmonic modes. This is seen
in the opposite signs of the MCD signal across the visible
frequency range, induced by the external magnetic eld, in
agreement with our previous results.17 A closer examination of
the spectra, especially the region with x-axis intersection points,
shows that the presence of GSH induces spectral redshis to the
zero-line crossing in a concentration-dependent manner
(Fig. 3b). By converting the signal to jMCDj−1, the intersections
manifest as sharply dened singularity points that are easier to
see (Fig. 3c), where the spectrum for well-dispersed GNRs in
water has a zero crossing at 549.8 nm which serves as a refer-
ence point for calculating spectral shis or Dl. We further test
the effect of glycine and cysteine, the latter of which is another
simple molecule containing the thiol functional group, on our
colloidal sensor. At an identical spiking concentration of 0.5
mM, the spectral shi for GSH is much larger than for glycine or
cysteine (Fig. 3d). This suggests that, without adopting specic
surface functionalization strategies (i.e., being label-free), the
magnetoplasmonic sensor proposed here could still realize the
relative selectivity towards GSH over cysteine (Fig. S3, ESI†).

Fig. 4 plots the spectral shi as a function of the analyte
concentration, where higher GSH concentrations correlate with
larger spectral redshis. To demonstrate a high-sensitivity
magnetoplasmonic sensor, we focus our discussion of results
exclusively on the regime with GSH concentrations between
zero (pristine GNRs) and 0.5 mM. A common gure-of-merit for

colloidal sensors is the limit of detection (LOD), dened as
3sy
s

where sy is the standard deviation of the y-intercept and s is the
Nanoscale Adv., 2023, 5, 4670–4674 | 4671
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Fig. 3 (a) MCD spectra of the GNRs with varying concentrations of GSH. (b) A magnified view of the zero-line crossing point around 555 nm for
each spectrum in (a). (c) Inverse view of the zero-crossing point of the MCD spectra, normalized jMCDj−1, for varying concentrations of GSH. (d)
Normalized jMCDj−1 plot illustrating the enhanced selectivity for GSH compared to glycine and cysteine, where all three analytes have a molar
concentration of 0.5 mM.

Fig. 4 Calibration curve showing the spectral shift versus GSH
concentration recorded for different batches of GNRs to ensure
repeatability. See Fig. S4† (ESI) for details. The inset shows the zoom-in
view of data with spiking concentrations less than or equal to 0.5 mM
and the corresponding linear fit.
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slope from the linear regression tting.6,24 For the linear regime
of the calibration curve, the line of best t has the form

ŷ = (15.4 ± 1.7)x + (1.7 ± 0.5)

with additional details summarized in Table S1.† Note that the
values are reported to one decimal place due to typical instru-
mental precision to 0.1 nm. Therefore, the LOD is calculated to
be 97 nM GSH, equivalent to a mass concentration of 29.8 ng
mL−1. Compared to other colloidal sensors for GSH reported in
4672 | Nanoscale Adv., 2023, 5, 4670–4674
the literature (Table S3†), several advantages of this design
become apparent. Firstly, our system is based on well-studied
GNRs coated with CTAB. No complex, tailored chemical func-
tionalization is needed to elicit the sensing performance.
Secondly, some previous studies opted to monitor changes
specically reductions in the absorbance of the colloid which is
sensitive to sample concentration or analyte-induced dilution.
For our work, the analyte-induced spectral shis follow the
same trend for different batches produced and do not rely on
a denitive concentration of the colloid. Finally, based on the
reported LOD, our simple magnetoplasmonic sensor proves to
be on par with or even superior to other optical sensors.25–29

We nally attribute the sensing mechanism of the magneto-
plasmonic platform to the thiol-mediated end-to-end self-
assembly of GNRs. While prior studies have demonstrated the
use of magnetoplasmonic modes for refractometric sensing,
where a change in the bulk dielectric refractive index leads to
a change in the (magneto)plasmonic mode position,15,30 our
design shows otherwise. In typical refractive index-based bio-
sensing, the change in the resonance wavelength generally
correlates linearly with the refractive index of the dielectric
environment or the analyte concentration. However, experi-
mentally measured refractive indices of aqueous GSH solutions
(Atago Abbe refractometer, DR-A1-plus) show essentially no
changes on the order of 10−4 in our concentration range of
interest (Table S2†), suggesting that the capability of detecting
sub-micromolar concentrations of GSH is not attributed to
changes in the refractive index of the bulk dielectric medium.
Now, because the addition of glutathione induces GNR
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a and b) Calculated electric field distributions in the GSH-
induced GNR nanoassembly in the (a) absence and (b) presence of an
external 1.6 T magnetic field at 650 nm. The two plots share the same
color scale bar for ease of comparison. (c and d) Corresponding
magnetic field distributions.
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assembly, it is reasonable to conclude that the sensing mecha-
nism lies within. This has indeed been observed previously
showing the assembly-induced spectral changes in the MCD
signals of magnetoplasmonic nanorods.17 To further elucidate
this, electromagnetic eld distributions of the GNR assemblies
are calculated using the nite element method. The system setup
and calculation details can be found in the ESI le.† In the GNR
nanoassemblies, there exist nanosized gap regions with adsor-
bed GSH molecules with a concurrent localized electric eld
enhancement (Fig. 5a). The plasmonic resonance coupling at the
ends of adjacent nanorods gives rise to Fabry–Perot resonance
effects, and at the resonance position of around 650 nm the eld
enhancement is maximized. Importantly, when there is an
external magnetic eld as per MCD spectroscopy, the electric
eld approximately doubles in strength in the gap regions
(Fig. 5b). The broken time symmetry under the external magnetic
eld leads to emergent magneto-optical effects, generating
additional optical modes that are believed to be responsible for
both the increased absorption and enhanced cavity resonance
effects. Similar plots show that the magnetic eld preferentially
localizes at the surface of GNRs (Fig. 5c and d). In the presence of
an external 1.6 T eld, the localized magnetic eld also becomes
amplied in strength. This would provide a rationale for the
enhanced sensitivity towards GSH when using MCD signals
compared to using traditional CD spectroscopy.31 Overall, the
enhanced electromagnetic elds and the fact that the adsorbed
GSH molecules sit within or in proximity to the localized electric
eld could explain the high sensitivity of the magnetoplasmonic
GNRs for GSH.
Conclusions

In conclusion, this work reports the rst design of a magneto-
optical sensor for detecting glutathione based on widely
© 2023 The Author(s). Published by the Royal Society of Chemistry
researched GNRs. The assay relies on MCD spectral signatures,
whereby the external magnetic eld couples to the LSPR of the
plasmonic nanorods, giving off nondegenerate magneto-
plasmonic modes that are sensitive to the nanostructure
conguration. By monitoring the narrow-width signals from
jMCDj−1, our colloidal sensor shows highly promising perfor-
mance, capable of sensitively detecting GSH with a LOD of
97 nM. The high performance could be rationalized by the fact
that the analyte molecules sit in the gap regions between GNRs
in the nanoassemblies where there is a signicant, localized
electric eld enhancement assisted by the external magnetic
eld. Our work expands the current application portfolio of
magneto-plasmonic nanostructures and demonstrates the
possibility of high-sensitivity, label-free detection of bio-
analytes using eld-enhanced magneto-optical sensors.
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