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ABSTRACT: Well-dispersed and dense layers of gold nanorods
(AuNRs) on optical fibers are shown to regulate the longitudinal
peak wavelength and enhance the sensing performances of
localized surface plasmon resonance (LSPR) biosensors. A simple
self-assembly method relying on a brush-like monolayer of
poly(styrene)-b-poly(acrylic acid) (PS-b-PAA) diblock copolymer
was used to immobilize AuNRs with various aspect ratios from
2.33 to 4.60 on optical fibers. Both the experimental and
simulation results illustrated that the particle aspect ratio,
deposition time (related to the coverage of AuNRs), and
interparticle gap significantly affected the optical properties of
the fiber-based LSPR biosensors. The highest refractive index (RI)
sensitivity of the sensor was 753 nm/RIU, while the limit of
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detection for human IgG was as low as 0.8 nM. Compared with standard nanoparticle deposition methods of polyelectrolytes or
alkoxysilanes, the RI sensitivity of the PS-b-PAA dip-coating method was approximately 3-fold better, a consequence of the higher
particle coverage and fewer AuNR aggregates. The presented AuNR-based LSPR sensors could regulate the detection range by
tuning the aspect ratios of AuNRs. Applicability is demonstrated via quantitative analysis of antigen—antibody interactions, DNA

sensing, and surface-enhanced Raman scattering.
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B INTRODUCTION

Plasmonic metallic nanoparticles strongly absorb and scatter
light because of localized surface plasmon resonance’ (LSPR).
The dependence of the resonance condition on the local
dielectric environment enables a simple form of molecular
sensing”’ in which analyte binding to the nanoparticle surface
causes a red shift in the spectral absorption peak,* which allows
applications of plasmonic nanoparticles as LSPR sensors for
real-time biochemical analysis.”~” An LSPR sensor is therefore
the nanoparticle analog of an SPR sensor,” which similarly
monitors the resonance condition of surface plasmons in thin
metal films.’lthough SPR is a powerful analytical technique for
monitoring biomolecular interactions'® and used as a screening
tool for therapeutic and diagnostic applications,'" it is still not
commonly used in clinical immunoassays owing to the
difficulty of working with complex biofluids'* and complicated
optical instruments and the precise temperature control
requirements. Nonetheless, SPR sensors have been employed
in a series of biomedical sensors.'>”'® LSPR sensors address
some of the abovementioned technical challenges of SPR while
retaining the advantages of SPR sensors.'” One key feature is
the greater applicability to clinical and medical applications, as
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the LSPR sensors are based on simpler optical absorption
measurements and are nearly temperature—insensitive.18

In recent years, LSPR sensors based on various structures
have been developed and reported and include solution
phase,'” chip-based,”” and optical fiber’*” LSPR sensors.
Note that optical fiber-based LSPR sensors have many
advantages, including simplified optical design, low-cost, low
sample volume requirements, resistance to electromagnetic
(EM) interference, and remote sensing capability. Thereby,
optical fiber-based LSPR sensors have been subject to intensive
research, such as label-free biosensing to monitor heavy metal
ions,”>** biotin-streptavidin,”> and antigen—antibody inter-

26—28

actions. Furthermore, as the properties of metallic

nanoparticles are highly dependent on their material, size,
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and shape, controlling these parameters can optimize the LSPR
sensing performance.”’

Early on, the development of LSPR biosensors had mainly
been focused on therical gold nanoparticles®® because of their
ease of synthesis.”' However, recent reports have shown that
LSPR sensors based on noble metallic nanoparticles with
various shapes have better optical performances®” than gold
nanosphere-based LSPR sensors. Among these metallic
nanoparticles, gold nanorods (AuNRs) are favored because
of their unique optical properties.”**** By manipulating the
aspect ratio of AuNRs, the LSPR longitudinal peak wavelength
can conveniently be regulated throughout the visible and near-
infrared regions and into the infrared region,35’36 allowing the
LSPR sensor to be applied to particular applications where a
specific wavelength and high refractive index (RI) sensitivity
are desired.’”*"

The fabrication of dense and well-dispersed AuNRs is crucial
for the performance of LSPR sensors. Hexadecyltrimethylam-
monium bromide (CTAB) is the micellar surfactant commonly
used in the batch synthesis of AuNRs,*® but CTAB is cationic
and moderately cytotoxic.”>*’ The preparation of CTAB-
stabilized AuNR-based optical fiber LSPR sensors mainly relies
on self-assembled monolayers (SAMs) of functionalized
alkoxysilanes,”’ such as 3-mercaptopropyltrimethoxysilane
(MPTMS), which is used as a linking agent via the S—Au
covalent bond to assemble gold nanoparticles.”” However,
CTAB has proven to be notoriously difficult to replace because
of not only its interactions with the gold surface but also
hydrophobic interactions between adjacent hydrocarbon
chains.” Oftentimes, this leads to the fabrication of surfaces
with low nanoparticle coverage.”'

To circumvent these issues, a polyelectrolyte method was
presented to simplify the fabrication process.”* A multilayer
polyelectrolyte structure™ with negative charges served as a
linker to connect CTAB-stabilized AuNRs, which could greatly
reduce the deposition time and enhance the RI sensitivity of
the LSPR sensors compared with the alkoxysilane method.
However, this polyelectrolyte method caused aggregation at
higher particle coverage,” which is detrimental to the
plasmonic properties of the LSPR sensor.” Moreover, the
surface ligand exchange method could also contribute to the
high density and well-dispersed AuNR SAMs, but complex
preparation processes are required and may cause more
particle aggregation.48

Asymmetric, amphiphilic diblock copolymers can self-
assemble on substrates to form a thin monolayer in selective
solvents, and then, AuNRs can be patterns on the self-
assembled diblock copolymer-based monolayer.””*° As we
recently reported,'”" the amphiphilic diblock copolymer
poly(styrene-b-4-vinylpyridine) (PS-b-P4VP) could be used
for the self-assembly of negatively charged gold nanospheres.
However, the PS-b-P4VP monolayer cannot assemble the
CTAB-stabilized AuNRs on the fiber as both of them are
positively charged. Hence, we introduce a new surface
chemistry using polystyrene-b-polyacrylic acid (PS-b-PAA)
amphiphilic diblock copolymer for the assembly of AuNRs on
substrates. PS-b-PAA has a hydrophobic PS block and a
hydrophilic PAA block™ and favors adsorption on glass
substrates while also absorbing AuNRs through PAA chains, a
weak polyelectrolyte.’> We show that the optical fiber LSPR
sensors can be coated with dense and well-dispersed AuNR
monolayers for protein detection, with a significant gain in

sensitivity and sensor performance compared to previous
methods.

B EXPERIMENTAL SECTION

Materials. Hydrogen tetrachloroaurate trihydrate (HAuCl,
3H,0), sodium borohydride (NaBH,, 99%), hexadecyltrimethylam-
monium bromide (CTAB, > 98.0%), silver nitrate (AgNO;, >99%),
sodium oleate (NaOL, > 97.0%), vr-ascorbic acid (AA, >99%),
MPTMS, 11-mercaptoundecanoic acid (11-MUA), 4-mercaptoben-
zoic acid (4-MBA), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC), hydro-
chloric acid (HCl, 37 wt % in water), tetrahydrofuran (THF), and
ethanol were obtained from Aladdin. Poly(4-styrenesulfonic acid)
(PSS, 18 wt %, 65 kDa), poly-diallyldimethylammonium chloride
(PDDA, 20 wt %, 150 kDa), and poly(allylamine) (PAH, 10 wt %, 65
kDa) were obtained from Sigma-Aldrich. Diblock copolymer
polystyrene-b-polyacrylic acid (PS-b-PAA, M, X 10% 65-b-80, M,/
M,: 1.09) was purchased from Polymer Source. Affinipure goat
antihuman gamma globulin (H + L) (antihuman IgG), human gamma
globulin (human IgG), bovine serum albumin, ssDNA strands, and
phosphate buffer (phosphate-buffered saline (PBS), pH 7.4) were
purchased from Sangon Biotech. Normal human serum was
purchased from Scantibodies Laboratory. Ultrapure water (18 MQ-
cm) was used for all solutions.

Synthesis of AuNRs and Characterization. Gold nanorods
with various aspect ratios from 2.3 to 4.6 were employed as the basis
elements to functionalize the optical fiber LSPR biosensors and were
prepared by following the methods of previous reports.”*** In brief, a
two-stage protocol was developed to synthesize CTAB-stabilized
AuNRs.

First, the seed solution was prepared as follows: fresh NaBH, (0.6
mL, 0.01 M, used within 2 min of its preparation) was diluted to
prepare a 1 mL aqueous solution and then mixed with HAuCl, (0.5
mM, S mL) and CTAB (0.2 M, S mL) solutions under vigorous
stirring for S min. The color of the solution changed from yellow to
brownish yellow once NaBH, was injected. This seed solution was
aged for 30 min at 30 °C before further use.

The growth solution was prepared at the same time with defined
amounts of CTAB and additives (Table S1) dissolved in 100 mL of
warm water (~70 °C). The solution was allowed to cool down and
kept at 30 °C during the next process. Certain amounts of 4 mM
AgNOj; were mixed and left to stabilize for 15 min, after which 100
mL of 1 mM HAuCl, solutions followed. The solution became
colorless after 150 min of slight stirring (700 rpm), and a certain
volume of HCI, as detailed in Table S1, was then introduced with
slow stirring (400 rpm) to adjust the pH. The solution was vigorously
stirred for 30 s after 0.5 mL of 0.064 M ascorbic acid was added.
Finally, a defined amount of seed solution was introduced under
vigorous stirring for 30 s, and the resultant solution was left
undisturbed at 30 °C for 12 h for AuNR growth. Prior to the
immobilization of AuNRs on the fiber surface, the excess CTAB in
particle solution was removed by centrifuging twice at 8000 rpm for
20 min each time, and no shape- or size-selective fractionation was
performed.

The mean diameter and aspect ratio of the AuNRs were measured
by transmission electron microscopy (TEM) (Tecnai G2F30, Thermo
Scientific Inc.). The absorbance spectra of the AuNR solutions were
obtained by a UV—vis spectrophotometer (Lambda 750S, Perki-
nElmer Inc.).

Fabrication of AuNRs on the Optical Fiber Surface. Plastic
cladded silica multimode optical fibers were first cleaned and surface
hydroxylated according to the methods we reported in previous
work."”

For AuNR deposition, the processed fiber was immersed into a
diblock copolymer (BCP) solution using a dip-coating method. The
BCP solution (PS-b-PAA) was prepared at a concentration of 0.0S
mg/mL by dilution in a THF solution obtained from a more
concentrated solution (1 mg/mL). A brush-like BCP layer was
obtained using a home-made dip-coater, and the fiber was vertically
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Figure 1. Schematic diagram of the optical fiber-based LSPR sensor. (a) Fabrication process of the LSPR sensors relies on the interaction of the
glass-PAA-AuNRs. (b) FDTD simulation and the schematic illustration of LSPR excitation for AuNRs. (c) LSPR transmission bands of AuNRs:
LPBs and TPBs corresponding to electron oscillations along the long axis and the short axis of AuNRs, respectively. (d) Biosensing process of

human IgG and its antibody.

dipped into the solution at an immersion rate of 20 mm/min, which
was followed by a pause of 10 min, and then withdrawn at a
controlled rate of 20 mm/min. The dip-coated film was left to dry in a
covered container under ambient conditions. The pH and optical
density of the AuNR solutions were adjusted to approximately 6 and 3
O.D. (optical density), respectively. The BCP-coated fibers were then
incubated in the as-prepared AuNR solutions for 30 min, unless we
studied the effect of deposition time. Finally, a 1 min oxygen plasma
(plasma cleaner, Hongmin Inc.) treatment was performed at a
medium power of 9 W to remove the excess BCP film on the AuNR-
assembled fiber.

As the surface of the AuNRs is covered with CTAB molecules that
are positively charged, an MPTMS and/or a polyelectrolyte method
could also be employed to create the AuNR films for comparison. For
the MPTMS method, the hydroxylated fibers were immersed in a 10%
(v/v) MPTMS ethanol solution for 12 h and then washed thoroughly
with ethanol and ultrapure water. The silanized fiber surface was
incubated in the as-prepared AuNR solutions for 2 h to immobilize
the particles on the fiber surface via S—Au covalent bonds. For the
polyelectrolyte method (PDDA/PSS/PAH/PSS multilayer), we
followed a process similar to the one we mentioned previously'’
(details in the Supporting Information). All these deposited fibers
were stored in a vacuum oven for further use.

Scanning electron microscopy (SEM) (Nova Nano 450, Thermo
Scientific Inc.) performed at S kV was employed to image the
distribution of AuNRs on the fiber surface, while a thin gold film was
deposited on the fiber surface to help conduction and electrofocusing.

Experimental Setup. An Ocean Optics HL-2000 light source
with a wide wavelength range from 300 to 2000 nm was employed as
the illumination light source. The two sides of the sensing region were
connected to the source and spectrometer by the fiber couplers. The
LSPR transmission spectra were obtained by a fiber spectrometer
(HR4000, Ocean Optics Inc.) via the real-time data acquisition mode
and processed with LabVIEW software. RI sensitivity detection was
performed in a flow cell, and the known RI solutions were diluted
from a saturated aqueous sucrose solution and measured by an Abbe
refractometer.

Finite-Difference Time-Domain Simulation. Commercial
finite-difference time-domain (FDTD) software (Lumerical Solu-
tions) was employed to simulate the extinction spectra of the AuNR
layers. To perform the calculations, the simulation region was set into
a 2 ym cube with the boundary condition of a perfectly matched layer.
The AuNRs were represented by hemisphere-capped cylinders with a
geometry that matched the SEM image and placed in the center
region. The model consisted of AuNRs on silica glass (RI = 1.46), the
solution’s RI was 1.33, and the size of the particles and their
interparticle gaps were varied with experimental requirements. The
dielectric constant of gold was obtained from Johnson and Christy’s™
measurements with polynomial fitting, and the light source was set as
the total-field scattered-field with an incident angle of 82°.

Antigen—Antibody Interactions of LSPR Biosensors. The
AuNR-deposited fiber optic LSPR sensor was further functionalized
by covalently immobilizing antihuman IgG on the AuNR surface to
create biosensors for human IgG detection. The fabricated process
and the details are shown in the Supporting Information. Binding
between human IgG and its antibody on the fiber surface thus induces
a RI change, further resulting in the resonance wavelength shift
necessary for quantitative detection.

Gold Nanoparticle (AuNP)-Enhanced Plasmonic Biosensing
of Free rop B DNA. Rifampicin-resistant tuberculosis is associated
with mutations in the rop B gene. The biosensing process of rop B
DNA consists of a sandwich amplification strategy, and the sequences
of the ssDNA are shown in Table S2. First, 3 yM amine-labeled
capture ssSDNA was fabricated on the AuNR surface through the 11-
MUA linker by EDC/NHS activation (as described in the previous
section). Free target ssDNA was hybridized with capture ssDNA for
30 min, and the AuNP-probe ssDNA conjugate was then hybridized
with target ssDNA for 30 min to enhance the signal. The details of
AuNP (12 nm) synthesis and probe ssDNA/AuNP solution
preparation are described in the Supporting Information.

Surface-Enhanced Raman Scattering. 4-MBA, a Raman probe,
in ethanol was prepared at a concentration of 100 yM. The silicon
substrate was treated, cleaned, and hydrolyzed with Piranha solution
(H,S0,/H,0,; 70/30%, beware of strong corrosion!) for 1 h to clean

C https://dx.doi.org/10.1021/acsami.0c09711
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09711/suppl_file/am0c09711_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09711/suppl_file/am0c09711_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09711/suppl_file/am0c09711_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09711/suppl_file/am0c09711_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09711?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09711?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09711?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09711?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c09711?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(a) (42,18)

100 nm

(d) (96,23) (e)

"~

100 nm

: ! /
0.0 T T — T T T -
100 nm 500 600 700 800 900 1000
T A " Wavelength (nm)

—

(89,27)

Absorbance (a.u.)

Figure 2. TEM images of AuNR 1 to AuNR § with various aspect ratios of (a) 2.33; (b) 2.86; (c) 3.30; (d) 4.17; and (e) 4.60. (f) UV—vis spectra
of different sized AuNRs. The length and diameter of AuNRs are shown in the top right corner, and the dimension values were measured in

nanometers.

and hydroxylate the surface. After a thorough rinse with water, the
substrate was dried in a vacaum oven (100 °C) for 15 min. The BCP
templating and AuNR deposition process was same as the process
used to prepare the optical fiber LSPR sensor, while the AuNR
deposition time was 6 h. The 4-MBA molecules were self-assembled
on the AuNR-deposited silicon substrate by immersing the substrate
(which was cleaned by oxygen plasma operated at 9 W for 6 min) in
the 4-MBA solution overnight. The substrate was then rinsed with
ethanol and air-dried for use. All measurements were acquired with an
excitation power of 0.75 mW and a 50X microscope objective on a
Raman microscope (Renishaw inVia, diode laser-based) operated at
532 nm, and the acquisition time was set to 10 s. All spectra were
reported after background subtraction.

B RESULTS AND DISCUSSION

Preparation of the AuNR-Based LSPR Sensors. Figure
1 illustrates the configuration of the AuNR-based LSPR sensor.
A halogen lamp was employed as the illumination light source,
and the AuNRs were excited with an evanescent field, which
led to the plasmon resonance bands in the spectrum. The
fabrication process of the LSPR sensors relied on the glass-PS-
b-PAA-AuNR structure, and the dip-coating method of the
BCP monolayer and the deposition process of the AuNRs are
detailed in the Experimental Section.

The AuNRs we used were synthesized by seed-mediated and
surfactant (CTAB)-directed methods, and the homogeneous
and adjustable aspect ratio led to a wide LSPR resonance
region from the visible region to near-infrared region. In this
surfactant-directed synthesis, CTAB acts as both the source of
anisotropic growth and the stabilizer. Normally, CTAB
molecules could form a cationic bilayer around AuNRs when
the concentration was higher than 100 mM, yet they were
clearly bound in a weak manner when the concentration of
CTAB decreased and then aggregates (below 1 mM). In this
case, monodisperse AuNRs with homogeneous shapes (less
than 1% shape impurities) could be generated with much
lower concentrations of CTAB (lower than 47 mM) and still
remained stable after removing the excess CTAB (over 1 mM).

The excess CTAB in the solution would disfavor the
interaction between AuNRs and PAA chains; however, a
lower CTAB concentration also caused aggregation of
particles.

Thereby, moderate solution centrifugation and CTAB
reduction benefited both the colloidal stability and the
deposition process of particles. Figure 2 shows the TEM
images of a collection of monodisperse AuNRs synthesized by
CTAB and an additive (NaOL or sodium salicylate) in the
growth solution. The aspect ratio of nanoparticles was adjusted
from 2.33 to 4.60 by varying the amounts of seed solutions,
additive, and AgNOj as well as the pH of growth solutions, and
the detailed amounts are listed in Table SI. The average
dimensions of two sets of AuNRs, AuNR 1 to AuNR §, are
marked in the top right corners of Figure 2a—e. Figure 2f
shows the UV—vis spectra of the AuNR solutions in Figure
2a—e. The corresponding resonance wavelength expectedly
red-shifted from 640 to 845 nm as the aspect ratio of the
AuNRs increased. In addition, the transverse plasmon bands
mainly depended on the diameter of the short axis of AuNRs,
which had a small absorption peak at approximately 510 nm in
the UV—vis spectra. Both the TEM images and the extinction
spectra confirmed the narrow size distribution and high
uniformity of the AuNRs, with negligible amount of shape
impurities (e.g., spheres).

Herein, we report that the nanothin PS-b-PAA films in the
form of a brush-like-templated monolayer were suitable for
producing dense two-dimensional non-close-packed arrays of
AuNRs with little aggregation. The LSPR sensing films were
obtained in two simple steps, namely, dipping the noncladded
fiber successively in a THF solution of PS-b-PAA and, after
drying, in an aqueous suspension of CTAB-stabilized AuNRs.
The brush-like PS-b-PAA monolayer was absorbed to the fiber
through multiple noncovalent bonds between Si—OH and the
PAA block, which formed the wetting underlayer, whereas the
PS block formed a brush-like overlayer. While the deposition
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Figure 3. Deposition process of AuNR 2. (a) Real-time normalized LSPR spectra of the AuNR deposition process. The deposition time varied from
2 to 40 min. Peak 1 and peak 2 represent the TPBs and LPBs corresponding to electron oscillations along the long and short axes of AuNRs,
respectively. The relationship between (b) peak wavelengths; (c) resonance depths; (d) peak width at half maximums, and the time of AuNR self-

assembly.

of AuNRs was directed by electrostatic interactions between
AuNRs and deprotonated ionized PAA blocks, the free
hydrophobic PS blocks were employed to prevent the
aggregation of AuNRs. The pH value of the AuNR solution
was adjusted to 6 to favor binding between the PAA block and
AuNRs. Most of the hydrophilic carboxylate anions of PAA
were jonized in this slightly acidic solution, presenting a
negative surface charge opposite of the positive charge of the
CTAB-stabilized AuNRs. Hence, the AuNR layers appeared
unaffected by AuNR size and led to a well-dispersed and dense
AuNR monolayer on the fiber optics.

Refractive Index Sensitivity and Stability of the Fiber
Optic LSPR Sensor. To quantify the sensitivity of the AuNR-
based LSPR fiber sensors to bulk RI variations, solutions with
increasing sucrose concentrations and known Rls (from 1.32
to 1.37) were successively injected into the flow cell, while the
transmitted optical signal was synchronously recorded. Two
plasmon bands were evident in the transmission spectrum of
the AuNRs and associated with the longitudinal plasmon band
(LPB) and the transverse plasmon band (TPB), corresponding
as they did to electron oscillation along the long and short axes
of the AuNR, respectively. Taking the LSPR sensor function-
alized with AuNR 2 as an example, Figure 3 shows the LSPR
spectrum characteristics during the deposition process.
According to the real-time normalized transmission spectra
in Figure 3a, we recorded both the TPBs (peak 1) and the
LPBs (peak 2) in the AuNR 2 aqueous solution at different
deposition times. The wavelength of peak 1 had a series of
slight red shifts when the deposition time increased from 0 to
20 min and then reached a plateau (Figure 3b). A similar trend
was observed for peak 2, where the wavelength exhibited a
large red shift from 732 to 747 nm in the first 30 min and then
once again reached a plateau. This red shift is an indication
that the dielectric environment changed in the deposition
process and putatively assigned to adsorption to the polymer

and the increasing density of AuNRs on the surface.
Meanwhile, the resonance depths of the two peaks, which
are correlated to the density of AuNRs, were also studied. As
shown in Figure 3¢, the depths of the plasmon resonances also
increased rapidly until the deposition time increased to 30 min
and then appeared to slightly decrease for longer times. The
full width at half-maximum (fwhm) of the two peaks increased
steadily with increasing deposition time (Figure 3d), which
leads to higher signal noise and lower RI resolution. Hence, the
AuNR 2 deposition time of 30 min offered fibers with the best
optical properties (high sensitivity, low signal noise, narrow
fwhm, and deep peak depth).

To verify whether the AuNR aspect ratio influenced the
deposition of AuNRs on the PS-b-PAA brush-like monolayer,
the other four sizes of particles were tested (Figures S2—S5).
Different aspect ratios of AuNRs had similar LSPR spectrum
characteristics during the deposition process. Generally, a
deposition time of 30 min led to fibers with the best optical
properties although the resonance red-shifted at longer
deposition times for larger aspect ratio AuNRs. Here, to
further compare the properties of the AuNR-based LSPR
sensors with different aspect ratios, a uniform deposition time
of 30 min was set for the remaining experiments.

Next, their RI sensitivities were evaluated. For the spectra of
the AuNR-based LSPR sensor, the spectral resonance depth
decreased with increasing RI. The TPB of AuNRs was nearly
insensitive to the changes in the size of the AuNRs and the
surrounding RIs (Figure 4), whereas the LPB showed a red
shift with the increase in the aspect ratio of AuNRs and a
concurrent increase in RI sensitivity. Therefore, a peak
wavelength 1 (LPB) was chosen to evaluate and compare
the RI sensitivities of the LSPR sensors functionalized with
AuNRs having different aspect ratios. The LSPR sensor based
on the AuNRs with the largest aspect ratio of 4.60 led to the
highest sensitivity of 753 nm/RIU, which decreased to 195
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Figure 4. Refractive index sensitivity of the LSPR peak wavelength
shifts for different sizes of particles at a deposition time of 30 min.

nm/RIU for the sensor functionalized by AuNRs with an
aspect ratio of 2.33. Furthermore, the stability of the PS-b-PAA
brush-like monolayer-based AuNR LSPR sensor was studied
under different conditions (Figure S6). The peak wavelength
of the sensor shown in Figure S6a was measured in a series of
saline solutions for 10 min each, and the concentration of
saline solution was increased from 0 to 26 wt % (saturated
solution) and then decreased back to 0. The response
remained stable, even in the saturated saline solution, and
was found to be consistent under the same conditions. The
peak wavelength response to PBS solutions with different pHs
was also measured and is shown in Figure S6b. The response
remained stable at different pHs (varied from 4.0 to 10.0), and
the peak wavelength slightly blue-shifted with the increasing
pH value. The long-term stability of the PS-b-PAA brush-like
monolayer-based AuNR LSPR sensor was followed by
measuring the peak wavelength response to PBS solution
(pH = 7.4). The response was found to remain the same for 10
days (Figure S7) even after prolonged storage for a month,
indicating the good long-term stability of the fabricated LSPR
sensor. Excellent stability under both long-term and different
conditions indicated that the PS-b-PAA brush-like monolayer-
based AuNR surface was structurally stable and free of
morphological changes.

Surface-Enhanced Raman Scattering Performance of
PS-B-PAA-Templated AuNR Nanostructures. Next, the
optical properties of the PS-b-PAA-templated AuNR nano-
structure were characterized by determining the surface-
enhanced Raman scattering (SERS) performance on a silicon
substrate that was oxidized to silicon dioxide. In Figure S, there
is no clear Raman band observed from the PS-b-PAA template,
probably because of the lack of SERS enhancement obtained
for the nano-thin-film template left underneath the nano-
particles. No extra peaks appeared after CTAB-stabilized
AuNR deposition in this SERS detection range. Then, the
exposed CTAB and PS-b-PAA on the surface were completely
removed by the plasma treatment, but the polymer that
connected with the AuNRs mostly survived the plasma process
as the particles were still stable on the substrate thereafter.
Finally, the 4-MBA-modified PS-b-PAA-templated AuNR
nanostructures exhibited high-intensity 4-MBA characteristic
peaks at 1586 and 1075 cm™! and a relatively weak mode at
1180 cm™". In addition, no characteristic peak of 4-MBA was
obtained when the 4-MBA solution was dried on the substrate.
This enhanced response on the PS-b-PAA-templated AuNR
nanostructure demonstrated that our polymer-templated

1586

1075
WMV]\N,J 1180 4-MBA SAM
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Figure 5. SERS spectra of 100 yuM 4-MBA on various substrates. The
major SERS bands are marked by dashed lines, and the substrates are
shown in different colors on the right.

particle monolayers also have excellent potential for SERS
enhancement applications.

Biosensing Applications of the Fiber Optic LSPR
Sensor. To investigate the performance of the AuNR-based
LSPR biosensors, both IgG detection by antigen—antibody
interactions and free ssDNA hybridization detection were used
here. For the antigen—antibody interaction, the AuNRs
immobilized on the fiber surface were further functionalized
with antihuman IgG via the 11-MUA linker. Afterward, the
biomolecular binding process and the corresponding spectrum
changes were monitored and recorded. As expected, higher
concentrations of human IgG yielded greater shifts in peak
wavelength, with the observation of a Langmuir isotherm with
a plateau (Figure 6). This occurred because the antigen—

7
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Figure 6. Calibration curve of the LSPR peak wavelength with the
different concentrations of human IgG for different sizes of particles.

antibody binding taking place at a higher concentration of
human IgG resulted in a greater change in the RI at the AuNR-
based fiber surface. For all concentrations, the LSPR sensor
based on AuNRs with an aspect ratio of 4.60 (AuNRs S) had
the largest response, which indicated that the LSPR sensor
functionalized with the larger aspect ratio AuNRs had a higher
sensitivity. This performance was also consistent with the
results previously obtained in RI sensitivity detection. In
addition, the limit of detection (LOD) calculated for the LSPR
biosensors functionalized with AuNRs 1, 2, 3, 4, and 5 was 2.6,
2.0, 1.7, 1.1, and 0.8 nM, respectively. Reproducibility is a
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Figure 8. SEM images of AuNRs immobilized on the optical fiber through (a) MPTMS; (b) PDDA/PSS/PAH/PSS; and (c) PS-b-PAA monolayer
methods. (d) Comparison of the absorption spectra of the AuNR-assembled films prepared by different deposition methods. (e) Refractive index
sensitivity of the LSPR peak wavelength. (f) Calibration curves obtained for IgG using three different deposition methods under otherwise identical

conditions.

major requirement of a reusable biosensor. The same
immobilized surface could be used for a series of measure-
ments via regeneration with glycine-HCI buffer (pH = 2) for 1
min. Under these conditions, the surface could be regenerated
while maintaining the activity of the antibodies for the next
rounds of antigen—antibody interaction measurements. Figure
S8 shows the 10 replicates of IgG detection performed at 333.4
nM, and the results revealed that the biosensor has satisfactory
repeatability with a relative standard deviation of 3.9%. Note
that the signal gradually and slightly decreased (less than 10%)
as the number of regeneration cycles increased because of the
incomplete elution of a small amount of IgG.

Moreover, a sandwich hybridization strategy was established
for analyzing free rop B ssDNA. The capture strand consisting
of half the sequence complementary to rop B DNA was
immobilized on the LSPR biosensor (AuNR 2-based sensor),
and the other half of the complementary sequence was
immobilized on the AuNPs to enhance the sensing signal
(Figure 7a). Figure 7b shows a good linearity (R* = 0.995)
between peak wavelength shift and rop B concentration in the
range of 107'% to 107 M. The LOD of rop B was estimated to
be approximately 29 pM. As a negative control, single

mismatch ssDNA of rop B and noncomplementary ssDNA
(kat G) were analyzed under the same conditions. The peak
wavelength shift of single mismatch ssDNA was lower than
that of the complementary rop B ssDNA because of the weaker
specific binding, while very little nonspecific adsorption
occurred from the noncomplementary ssDNA (kat G). In
addition, the AuNPs used for surface enhancement did not
alter the LSPR sensing spectral waveform but only caused peak
wavelength shift (Figure S9). Hence, these examples show that
the AuNR-based LSPR fiber sensors prepared by the PS-b-PAA
brush-like monolayer are excellent platforms for the sensitive
and label-free biosensing of biomolecules.

Comparison with Other AuNR Deposition Methods.
The BCP dip-coating method (PS-b-PAA monolayer) we used
in this study was distinct from the traditional methods of silane
coupling (MPTMS) and layer-by-layer polyelectrolyte
(PDDA/PSS/PAH/PSS)-induced assembly of AuNRs. To
compare these methods, the surface morphology of the
assembled AuNRs, LSPR spectrum, RI sensitivity, and the
biosensing application were monitored (Figure 8). Here, we
used AuNR 2 as the comparative nanostructure. SEM images
of the three deposition methods indicated that the geometric
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distribution of particles on the PS-b-PAA brush-like monolayer
was well dispersed with high coverage; however, the layer-by-
layer polyelectrolytes led to highly localized particle aggregates,
and the MPTMS monolayer caused a large reduction in the
AuNR density (Figure 8a—c). The absorption spectra of the
AuNRs in water showed the best optical properties (the peak
depth was 21%, and the fwhm was 115 nm) with the PS-b-PAA
template (Figure 8d). The peak depth was 10 and 17% for the
MPTMS and polyelectrolytes methods, respectively. Com-
paratively, the fwhm was 107 and 126 nm for the MPTMS and
polyelectrolytes methods, respectively. The RI sensitivity of the
AuNRs on the PS-b-PAA brush-like monolayer-based fiber
sensor was approximately 2.7 times higher than that of the
AuNRs on MPTMS and 1.4 times higher than that of the
AuNRs on polyelectrolytes (Figure 8e). The human IgG
biosensing test was also performed for comparison (Figure 8f).
The LOD of the PS-b-PAA-based sensors functionalized by
AuNR 2 was calculated to be 2.0 nM. Comparatively, the LOD
of MPTMS and polyelectrolytes was 9.3 and 2.5 nM,
respectively, indicating a poorer performance than that of the
PS-b-PAA-based sensors.

The developed LSPR biosensor was used for the
determination of human IgG in human serum. As the high
concentration of IgG in the stock serum (76 uM) could
saturate the signal, the serum was diluted in PBS to obtain an
IgG concentration of 333.4 nM. The peak wavelength
responses of the AuNR-based LSPR biosensors, which were
fabricated by three deposition methods, are shown in Table 1.

Table 1. LSPR Biosensor Response of Human IgG (333.4
nM) in Both PBS Solution and Human Serum

PS-b-PAA MPTMS PDDA/PSS/PAH/PSS
(nm) (nm) (nm)
IgG in PBS 2.83 + 0.35 0.62 + 0.16 2.35 + 048
IgG in human 3.11 + 0.38 091 + 0.28 3.58 £ 031

serum

The response in serum was higher than that in PBS because of
nonspecific adsorption in serum. The PS-b-PAA method (9%)
resulted in much less nonspecific adsorption than the MPTMS
method (47%) and PDDA/PSS/PAH/PSS method (52%).
According to the calibration curves in Figure 8f (obtained in
PBS solution), the corresponding IgG concentrations in serum
were estimated to be 505, 602, and >667 nM (exceeds the
calibration range) for the PS-b-PAA-, MPTMS-, and PDDA/
PSS/PAH/PSS-based biosensors, respectively. Thereby, com-
pared with biosensors prepared by other methods, the PS-b-
PAA monolayer-based LSPR biosensor has a more accurate
response and a lower nonspecific adsorption in real serum
sample detection.

To demonstrate the specific antibody—antigen recognition
ability of the PS-b-PAA-templated AuNR LSPR biosensor
proposed in this work, a comparison of the detection limit
shows that the current biosensor exhibits a better performance
than sensors prepared by other plasmonic methods for IgG
immunosensing (Table 2). In addition, this PS-b-PAA-
templated deposition method is much simpler and more
effective than other methods. Compared to the AuNP-based
LSPR biosensor we previously reported,’” both the AuNP- and
AuNR-deposited LSPR biosensors were based on wavelength
interrogation. Specifically, by manipulating the aspect ratio of
AuNRs, the LPB wavelength of the AuNR-based LSPR sensor
can be conveniently regulated throughout the visible and near-

Table 2. Comparison of the LODs of Optical Fiber
Biosensors Prepared by Different Methods

method analyte LOD (nM) refs
TFBG SPR human IgG 3.3 S7
PC SPR antibovine IgG 1.8 58
LMR antigoat IgG 9.9 59
AuNP LSPR antihuman IgG 1.6 21
U-bent AuNP LSPR antihuman IgG 0.8 16
AuNR LSPR antihuman IgG 3 60
AuNR LSPR human IgG 0.8 this work

infrared regions and into the infrared region, allowing the
LSPR sensor to be applied to particular applications where a
specific wavelength and high RI sensitivity are desired. For
example, the working wavelength of the tilted fiber Bragg
grating (TFBG) is in the infrared region, but the spherical gold
particles cannot excite LSPR in this wavelength region.
However, the LSPR excitation wavelength of gold nanorods
could be adjusted to the infrared region for TFBG LSPR
sensor applications. As such, AuNRs offer much more
flexibility than spherical Au nanoparticles. A similar situation
also occurs in phase-interrogated LSPR sensors. Thereby, gold
nanorods have a higher sensitivity and wider applications than
gold particles because of their adjustable interrogation
wavelength.

The results presented above demonstrate that the use of the
PS-b-PAA brush-like monolayer to deposit AuNRs on optical
fibers improves surface coverage, reduces particle aggregation,
and further enhances RI sensitivity and biosensing capability.
In addition, the sensing performance could also be further
improved by optimizing the key parameters of the fiber sensor,
such as the aspect ratio or deposition time of the AuNRs.
Thereby, in this case, the factors that affected the sensitivity of
the sensors were analyzed by both experiments and simulations
in the next section.

Effect of the Deposition Time and Aspect Ratio of
AuNRs. The deposition process of AuNRs on the PS-b-PAA
brush-like monolayer was further investigated with a series of
SEM images obtained with various deposition times and
different aspect ratios of AuNRs. We first varied the deposition
time of fibers in the AuNR 2 solution and observed a series of
AuNR coverage, as shown in the SEM images (Figure 9). With
longer deposition times, the coverage of AuNRs increased
significantly to 12.7% (Figure S10). The greater AuNR
coverage achieved with longer deposition times resulted in a
stronger plasmon band and then caused the peaks to red shift
and RI sensitivity to increase. The SEM images were in
agreement with the LSPR spectrum characteristics shown in
Figure 4. The aggregation of AuNRs augmented with the
deposition time after 30 min, which caused an increase in the
fwhm and slight decrease in resonance depth.

To further investigate the self-assembly of AuNRs on the PS-
b-PAA brush-like monolayer (Figure S11), whether the size of
AuNRs influenced their deposition on the surface was
determined. Note that the deposition time was held constant
at 30 min for all the sizes for comparison. The AuNR density
decreased, as expected, with an increase in the aspect ratio of
AuNRs (from close to 100 to approximately 60 AuNR/um?,
which was calculated from Figure S10).

To better understand the plasmon resonance response of the
AuNRs on the optical fibers, the influence of factors, such as
the shape, size, and distance of nanoparticles, was simulated.
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Figure 10. Single and coupled AuNPs and AuNRs modeled with FDTD simulations and the corresponding electric field distributions.

We employed the FDTD algorithm to properly model the
interaction of AuNRs with EM radiation and calculate the
electric field variation and absorption spectrum of immobilized
AuNRs surrounded by different RI dielectrics. The geometry
and orientation (the first column shows the XZ plane, and the
second column shows the XY plane) of FDTD modeling and

the resultant EM field distribution at the equatorial XY plane of
AuNPs and AuNRs (the third column) are shown in Figure 10.
We also examined the response of different types of coupled
AuNRs, namely, T-type (transverse to transverse in the third
row, d; = S nm) and L-type (longitudinal to longitudinal in the
fourth row, d, = S nm). Compared with that of a single AuNP,
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Figure 11. Results obtained from the FDTD simulations of a single AuNR on SiO, glass in aqueous solutions (n = 1.33—1.43). (a) Linear
relationship between the aspect ratio of an AuNR (D = 10 nm) and the longitudinal peak wavelength. (b) RI sensitivity of the longitudinal peak
wavelength with different aspect ratios. The red star shows the AuNP with a diameter of 10 nm. Calibration curve of (c) longitudinal peak
wavelengths and (d) their sensitivities with varied lengths of D for an AuNR aspect ratio of 3:1.

the strong EM fields of a single AuNR were mainly distributed
on the ends of the nanorods. If two AuNRs were close enough
to interact electromagnetically with each other, their LSPR
peaks shift from the single-NR peak position because of surface
plasmon coupling. Note that T-type coupled AuNRs caused a
red shift of the plasmon band, whereas L-type coupled AuNRs
led to a blue shift. The closer the neighboring AuNRs were, the
stronger the surface plasmon coupling that would be obtained,
which caused a larger LSPR peak shift and an increase in the
fwhm. Hence, through the effective control of the nanoparticle
spacing, the LSPR spectra and peak positions could be
optimized to enhance sensitivity and resolution. This stand-
point was further supported by the experimental results
obtained with different AuNR immobilization methods, as
presented in the next section.

In addition to varying the shape and spacing of the
nanoparticles, we also simulated a single AuNR on SiO,
glass with varied diameters (D) and aspect ratios (L/D), as
shown in Figure 11. As shown in Figure 11a, with D constant
at 10 nm, the calculated longitudinal peak wavelengths were
plotted as a function of the aspect ratio of the AuNR (10—50
nm). The peak wavelength red-shifted linearly as the aspect
ratio of the AuNR increased. The corresponding RI sensitivity
simulation is shown in Figure 11b, revealing that the RI
sensitivity increased linearly with increasing the aspect ratio of
AuNRs. Moreover, the calibrated linear curves of the
longitudinal peak wavelengths and their sensitivities with
varied lengths of D are shown in Figure 11c,d, respectively. In
particular, the aspect ratio was a constant of 3:1. The peak
wavelength red-shifted from 729 to 782 nm, while the
corresponding RI sensitivity slightly decreased when the
width of D increased from 10 to 30 nm. The estimated
abovementioned results agreed well with our experimental
results and also directed parameter (the diameter and aspect

ratio of AuNRs) optimization to enhance the sensitivity and
stability of the LSPR sensors.

B CONCLUSIONS

In summary, an optical fiber-based LSPR biosensor was
fabricated by the self-assembly of CTAB-stabilized AuNRs on a
PS-b-PAA brush-like template and exhibited increased
sensitivity for RI sensing for applications including protein
immunoassays, DNA biosensing, and SERS detection. The
studies presented here illustrated the feasibility of fabricating
our polymer-templated optical fiber sensors with AuNRs
having varied aspect ratios and controlling the LSPR peak
wavelength for biochemical sensing. Both the experimental and
simulation results suggested that the deposition time, particle
aspect ratio, coverage, and interparticle gap all affected the
optical properties of the proposed optical fiber-based LSPR
sensors. In theory, with decreasing the T-type interparticle gap,
the LSPR peak wavelength red-shifted, and the correlative RI
sensitivity increased, while decreasing the L-type interparticle
gap obtained opposite results. The AuNRs with larger aspect
ratios needed long deposition times to obtain better optical
sensing performances while leading to higher RI sensitivity and
a lower LOD for biosensing. The highest sensitivity of the
sensor was 753 nm/RIU, and the detection limit of the
biosensor for human IgG and the free ssDNA of rop B were 0.8
nM and 29 pM, respectively. Furthermore, comparing the
optical performances of other self-assembly methods showed
that the PS-b-PAA brush-like monolayer led to high coverage
and well-dispersed AuNR layers for high sensitivity biosensing.
Comparing with classical methods of fabricating AuNP-based
LSPR sensors showed that the PS-b-PAA brush-like monolayer
self-assembled AuNR fiber LSPR sensors had a tunable
wavelength detection range and great potential for biomolecule
monitoring in on-site applications. Thus, this study furthered
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the development of a simple, efficient, wavelength-adjustable,
and sensitive optical fiber LSPR sensor.
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