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Abstract
Dense arrays of well-dispersed gold nanoparticles (AuNPs) on optical fibers are shown to 

bridge the gap in sensitivity and sensing performance between localized surface plasmon 

resonance (LSPR) and classical SPR sensing. A simple self-assembly method relying on a 

poly(styrene-b-4-vinylpyridine) (PS-b-P4VP) block copolymer brush layer was used to 

immobilize AuNPs of different diameters from 10 to 92 nm on optical fibers. In comparison 

with standard AuNP deposition methods using (3-aminopropyl)trimethoxysilane (APTMS) 

and polyelectrolytes, the sensitivity with the PS-b-P4VP templating method was found to 

be 3-fold better, a consequence of the smaller gap between particles and the presence of 

fewer AuNP aggregates. Hence, the sensitivity of the LSPR sensor for IgG was comparable 

to a classical SPR, also on optical fibers, and about 68% of that for a prism-based 

wavelength-interrogation SPR instrument. The reproducibility and the detection limit of 

the LSPR sensor were about the same as the SPR sensor. The enhanced performance of the 

LSPR sensors using the PS-b-P4VP block copolymer fabrication method paves the way for 
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use of these LSPR biosensors in a smaller and more cost-effective platform.  

Keywords: Localized surface plasmon resonance, Optical fiber, biosensor, gold 

nanoparticle, block copolymer

Sensors based on classical surface plasmon resonance (SPR) and on localized surface 

plasmon resonance (LSPR) with colloidal gold nanoparticles (AuNPs) or nanostructured 

metallic films have been increasingly applied in clinical sensing1. SPR sensing is most 

often performed on larger-scale instruments confined to laboratories. Classical SPR 

instruments can be designed to be portable for clinical applications 2, but LSPR sensing 

holds the promise of simpler instrumentation 3, 4. However, it may be costly and complex 

to fabricate some of the nanostructured substrates necessary for highly sensitive LSPR 

sensing. In order to provide a simple and low-cost alternative to classical SPR and LSPR 

sensors, SPR on optical fibers is an interesting option for sensing biomolecules5-11. LSPR 

sensors based on optical fibers and metallic nanoparticle arrays are thus increasingly used 

in monitoring the refractive index variation in the surrounding medium12-14 and for 

biological sensing15, 16, as shown with biotin-streptavidin17 and antigen-antibody 

interactions18-20. However, despite significant progress in recent years, the performance of 

fiber-optic LSPR sensors remains inferior to classical SPR sensors. 

The properties of plasmonic sensors fabricated with nanoparticle arrays strongly 

depends on the size, shape and charge of the metallic nanoparticles, which all influence the 

strength of the local electric field21. The control of these parameters is important for 

improving sensitivity in the development of new plasmonic sensing technologies22-24. In 

sensor design, AuNPs are usually deposited on a substrate. For this process, there are 

additional factors that need to be considered in the fabrication of the plasmonic substrates. 
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For example, the charge of the adhesion layer on the substrate is essential to the assembly 

process of the nanoparticles25-27. The spacing between nanoparticles has been identified 

early on as one of the main factors influencing the plasmonic properties of arrays28. Control 

of the interparticle spacing of nanoparticle arrays can be achieved among other methods 

by using a polymer additive in the deposition solution, a method that was shown to be 

effective for methotrexate and testosterone sensing with a sensitivity approaching that of 

classical SPR sensors29, 30. 

The fabrication of dense arrays of well-dispersed metallic nanoparticles is crucial for 

the performance of plasmonic sensors based on nanoparticle arrays. The preparation of 

metal nanoparticles-based optical fiber LSPR sensors mainly rely on positively charged 

silane as an electrostatic linking agent to assemble negatively charged nanoparticles31-36. 

This method requires precise control of the immersion temperature and particle assembly 

time leading, oftentimes, to the fabrication of surfaces with low nanoparticle coverage and 

the presence of a large number of aggregates37, 38. A polyelectrolyte assembly method was 

thus proposed to simplify the preparation of the optical fiber LSPR sensors39-41. A trilayer 

polyelectrolyte structure served as a linker for the assembly of nanoparticles, with the 

benefit of greatly reducing the fabrication time compared with the silane method37, 42. The 

sensitivity for polyelectrolyte-based sensors was expected to be improved with the higher 

coverage of nanoparticles. However, this polyelectrolyte method led to the presence of 

aggregates at higher nanoparticle coverage, which is detrimental to the plasmonic 

properties of the LSPR sensor. Specifically, the aggregation of nanoparticles broadens the 

LSPR band and decreases its intensity, strongly affecting the refractive index resolution, 

sensitivity and reproducibility of the LSPR sensors27. 

The use of amphiphilic block copolymers (BCs) is another solution of interest for 
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patterning AuNPs on substrates. Due to block incompatibility, they can self-assemble with 

a range of morphologies in thin films on surfaces43-45. These give rise to uniform arrays of 

nanoscopic surface structures or patterns that can selectively guide the adsorption of high-

density arrays of inorganic nanoparticles46-50, including AuNPs. However, if the substrates 

are dipped in very dilute BC solutions, only a uniform nanothin brush-type BC film is 

formed, where one block adsorbs to the surface as a wetting layer and the other forms a 

brushlike overlayer. (unpublished work) We recently found, using poly(styrene-b-4-

vinylpyridine) (PS-b-P4VP) and silicon substrates, that these films function very well as 

templates, which we term block copolymer brush templates (BCBTs), for fabricating dense 

and well-dispersed citrate-capped AuNP monolayers with little aggregation51. Here, we 

apply this methodology to the fabrication of fiber-optic LSPR sensors for protein detection 

and show that it leads to significant gains in sensitivity and sensor performance. 

Experimental Section

Materials

HAuCl4 3H2O, trisodium citrate, (3-aminopropyl)trimethoxysilane (APTMS), ∙

poly(diallyldimethylammonium chloride) (PDDA, 20 wt% in water, 150 kDa), 

poly(allylamine) (PAH, 10 wt% in water, 65 kDa), poly(4-styrenesulfonic acid) (PSS, 18 

wt% in water, 65 kDa), 11-mercaptoundecanoic acid (11-MUA), ethanol, methanol, 

chloroform, tetrahydrofuran (THF), phosphate buffer (PBS, pH 7.4), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 

and bovine serum albumin (BSA) were purchased from Sigma-Aldrich. PS-b-P4VP 

[Mn(PS) = 41 kg/mol, Mn(P4VP) = 20 kg/mol, Mw/Mn (total) = 1.18] was obtained from 

Polymer Source. Human gamma globulin (IgG) and affinipure goat anti-human IgG (H+L) 

were purchased from Cedarlane Labs (Canada). Ultrapure water was used throughout the 

experiments.
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Preparation of optical fibers

Plastic cladded silica multimode optical fibers (HPOF, HP 400/430-37/730E, YOFC 

Inc., Wuhan, China) were employed in this work. The diameters of the fiber core and with 

cladding were 400 and 430 μm, respectively, and the numerical aperture was 0.37. The 

fiber was cut into 10-cm-long sections and a 5-mm unclad portion was exposed in the 

middle of the fiber as a sensing area. To reduce connection losses, both end faces of the 

fiber were polished using emery paper. The 5-mm unclad portion was then cleaned and 

hydrolyzed with Piranha solution (with a volume ratio of 3:1 of H2SO4:H2O2; Caution! 

Piranha solution is highly corrosive) for 20 min. Following that, the fiber was rinsed with 

ultrapure water. The fibers were then dried in a room temperature vacuum oven for 20 min.

Preparation of AuNP-based sensing films

The Au colloids were synthesized via the seeded growth method52. The AuNPs were 

grown by adjusting both the seed particle concentration and the total amount of gold atoms 

in the solution. After synthesis, Au colloids of different sizes (the particles size were 

determined by UV-vis, as shown in Supporting Information) were centrifuged and 

redistributed in ultrapure water and the pH was adjusted to 5.0.

For the APTMS templating method, clean fibers were first immersed in a 10% solution 

of APTMS in methanol for 2 h at 40℃. The fibers were rinsed with ethanol and ultrapure 

water to remove unbound APTMS, and then dried in the vacuum oven for 20 min. After 

that, the functionalized fibers were dipped into an AuNP suspension (0.5 nM) for 4 h, then 

cleaned with ultrapure water and stored in a vacuum oven before use.
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For the polyelectrolyte templating method, clean fibers were modified with a layer-

by-layer deposition procedure. Three polyelectrolyte solutions were prepared: 0.5% of 

PDDA, 1 mg/mL of PSS and 1 mg/mL of PAH, which were then successively deposited 

for 15 min each and the fibers were rinsed by ultrapure water before and after each step. 

The functionalized fibers were dipped into an AuNP solution for 4 h and stored in the 

vacuum oven before use. 

For the PS-b-P4VP templating method, the cleaned fibers were dipped for 10 min in 

0.05 mg/mL solutions of PS-b-P4VP in THF. The fibers were then washed with THF and 

dipped into an AuNP solution for 4 h. The fibers were rinsed again with ultrapure water 

and placed in the oven for 20 min. They were finally treated with an oxygen plasma for 1 

min at medium power (9 W) in a plasma cleaner (Model PDC-32G from Harrick Plasma) 

to remove the polymer template.

LSPR measurements

The transmission measurements of the plasmon resonances were performed using a 

fiber-coupled spectrophotometer (Ocean Optics, HR4000) with an Ocean optics HL-2000 

light source. The fiber-optic LSPR sensor was mounted inside a fluidic cell. The refractive 

index samples were prepared with an aqueous sucrose solution, and RIs were measured 

with an Abbe refractometer. Spectra were collected from 450 to 850 nm, and data were 

acquired and processed in real time with Labview software (Fig. 1). Prism-based SPR 

measurements were done on a P4SPR from Affinité instruments52. The error bars were 

determined from five identically prepared fiber-optic LSPR sensors, and these sensors were 

obtained from the same batch in order to guarantee the experimental accuracy. The particle 

size were determined with UV-Vis as shown in Supplementary Information.

Page 6 of 29

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7

Numerical simulations

Simulations of extinction spectra were conducted using FDTD Solutions software 

(Lumerical Solutions) to correlate experimental data with predicted properties of the AuNP 

arrays. To perform the calculations, a simplified Kretschmann model23 with gold 

nanoparticle arrays was used. The structure used for the simulations is shown in Figure S1. 

The reflection spectra were simulated at a fixed incident angle of 82o. The model consisted 

of hexagonal arrays of AuNPs on silica glass (RI = 1.46), where the diameter of the 

particles and the gap between particles were varied in accordance with the optical fibers 

experimentally prepared.

Biosensing experiments

The functionalized fiber optics LSPR sensors were immersed in a 10 mM 11-MUA 

ethanol solution for 12 h to create a monolayer with carboxyl groups on the surface of the 

AuNPs exposed to the solution. Then, the sensors were rinsed with ethanol and PBS to 

remove unbound 11-MUA. After that, the sensors were immersed into a solution of 2 mM 

EDC and 4 mM NHS in water with a volume ratio of 1:1 for 15 min to activate the carboxyl 

group of 11-MUA. After activation, the sensors were immersed sequentially in a 100 

g/mL anti-human IgG PBS solution for 1 h and in a 1 mg/mL BSA solution in PBS for 1 

h to suppress nonspecific binding. The sensors were rinsed with PBS before the next step 

and stored in a PBS buffer at 4℃ before use. To detect human IgG with the anti-human 

IgG on the fiber surface, the reflection spectrum was monitored in real time to track the 

changes in resonance wavelength and intensity. Different concentrations of human IgG 

were prepared (6.7 to 666.7 nM) and injected sequentially for 30 min each. The PBS buffer 

was also injected before and after each step. The whole detection process was repeated five 

times on the same batch of the fiber optics LSPR sensors to determine the reproducibility.
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Results and discussion

The fiber optics LSPR sensing system used is simple (Figure 1). Briefly, the AuNP-

coated optical fiber was connected to multimode fibers. The light beam illuminated the 

sensing fiber where it underwent total internal reflection. The evanescent field excited the 

plasmon resonance of the AuNPs. The fabrication process of the LSPR sensors relied on 

the interaction of glass-P4VP-AuNPs (Figure 1). Because of the multiple hydrogen 

bonding sites between P4VP and the glass surface of the optical fiber, the PS-b-P4VP brush 

layer was very stable and uniform. While the deposition of AuNPs was driven by 

electrostatic interactions between the AuNPs and protonated P4VP chains, the aggregation 

of AuNPs appears to be prevented by the presence of the hydrophobic PS blocks. 

(unpublished work) The pH value of the Au colloids was adjusted to 5.0, close to the pKa 

of pyridine groups of P4VP, to favor the electrostatic interactions. In acidic solutions, most 

of the pyridine groups in P4VP were protonated, providing a positive surface charge, 

opposite to the negative charge of the AuNPs. This results in a dense but well-dispersed 

monolayer of AuNPs on the optical fibers.

Refractive index sensitivity of the fiber optics LSPR sensor

Arrays of AuNPs with different diameters were self-assembled on the PS-b-P4VP 

brush layer on the optical fiber. The optical properties of these fibers were measured in 

total internal reflection guided by the optical fiber (Figure 2 - see also the 2D spectra in 

Figure S2). The absorption spectrum for the LSPR sensor with 10-nm AuNPs on the fiber 

optics were measured in water and it revealed an absorption band centered at 553 nm (black 

line in Figure 2(a)), which is moderately redshifted by 33 nm (Table 1) from the UV-visible 

spectrum of the aqueous colloidal suspension (Figure S3) due to the higher refractive index 

of glass compared to water. As the AuNP diameter increased, the plasmon resonance varied 

from 553 to 715 nm, and the difference in plasmon resonance between the AuNPs in 
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colloidal suspension and self-assembled on the optical fiber increased to as much as 155 

nm for the largest AuNPs (Table 1). The full width at half maximum (FWHM) of the 

plasmon resonance for AuNPs self-assembled on the fiber is narrow at nearly 60 nm for 

diameters of 10 to 54 nm, but increases by up to a factor of 2 for larger AuNPs. The 

intensity of the plasmon resonance, measured as the % depth, increases with particle 

diameter up to 54 nm, and slightly decreased for larger diameters. Hence, 54-nm AuNPs 

offered the optimal optical properties on the fibers. 

To investigate refractive index sensitivity of the plasmon resonance for different AuNP 

sizes, the absorption spectra in solution of different sucrose concentrations (causing the 

refractive index to vary from 1.33 to 1.35) were recorded. The refractive index resolution 

for our fiber-based sensor system was measured to be 4.6 x 10-4 RIU. The plasmon 

resonance red-shifted and the intensity increased linearly with refractive index. The 

sensitivity was measured by the plasmon resonance shift and by the intensity change as a 

function of AuNP sizes (Figures 2(b) and 2(c), respectively). The maximum refractive 

index sensitivity was measured at 570%/RIU from the intensity change of the plasmon 

resonance of 42-nm AuNPs (Figure 2(c)). The refractive index sensitivity measured from 

the plasmon resonance wavelength increased from 84 to 1079 nm/RIU with larger AuNP 

diameters. 

Our results present a stark increase in refractive index sensitivity compared to AuNPs 

in suspension. Refractive index sensitivity is usually on the order of 40 to 180 nm/RIU for 

suspensions of spherical AuNPs of 15 nm53 to 100 nm54 in diameter. One could think that 

the effect of adsorbing the metallic nanoparticles on a solid substrate may lead to an 

increase in sensitivity. For example, Ag nanocubes55, 56 and Ag spheres were previously 

found to have a slight decrease in refractive index sensitivity on glass. Au nanodisks on a 
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glass substrate revealed an ambiguous behavior, where the shift magnitude could be 

adjusted with the incident angle in total internal reflection measurements56. However, these 

literature results do not show any stark difference in sensitivity and therefore do not explain 

the high increase in the peak wavelength sensitivity we observed. We therefore investigated 

this behavior with FDTD simulations (see Supporting Information). These simulations 

indicate that hexagonal arrays of AuNPs on glass also exhibited high sensitivity. Hence, 

we conclude that the pseudo-hexagonal ordering of the AuNPs on the PS-b-P4VP 

templated fiber contributes to the enhanced sensitivity of the LSPR sensors reported here. 

FDTD simulations were also performed to estimate the penetration depth of the 

plasmon field with different particle diameters and interparticle gaps. The penetration 

depth at the plasmon resonance wavelength was first modeled as a function of the 

interparticle gap, with AuNPs of 31 nm diameter. The penetration depth exponentially 

decayed with larger gaps, from about 100 nm penetration depth for short gap distances to 

20-30 nm at longer gap distances (Figure 3(a)). These results agree to the ones shown by 

Jain and El-Sayed. Compared with the results in Fig. S4(a), the decreased penetration depth 

lead to a smaller refractive index sensitivity. The penetration depth was also calculated for 

different AuNP diameters with a constant interparticle gap of 60 nm (Figure 3(b)). In this 

case, the penetration depth increased from about 20-30 nm to nearly 200 nm with the 

particle diameter. The longer penetration depth of the larger particles is not far from the 

ones of a flat Au film, which is nearly 230 nm. We also noted that higher refractive index 

sensitivity was obtained with AuNPs of larger diameter (Fig. 4S(b)).”

To evaluate the performance of the AuNP arrays fabricated with the PS-b-P4VP 

template, they were compared with those fabricated by two common templating methods 

(APTMS and PDDA/PSS/PAH). AuNPs with a diameter of 31 nm was used for the 

comparison, since particles of this size have been widely reported for LSPR fiber sensors. 

Figure 4 shows the scanning electron microscopy (SEM) images of the AuNP films made 
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with the three fabrication methods. The distribution of the AuNPs on the PS-b-P4VP 

template was generally dense and well dispersed, but the APTMS and PDDA/PSS/PAH 

methods led to a high fraction of AuNP aggregates and uneven distribution. Clearly, the 

PS-b-P4VP brush layer played an important role in the AuNP self-assembly to drastically 

reduce the aggregation. It also increased the surface coverage of the AuNPs, determined to 

be 18.3  0.3% compared to 12.2  0.4% with the APTMS film and 15.5  0.8% with the 

polyelectrolyte multilayer. The average interparticle spacing of the AuNPs for PS-b-P4VP 

brush layer was calculated with Engineer's Toolbox 

(https://www.engineeringtoolbox.com/circles-within-rectangle-d_1905.html). We 

assumed a pseudo-hexagonal order for all templates, which is a better assumption for the 

PS-b-P4VP film than for the APTMS and polyelectrolyte films where more randomness in 

orientation was observed. It was found out that the interparticle spacing was 75  13 nm 

for the PS-b-P4VP film, lower than 102  21 nm with the APTMS film and 109  19 nm 

with the polyelectrolyte multilayer. Hence, the PS-b-P4VP brush layer facilitated the 

fabrication of denser arrays of closely packed AuNPs.

The sensitivity of the resonance wavelength shift and intensity change was also 

compared for the three AuNP deposition methods on the optical fibers (Figure 4(d)) and 

was found to be significantly better for the PS-b-P4VP templating method. The sensitivity 

measured from the intensity change for the PS-b-P4VP templated AuNPs was 440%/RIU, 

compared to 270%/RIU for APTMS and 290%/RIU for the polyelectrolyte multilayer. The 

difference in resonance wavelength sensitivity is even more striking. The PS-b-P4VP 

templated AuNPs has a sensitivity of 326 nm/RIU, about 3-fold better than APTMS (109 

nm/RIU) and the polyelectrolyte multilayer (112 nm/RIU) methods. These results 

illustrated that aggregation, random orientation and the lower coverage of AuNPs 

decreased the sensitivity to refractive index of both the resonance shift and intensity change, 

more significantly for resonance shift. Hence, we conclude that the gain in sensitivity 
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observed from the AuNPs templated with PS-b-P4VP is from the higher degree of ordering 

and the formation of a denser layer.

The effect of diameter of particles and gap between particles

AuNP geometrical effects using the PS-b-P4VP templating method were further 

investigated with a series of SEM images for different AuNP diameters (Figure 5). The 

factors affecting the particle coverage were the repulsive forces between particles and the 

attraction between the particles and the optical fiber surface37. The AuNPs were well 

dispersed on the fiber surface with little aggregation for all diameters. 

Two characteristic features were assessed in the SEM images: (i) the AuNP coverage 

and (ii) the gap between particles (Figure 6). The coverage was measured as the percentage 

area covered with AuNPs ( ) in an area of 1 x 1 m. Different sizes of AuNPs had 𝑆𝐴𝑢

approximately the same coverage value at 19%, except for the 92-nm AuNPs, which was 

lower in agreement with its lower density. The interparticle gaps (the interparticle gap is 

the distance between the edges of neighboring particles) and periodicities were determined 

assuming hexagonal AuNP arrays, and were found to increase with AuNP diameter from 

28 to 90 nm (Figure 6(b)). In addition, the gap/diameter ratio decreased significantly from 

2.80 to 1.64, 1.42, 1.21, 1.14, 1.01, and 0.98 with increase in particle size from 10 to 92 

nm. In this connection, it was observed that the smaller gap/diameter ratio for larger 

particles exhibited stronger plasmonic coupling, which led to a larger plasmon resonance 

wavelength and higher sensitivity. These results are in good agreement with the simulation 

results provided in the Supporting Information and Figure S4.

IgG biosensing with different sensor constructions
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The optical fiber modified with 31-nm AuNPs using the three deposition methods (PS-

b-P4VP, APTMS and PDDA/PSS/PAH) were employed for protein biosensing with the 

detection of human IgG with anti-human IgG immobilized on the AuNPs. The calibration 

curves for human IgG followed the expected Langmuir isotherm (Figure 7(a)). The AuNPs 

on a PS-b-P4VP template performed better compared with fiber sensors based on APTMS 

and PDDA/PSS/PAH. For example, when the concentration of human IgG was 667 nM, 

the peak wavelength shift of PS-b-P4VP brush layer- based sensor was about 5 times higher 

than that of AuNPs on APTMS and 2 times higher than that of AuNPs on PDDA/PSS/PAH. 

To better illustrate the effectiveness of the PS-b-P4VP brush layer-based sensor, 

calibration curves are shown for a range of low concentrations of human IgG (6.7-66.7 

nM). To quantitatively evaluate the biosensing performance of the LSPR sensor, we 

analyzed the limit of detection (LOD) of human IgG samples. It was calculated from the 

concentration of human IgG sample that resulted in a response of 3 times the noise level 

and defined to be the standard deviation of replicate measurements on 5 blank samples. 

This yielded an LOD of 1.2 nM for the PS-b-P4VP-templated AuNPs. Comparatively, the 

LODs for APTMS and PDDA/PSS/PAH were 37 nM and 3.4 nM, respectively. Similar 

results were obtained from the peak intensity shifts, where the LODs were 6.8 nM, 3.0 nM 

and 1.1 nM for APTMS, PDDA/PSS/PAH and PS-b-P4VP templates, respectively. Overall, 

the peak intensity was more sensitive than the peak wavelength for lower concentration 

biosensing. However, the difference in LOD between intensity and wavelength was very 

small for the PS-b-P4VP brush layer-based sensor. This might be due to the dense and 

unaggregated AuNP arrays on the sensing area, leading to a much more stable and sensitive 

biosensor. The peak wavelength and intensity shifts were then compared with human IgG 

(66.7 nM) for different AuNP diameters (31, 54 and 76 nm) using the PS-b-P4VP template 

(Figure 8(a)). Both peak wavelength and intensity shifts increased with increase in particle 

diameter. In particular, the responses of the 76-nm AuNPs were found to be 2-fold better 
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than the 31-nm AuNPs. 

Finally, we compared the sensitivity of the fiber-optic LSPR sensor to a classical SPR 

sensor. Calibration curves for IgG sensing were constructed for both prism-based and fiber-

based types of sensors (Figure 8(b)). The thickness of the gold film for SPR was 45 nm, 

and the AuNP diameter for LSPR was 76 nm. The change of magnitude in the response to 

667 nM IgG for these sensors were close, as only a small decrease of 17% (prism-based 

SPR) or 32% (fiber-based SPR) was observed in the response magnitude of the LSPR 

sensor. Reproducibility was nearly the same, with relative errors of 5%, 6%, and 7% for 

the prism-based SPR, fiber-based SPR, and LSPR sensors, respectively. The LOD was also 

similar, measured to be 0.3 nM, 0.4 nM, and 0.8 nM for the prism-based SPR, fiber-based 

SPR, and LSPR sensors, respectively. 

Finally, we evaluated the surface coverage for the highest concentration of IgG 

detected and calculated a relative sensitivity with the different templates to prepare the 

LSPR sensors. The sensitivity expressed in SPR shift (in nm) per surface concentration 

unit (in ng/cm2) was used for comparison of the magnitude of the response for a constant 

number of molecules detected. The surface coverage of IgG was lowest at 26 ng/cm2 for 

APTMS, and increased for the PDDA/PSS/PAH sensor (71 ng/cm2), PS-b-P4VP (76 

ng/cm2) and for the flat film (153 ng/cm2). When corrected for the intensity of the SPR 

response, we observed that the APTMS and PDDA/PSS/PAH templates had the same 

sensitivity at 0.020 nm/(ng/cm2) and the PS-b-P4VP and flat films had nearly identical 

sensitivities of 0.036 and 0.038 nm/(ng/cm2), respectively. Hence, the PS-b-P4VP template 

resulted in a similar SPR shift for the same number of molecules as the classical flat gold 

film. The results presented here demonstrate that the use of the PS-b-P4VP brush-layer 

template to deposit AuNPs on optical fibers closes the gap in performance between LSPR 

and SPR sensors. 
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Conclusions

In summary, we demonstrated an optical fiber-based biosensor that exploited the 

increased sensitivity of self-assembled Au colloids on a PS-b-P4VP brush template for 

refractive index sensing and for protein immunoassays. Studies presented in this paper 

illustrated the feasibility of fabricating optical fibers modified with colloidal AuNPs of 

various sizes for chemical and biochemical sensing. By comparing the performances of 

different self-assembly methods, we showed that the PS-b-P4VP brush template 

demonstrated dense and well-dispersed AuNP adsorption and high sensitivity for LSPR 

sensing. Furthermore, the results suggested that the particle size, particle coverage and the 

interparticle gap were important factors affecting the optical properties of fiber-based 

LSPR sensors. The largest nanoparticles showed greater peak wavelength sensitivities; 

however, nanoparticles of intermediate size (42 nm) gave higher peak intensity sensitivities. 

With decreasing interparticle gap, the peak wavelength red-shifted and the wavelength 

sensitivity increased. The sensitivity of the sensor was useful for biosensor applications, 

and the low detection limit of the sensor for human IgG was 1.1 nM. Compared with other 

LSPR sensors, the PS-b-P4VP based fiber sensor showed great potential for biomolecule 

detection in practical applications. Thus, this study is a significant step forward for the 

development of a simple and efficient optical fiber LSPR sensor.

Associated content

Supporting Information Available: The following files are available free of charge.

    File name. FDTD simulations; FDTD model and simulations of the plasmon 

resonance wavelength and sensitivity, UV-vis spectra of AuNPs on optical fibers.
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Table 1 Absorption spectra characteristics of AuNPs of different diameters in aqueous suspension (UV-
vis, Figure S1) and assembled on optical fibers (LSPR, Figure 2a).

AuNP diameter (nm) 10 22 31 42 54 76 92

Resonance wavelength (UV-vis, nm) 520 523 525 529 533 546 560

Resonance wavelength (LSPR, nm) 553 575 586 618 630 682 715

FWHM (LSPR, nm) 54 66 62 59 65 98 124

Resonance depth (LSPR, %) 12 15 25 28 42 40 30
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Figure 1. Schematic diagram of the optical fiber-based LSPR sensor.
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Figure 2. (a) Absorption spectra of AuNPs of different diameters in assembled films on optical fibers. 

The red stars indicate the wavelength of the LSPR peak maximum. Refractive index sensitivity of the 

LSPR peak (b) wavelength and (c) intensity for different particle diameters.
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Figure 3. (a) Simulation results of the penetration depth in relation to the interparticle gap distance (the 
particle diameter was constant at 31 nm). (b) Simulation results of the penetration depth as a function 
of the nanoparticle size. The interparticle gap was constant at 60 nm.
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Figure 4. SEM images of AuNPs (31 nm in diameter) immobilized on optical fibers templated by (a) 

APTMS, (b) PDDA/PSS/PAH and (c) a PS-b-P4VP brush layer. (d) Refractive index sensitivity of the 

LSPR peak wavelength and intensity for the three AuNP deposition methods.
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Figure 5. SEM images and diameter distributions of AuNPs of the average diameters specified in (a) 
to (f), deposited on PS-b-P4VP brush-templated optical fibers. 
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Figure 6. (a) Surface coverage by the AuNPs of different average diameters deposited on PS-b-P4VP 
brush-templated fibers. The red line represents the average coverage for the different particle sizes. (b) 
The average interparticle distances. The surface coverage and interparticle distances were calculated 
from Figure 4.

Figure 7. Calibrations curve of the LSPR peak (a) wavelength and (b) intensity as a function of 

human IgG concentration for three different AuNP deposition templates.
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Figure 8. (a) LSPR peak wavelength and intensity shifts using different AuNP diameters for human 

IgG biosensing. The human IgG concentration was 66.7 nM. (b) Calibration curve for IgG using prism-

based and fiber-based SPR sensors in identical conditions. Here, we used 76-nm AuNPs, which had the 

largest shift in Fig. 7(a), on a fiber-based LSPR sensor for comparison.
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