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a b s t r a c t 

The biosensing performance of plasmonic nanostructures critically depends on detecting changes in the 

local refractive index near the sensor surface, which is referred to as surface sensitivity. For biosensing 

applications at solid-liquid interfaces, recent effort s to boost surface sensitivity have narrowly focused 

on laterally isotropic nanostructures, while there is an outstanding need to explore laterally anisotropic 

nanostructures such as nanorods that have distinct plasmonic properties. Herein, we report the develop- 

ment of plasmonic gold nanorod (AuNR) arrays that exhibit ultrahigh surface sensitivity to detect various 

classes of biomacromolecular interactions with superior biosensing performance. A colloidal deposition 

strategy was devised to fabricate AuNR-coated glass substrates, along with experimental measurements 

and analytical calculations to investigate how nanorod dimensions and local dielectric environment affect 

plasmonic properties. To validate the sensing concept, real-time biosensing experiments involving pro- 

tein adsorption and peptide-induced vesicle rupture were conducted and revealed that rationally tuning 

nanorod dimensions could yield AuNR arrays with the highest reported degree of surface sensitivity com- 

pared to a wide range of plasmonic nanostructures tested in past studies. We discuss plasmonic factors 

that contribute to this ultrahigh surface sensitivity and the measurement capabilities developed in this 

study are broadly extendable to a wide range of biosensing applications. 

© 2021 Published by Elsevier Ltd. 
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. Introduction 

Nanoplasmonic sensors offer unparalleled measurement capa- 

ilities for tracking biomacromolecular interactions at solid-liquid 

nterfaces on account of high measurement sensitivity, simple 

nstrumental requirements, and label-free readout [1–5] . As the 

anoplasmonic sensing field evolves from molecular detection to 

ore advanced biosensing applications [6–11] , there is strong in- 

erest in defining suitable performance metrics to guide sensor 

evelopment based on a fundamental understanding of the plas- 

onic behavior [12–14] . 

When incident light interacts with metallic nanostructures, 

ight extinction caused by absorption and/or scattering can in- 

uce the collective oscillation of conduction-band electrons in the 

etallic nanostructure, which results in a plasmon-enhanced elec- 
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romagnetic field that is tightly confined to the sensor surface 

 1 , 15 , 16 ]. The decay length of this field enhancement effect is

ypically on the order of 5–20 nm [ 17 , 18 ] and biomacromolecu-

ar interaction events, such as adsorption and/or conformational 

hanges, that occur within this probing volume will cause changes 

n the oscillation behavior. For metallic nanoparticles, the corre- 

ponding plasmonic phenomenon is called localized surface plas- 

on resonance (LSPR) whereby light extinction occurs across the 

V–visible wavelength range, with a maximum at a particular 

avelength λmax for each plasmon mode [15] . In LSPR measure- 

ents, if a biomacromolecular interaction occurs near the sensor 

urface, then there will be a change in the local refractive index 

hat is typically reported in terms of �λmax shifts [3] . Accordingly, 

or biosensing applications, it is desirable to design nanoplasmonic 

ensors that elicit larger �λmax shifts for target biomacromolecu- 

ar interactions, which can improve detection sensitivity, selectiv- 

ty, and reliability [19–22] . Possible design strategies include se- 

ecting plasmonic nanostructures with larger field enhancements 

https://doi.org/10.1016/j.apmt.2021.101046
http://www.ScienceDirect.com
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 i.e. , greater change in oscillation behavior) and/or shorter decay 

engths ( i.e. , more occupied probing volume), while it is important 

o rationally tune the nanostructure design based on suitable per- 

ormance criteria [ 9 , 14 , 23–27 ]. 

The main criteria to evaluate nanoplasmonic sensor perfor- 

ance has been the bulk refractive index sensitivity, which de- 

cribes the measurement response to changes in the refractive in- 

ex of the bulk solution above the sensor surface [ 24 , 28 ]. This

valuation approach was adapted from early effort s with conven- 

ional surface plasmon resonance (SPR) biosensors that have ap- 

reciably longer decay lengths [29] while recent findings have 

emonstrated that it is also important to characterize the sur- 

ace sensitivity of nanoplasmonic sensors with shorter decay 

engths [ 17 , 26 , 30 ]. Indeed, surface sensitivity evaluation focuses on

hanges in the local refractive index in close proximity to the sen- 

or surface, which are more representative of biosensing measure- 

ents. Representative surface sensitivity evaluation approaches in- 

lude atomic layer deposition of thin dielectric layers with defined 

hicknesses [ 17 , 31 ] or the adsorption of a well-defined biomacro- 

olecular model system such as a protein monolayer [ 17 , 31 ] or

upported lipid bilayer coating [ 32 , 33 ]. To date, comprehensive 

valuation of bulk and surface sensitivities has been performed 

or various classes of laterally isotropic plasmonic nanostructures 

uch as nanodisks and nanoholes in order to identify the best- 

erforming ones [ 13 , 17 , 26 , 34 ]. However, there is still an outstand-

ng need to systematically investigate the bulk and surface sen- 

itivities of laterally anisotropic nanostructures such as nanorods, 

hich can have far greater field enhancements due to high- 

spect-ratio features [ 22 , 23 , 25 , 34–37 ] and hence could be suitable

or designing high-performance nanoplasmonic sensing platforms 

 27 , 38–40 ]. 

Towards this goal, herein, we report the development of plas- 

onic gold nanorod (AuNR) arrays that exhibit ultrahigh surface 

ensitivity to detect biomacromolecular interactions with supe- 

ior biosensing performance compared to other types of plasmonic 

anostructures used in past studies. We employ transmission- 

ode LSPR sensing because it has simple instrumental require- 

ents, high temporal resolution, and can track the real-time ad- 

orption and conformational changes of biomacromolecules of var- 

ous sizes within the sensing volume [ 33 , 41–43 ]. These mea- 

urement capabilities are particularly advantageous and comple- 

ent other AuNR-based measurement strategies such as surface- 

nhanced Raman scattering (SERS) [ 44 , 45 ], for biointerfacial sci- 

nce applications, especially those involving conformational and/or 

hape changes that relate to the spatial proximity of adsorbed 

iomacromolecules. Moreover, the LSPR-based measurement read- 

ut does not rely on the density of electromagnetic hot spots 

nd the signal response mechanism is therefore essentially in- 

ependent of the orientation, arrangement, and surface coverage 

f AuNRs within the array. The AuNR arrays were fabricated by 

he colloidal deposition of short or long AuNRs on a functional- 

zed glass substrate and initial characterization effort s f ocused on 

ulk refractive index sensitivity measurements of the AuNRs in the 

olution-phase and in the deposited state. The experimental re- 

ults were validated by analytical calculations, which collectively 

rovided insight into how nanorod dimensions and local dielectric 

nvironment affect plasmonic properties. Real-time biosensing ex- 

eriments were also conducted to evaluate the measurement ca- 

abilities of the AuNR arrays within the context of two applica- 

ion examples that demand high surface sensitivity: (1) monitor- 

ng adsorption of bovine serum albumin (BSA) protein molecules, 

hich is a widely studied biomacromolecular interaction event in 

he nanoplasmonic sensing field [46–48] and provided a biosensing 

erformance benchmark; and (2) detecting peptide-induced rup- 

ure of adsorbed liposomes [ 32 , 49 , 50 ], which provided insight into

racking a complex structural transformation process. 
2 
. Materials and methods 

.1. Reagents 

Solution-phase AuNRs were obtained from nanoComposix (San 

iego, CA, USA) and were classified as short (48 nm × 18 nm) or 

ong (55 nm × 15 nm) depending on the nanostructure dimen- 

ions. The AuNRs were supplied in citrate-capped form and dis- 

ersed in deionized water. Sodium dodecyl sulfate (SDS), ethanol 

99%), aminopropyltriethoxysilane (APTES, 99%), and bovine serum 

lbumin (A2153) were purchased from Sigma-Aldrich (St. Louis, 

O, USA). 1,2-dioleoyl- sn –glycero-3-phosphocholine (DOPC) lipids 

ere purchased from Avanti Polar Lipids (Alabaster, AL, USA). The 

H peptide used for vesicle rupture was purchased from Anaspec 

orporation (San Jose, CA, USA). All aqueous solutions and buffers 

ere prepared with Milli-Q-treated water with a minimum resis- 

ivity of 18.2 M �•cm (MilliporeSigma, Burlington, MA, USA). Opti- 

ally polished, UV grade fused silica substrates (Corning code 7980) 

ith 9.5 mm × 9.5 mm × 1 mm dimensions were obtained from 

alley Design Corporation (Shirley, MA, USA). 

.2. UV–vis spectroscopy measurements 

Plasmonic characterization of AuNRs dispersed in aqueous so- 

ution was performed by using a UV–vis spectrophotometer (UV- 

700 Shimadzu, Kyoto, Japan). Solution-phase measurements were 

erformed in absorbance mode across the 30 0–10 0 0 nm wave- 

ength range. 

.3. Bulk refractive index sensitivity measurements of AuNRs in 

olution 

The stock AuNR solution was diluted by half in water/glycerol 

ixtures with increasing glycerol fraction to obtain aqueous AuNR 

ispersions containing 0–35% v/v glycerol in 5% increments. The 

xtinction spectra of the AuNR dispersions were measured us- 

ng the UV–vis spectrophotometer and the longitudinal peak shifts 

ere plotted against the change in refractive index of the solution. 

he gradient of the plot was determined by linear regression anal- 

sis and corresponded to the bulk refractive index sensitivity of the 

olution-phase AuNRs. 

.4. Sensor chip fabrication 

Blank glass substrates were sequentially cleaned with 1% SDS, 

eionized water, and ethanol, followed by drying under a stream of 

itrogen gas. The substrates were then subjected to oxygen plasma 

reatment for 1 min prior to static incubation in a solution of 10% 

v/v) APTES in ethanol for 30 min. Afterwards, the sensors were 

xtensively washed with ethanol and dried under a stream of ni- 

rogen gas. The APTES-coated substrates were then treated in an 

ven at 110 °C for 1 h, before cooling down to room temperature. 

ext, the APTES-coated substrates were incubated in a AuNR solu- 

ion for 3 h after which they were washed with deionized water 

nd finally dried under a stream of nitrogen gas. 

.5. Scanning electron microscopy imaging 

A JEOL JSM-6700 field emission scanning electron microscope 

Jeol, Tokyo, Japan) was used to characterize the surface coverage 

f deposited AuNRs. The AuNR-coated glass substrates were di- 

ectly imaged at an accelerating voltage of 5.0 kV. Based on the im- 

ges, the surface area coverage of deposited AuNRs was computed 

sing the ImageJ software program (National Institutes of Health, 

aryland, USA). 
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Fig. 1. Overview of experimental strategy. Top row: Sensor fabrication involved the colloidal deposition of short and long AuNRs with distinct length (L), diameter (D), 

and aspect ratio (A.R.) values. Photographs of the aqueous AuNR dispersions and AuNR-coated glass substrates along with scanning electron microscopy (SEM) images of 

the AuNR-coated glass substrates. Middle row: Plasmonic characterization of short and long AuNRs in the bulk solution and in the deposited state based on experimental 

measurements and analytical calculations. Bottom row: Schematic illustration of protein adsorption and vesicle-peptide interaction experiments to evaluate real-time mea- 

surement performance of the AuNR-coated glass substrates with respect to surface sensitivity, as well as biosensing performance comparison with other nanoplasmonic 

sensing platforms. 
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.6. Localized surface plasmon resonance (LSPR) measurements 

Transmission-mode LSPR experiments were conducted using an 

nsplorion XNano instrument (Insplorion AB, Gothenburg, Sweden). 

efore experiment, the as-fabricated sensor chips were subjected 

o oxygen plasma treatment for 30 s, before they were loaded 

nto the microfluidic chamber. A Reglo Digital peristaltic pump (Is- 

atec, Glattburg, Switzerland) was used to inject liquid samples 

nto the microfluidic chamber at a flow rate of 100 μL/min. The 

SPR peak wavelength (denoted as λmax ) from the longitudinal 

lasmon mode in the optical extinction spectrum was determined 

y high-order polynomial fitting [51] . The measurement data were 

ollected with a time resolution of 1 Hz, and data analysis was 

erformed using the Insplorer software package (Insplorion AB). 
3 
.7. Bulk refractive index sensitivity measurements of deposited 

uNRs 

The signal response of AuNR-coated glass substrates to differ- 

nt water/glycerol mixtures was measured by the LSPR technique 

s described above. Water/glycerol mixtures containing 0–35% v/v 

lycerol in 5% increments were sequentially injected into the mi- 

rofluidic chamber during which shifts in the peak wavelength 

rom the longitudinal plasmon mode in the optical extinction spec- 

ra were tracked. The longitudinal peak shifts were then plotted 

gainst the change in refractive index of the solution and the gradi- 

nt of the plot was determined by linear regression analysis, which 

orresponded to the bulk refractive index sensitivity of deposited 

uNRs. 



A.R. Ferhan, Y. Hwang, M.S.B. Ibrahim et al. Applied Materials Today 23 (2021) 101046 

Fig. 2. Plasmonic characterization of solution-phase and deposited AuNRs. Optical extinction spectra of (a) short (low aspect ratio) and (b) long (high aspect ratio) AuNRs 

in bulk solution and deposited on a glass substrate. Comparison between experimentally determined and analytically calculated longitudinal λmax positions for (c) short and 

(d) long AuNRs in bulk solution and in the deposited state. All measurements were conducted in water. Error bars represent standard deviation from n = 3 measurements. 

3

3

n

A

w

a  

s

A

a

o

g

p

i

A

h

S

p

i

e

t

p

r

a

w

t

i

t

v

3

t

p

t

m

t

v

F

d

d

t

λ
e

λ
i

m

e

g

l

w

L

[

t

a

f

t

~

l

. Results and discussion 

.1. Nanoplasmonic sensing strategy 

Fig. 1 presents the overall strategy to design and test a 

anoplasmonic sensing platform based on plasmonically-active 

uNR transducers. Two types of AuNRs with distinct aspect ratios 

ere used: (1) low-aspect-ratio AuNRs were classified as “short”

nd had a typical length and diameter of 48 nm and 18 nm, re-

pectively, and an aspect ratio of 2.7; and (2) high-aspect-ratio 

uNRs were classified as “long” and had a typical length and di- 

meter of 55 nm and 15 nm, respectively, and an aspect ratio 

f 3.6. The solution-phase AuNR colloids were deposited onto a 

lass substrate, which had been functionalized with an amino- 

ropyltriethoxysilane (APTES) monolayer, followed by a water rins- 

ng step. Owing to the plasmonic properties of the respective 

uNRs, the glass substrates coated with short and long AuNRs ex- 

ibited uniform blue-greenish and pale purplish tints, respectively. 

canning electron microscopy (SEM) images showed that the de- 

osited AuNRs were well-separated and had a non-periodic, non- 

nteracting arrangement, with a low surface coverage that was 

quivalent to around 7–8% of the total substrate area ( Supplemen- 

ary Fig. 1 ). 

We proceeded to experimentally characterize the plasmonic 

roperties of the AuNR-coated glass substrates based on bulk 

efractive index sensitivity measurements along with theoretical 

nalyses, and also evaluated nanoplasmonic sensing performance 

ith respect to bulk and molecular surface sensitivities. Together, 

hese results helped to establish the high nanoplasmonic sens- 

ng performance of the AuNR-coated glass substrates and to place 

hese performance capabilities within the context of broader de- 

elopments in the nanoplasmonic biosensing field as a whole. 
4 
.2. Plasmonic characterization 

Transmission-mode UV–vis spectroscopy experiments were ini- 

ially conducted to characterize the ensemble-average plasmonic 

roperties of the short and long AuNRs in bulk solution and in 

he deposited state. In all cases, the optical extinction spectra were 

easured and the AuNRs exhibited LSPR behavior, as indicated by 

wo peaks in the extinction spectra that corresponded to the trans- 

erse and longitudinal plasmon modes, respectively ( Figs. 2 a,b ). 

or both AuNRs, there was more intense extinction at the longitu- 

inal peak and the specific λmax position of the longitudinal peak 

epended on the local dielectric environment, i.e. , suspended in 

he solution phase or deposited on the glass substrate. Hence, the 

max position of the longitudinal peak was the main focus of our 

xperimental testing and theoretical analyses. 

Fig. 2 c presents the experimentally determined longitudinal 

max positions for short AuNRs and the peak shifted from ~665 nm 

n bulk solution to ~680 nm in the deposited state. This measure- 

ent result agreed well with the trend predicted by theoretical 

xtinction cross-section calculations, which determined the lon- 

itudinal λmax position by modeling the single AuNR as a pro- 

ate spheroid with spherical cylinder geometry and describing the 

avelength-dependent dielectric function of gold with the Drude- 

orentz model (see Supplementary Information for more details) 

52] . Indeed, the theoretically calculated longitudinal λmax posi- 

ions for short AuNRs were ~683 nm and ~710 nm in bulk solution 

nd in the deposited state, respectively. 

A similar trend in longitudinal λmax positions was also observed 

or long AuNRs ( Fig. 2 d ). The experimentally determined longi- 

udinal λmax position shifted from ~814 nm in bulk solution to 

831 nm in the deposited state. Likewise, the theoretically calcu- 

ated longitudinal λmax positions for long AuNRs were ~780 nm 
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Fig. 3. Bulk refractive index sensitivities of solution-phase and deposited AuNRs. Optical extinction spectra of deposited (a) short and (b) long AuNRs in the presence of 

different water/glycerol mixtures (0–35% v/v glycerol). Experimentally measured bulk refractive index sensitivities of solution-phase and deposited (c) short and (d) long 

AuNRs based on the longitudinal �λmax shift responses in water/glycerol mixtures with different refractive index values. The lines are linear best-fits of the measurement 

data and the reported bulk refractive index sensitivity values are reported from the corresponding slopes. Comparison between experimentally determined and analytically 

calculated bulk refractive index sensitivities of (e) short and (f) long AuNRs in bulk solution and in the deposited state. Data are reported as mean ± standard deviation from 

n = 3 measurements. 
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nd ~820 nm in bulk solution and in the deposited state, re- 

pectively. Together, the experimental data and theoretical analy- 

es support that the longitudinal λmax position of AuNRs is sensi- 

ive to the change in local dielectric environment that is associated 

ith colloidal deposition. Since a large fraction of the AuNR surface 

omes into close contact with the glass substrate, the correspond- 

ng effect on plasmonic properties is appreciable compared to the 

olloidal deposition of other types of nanostructures such as spher- 

cal Au nanoparticles, in which case there is a smaller contact area 

nd accordingly a nearly negligible shift in the λmax position of its 

ingle LSPR extinction peak ( Supplementary Fig. 2 ). 

.3. Bulk sensitivity measurements 

The bulk refractive index sensitivities of the short and long 

uNRs in bulk solution and in the deposited state were also ex- 
5 
erimentally characterized by measuring the corresponding longi- 

udinal �λmax shifts in different water-glycerol mixtures (0–35% 

/v glycerol, in 5% increments) ( Figs. 3 a,b and Fig. S3 ). In general,

he longitudinal �λmax position increased at higher glycerol frac- 

ions, indicating a sensitive response to changes in bulk refractive 

ndex within the tested range. 

For short AuNRs, plots of the �λmax shift as a function of 

he change in bulk refractive index units ( �RIU) showed linear 

rends and the corresponding bulk refractive index sensitivities 

ere 277.5 and 167.3 nm/RIU for short AuNRs in bulk solution and 

n the deposited state, respectively ( Fig. 3 c ). The diminished bulk 

ensitivity of the short AuNRs on the glass substrate likely orig- 

nates from the large degree of contact area with the substrate 

ince the contacting region of the nanostructure is no longer sensi- 

ive to changes in the bulk environment [ 35 , 53 ]. Likewise, for long

uNRs, the plots showed linear responses and the corresponding 
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Fig. 4. Real-time biosensing experiments to evaluate the measurement performance of deposited AuNR arrays with respect to surface sensitivity. (a) Schematic illustration 

of bovine serum albumin (BSA) protein adsorption onto AuNR-coated glass substrates. (b) Time-resolved �λmax shifts and corresponding (c) time-resolved �RIU shifts for 

tracking BSA protein adsorption onto short and long AuNR-coated glass substrates. The baseline signals were recorded in aqueous buffer solution before BSA protein was 

added at t = 5 min. (d) Schematic illustration of DOPC lipid vesicle adsorption onto AuNR-coated glass substrates, followed by AH peptide-induced vesicle rupture. (e) 

Time-resolved �λmax shifts and corresponding (f) time-resolved �RIU shifts for tracking DOPC lipid vesicle adsorption, followed by AH peptide addition to rupture adsorbed 

vesicles on short and long AuNR-coated glass substrates. The baseline signals were recorded in aqueous buffer solution before DOPC lipid vesicles and AH peptide were 

added at t = 10 and t = 25 min, respectively. 
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ulk refractive index sensitivities were 419.5 and 236.6 nm/RIU for 

ong AuNRs in bulk solution and in the deposited state, respec- 

ively ( Fig. 3 d ). The latter value is comparable to the bulk refrac-

ive index sensitivity of ~100-nm diameter Au nanodisks on a glass 

ubstrate. 

The experimental results were confirmed by analytical calcu- 

ations, which agreed well in terms of the absolute bulk refrac- 

ive index sensitivity values and further support that the ~40% de- 

rease in bulk refractive index sensitivity for deposited AuNRs is 

ue to contact with the glass substrate ( Figs. 3 e,f and Supple- 

entary Fig. 4 ; see Supplementary data for more details). Notably, 

he bulk refractive index sensitivities for short and long AuNRs 

ere appreciably higher than the values recorded for suspended 

nd deposited, spherical Au nanoparticles, which were around 68.2 

nd 58.7 nm/RIU, respectively ( Supplementary Fig. 5 ). Collectively, 

hese findings indicate the high bulk refractive index sensitivities 

f the AuNR-coated glass substrates and led us to further investi- 
6 
ate the surface sensitivities in response to biosensing events that 

ccur near the sensor surface. 

.4. Surface sensitivity evaluation 

We conducted a series of liquid-phase biosensing experiments 

ith AuNR-coated glass substrates that were enclosed in a flow- 

hrough microfluidic chamber. In the first experimental set, we 

easured the real-time adsorption of 100 μM bovine serum al- 

umin (BSA) protein onto the AuNR-coated glass substrates, which 

s a widely used biosensing measurement to evaluate surface sen- 

itivity ( Fig. 4 a ). Rapid increases in the �λmax signals indicated 

onotonic adsorption until there was saturation of adsorbed pro- 

ein molecules within a well-packed monolayer [ 46 , 48 ] ( Fig. 4 b ).

he corresponding �λmax shifts at saturation were around 6 and 

6 nm for short and long AuNRs, respectively, which are much 

igher values than typically observed for BSA adsorption onto 
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Fig. 5. Biosensing performance comparison of deposited AuNR arrays with other classes of plasmonic nanostructures reported in the literature. A plot of normalized �RIU 

shift in response to BSA protein adsorption vs . bulk refractive index sensitivity is presented for different nanoplasmonic sensing platforms based on nanorods, nanoparticles, 

complex nanostructures, and nanoholes. Each symbol represents a single type of nanoplasmonic sensing platform and schematic illustrations of the different platforms are 

presented, which are coded by letter and were reported in the following references: a- [54] , b- [55] , c- [56] , d - [57] , e- [31] , f- [58] , g- [59] , h- [60] , i- [61] . 
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ther types of nanoplasmonic sensor surfaces with similar bulk 

ensitivities. To directly compare the measurements results across 

he two AuNR-coated glass substrates, we converted the �λmax 

hifts into corresponding �RIU shifts by taking into account the 

ulk refractive index sensitivity of each sensor surface and the cor- 

esponding �RIU shifts at saturation were around 0.04 and 0.06 

IU for short and long AuNRs, respectively ( Fig. 4 c ). 

We next investigated real-time biosensing capabilities to de- 

ect the transformation of intact, adsorbed vesicles into a sup- 

orted lipid bilayer (SLB) coating upon addition of a membrane- 

upturing, amphipathic α-helical (AH) peptide [32] ( Fig. 4 d ). This 

ulti-step process first involved the adsorption of lipid vesicles 

nto the AuNR-coated glass substrates, which resulted in corre- 

ponding �λmax shifts of around 6 and 18 nm for short and long 

uNRs, respectively ( Fig. 4 e ). The addition of 13 μM AH peptide

o the adsorbed vesicles then triggered vesicle rupture, which re- 

ulted in lipid reorganization and SLB formation that yielded final 

λmax shifts of around 8 and 32 nm for short and long AuNRs, 

espectively. These responses are significantly larger than the re- 

ponses observed due to AH peptide-mediated rupture of adsorbed 

esicles on other nanoplasmonic sensing platforms [32] , which is 

n line with the BSA adsorption results. Further investigation of 

he corresponding �RIU shifts that the long AuNRs had greater 

han two-fold improved sensing performance over the short AuNRs 

 Fig. 4 f ). 

.5. Biosensing performance comparison 

There is extensive interest in defining performance metrics for 

anoplasmonic biosensors and one of the most widely used met- 

ics is the bulk refractive index sensitivity value. In general, a larger 

ulk sensitivity value is considered an indicator of better sens- 

ng performance and is associated with a larger probing volume, 

.e. , the decay length of the LSPR-enhanced electromagnetic field 

s greater. On the other hand, most biosensing measurements de- 

and high surface sensitivity, which corresponds to a large plas- 

onic signal in response to a change in the local refractive in- 

ex near the sensor surface. Surface sensitivity is often associated 

ith a low probing volume and hence it is important to consider 

oth bulk sensitivity and surface sensitivity when evaluating sens- 
7 
ng performance [ 12 , 17 , 30 ]. Furthermore, as mentioned above, a 

ommonly used method to assess surface sensitivity is to measure 

he change in plasmonic signal that is associated with BSA protein 

dsorption onto a sensor surface. 

To contextualize the sensing performance of the AuNR-coated 

lass substrates, we plotted a graph that summarizes the normal- 

zed �RIU shifts for BSA adsorption vs . bulk refractive index sensi- 

ivity for various types of Au nanoplasmonic sensing platforms that 

ave been reported in the scientific literature ( Fig. 5 ). 

For most nanostructures, the �RIU shift for BSA adsorption was 

ess than 0.02 across a wide range of bulk refractive index sensi- 

ivity values ranging from around 50 to 600 nm/RIU. This finding 

einforces that the surface and bulk sensitivities of a sensing plat- 

orm are distinct performance metrics. In fact, a nanodisk platform 

ith a low bulk refractive index sensitivity of 40 nm/RIU yielded a 

elatively high �RIU shift of 0.023 for BSA adsorption [54] . More- 

ver, there were only three nanoplasmonic sensing platforms that 

ielded �RIU shifts of greater than 0.04, including the two AuNR 

rrays in this work and a nanohole array [59] . Notably, the long 

uNR array in this study had the highest surface sensitivity with 

 �RIU shift of 0.0 6 6 for BSA adsorption, which is also an order

f magnitude higher than typical responses from traditional SPR 

 �RIU shifts of ~0.001) [62–64] and nanoparticle-enhanced SPR 

 �RIU shifts of ~0.004) [65] sensing platforms that were operated 

n the attenuated total reflection (ATR) configuration. Such im- 

rovement is likely enabled by the significant electromagnetic field 

nhancement surrounding the edges of high-aspect-ratio nanos- 

ructures. Other key factors contributing to the ultrahigh surface 

ensitivity include the tightly confined field enhancement (short 

ecay length) for AuNRs in the tested size range [66] along with 

he absence of a surfactant layer on the AuNR surface due to the 

xygen plasma pretreatment [67–69] . 

In addition to the physical dimensions of the AuNRs, the re- 

ultant biosensing performance also depends on the dimensions 

f the target biomacromolecules relative to the region of tightly 

onfined field enhancement ( i.e. , effective sensing volume of the 

uNRs) [ 17 , 30 , 70 ]. In this case, a close match between the size of

SA molecules ( i.e. , ~14 nm x 4 nm x 4 nm) [71] and the field de-

ay length ( i.e. , ~5–20 nm) [ 17 , 18 ] suggests that a significant por-

ion of the biomacromolecule is found within the sensing volume. 
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t should also be pointed out that, since the measurements have 

n ensemble-averaged readout, the overall measurement signal is 

ssentially a collective representation of the signals from individ- 

al AuNRs [ 72 , 73 ]. The sensing performance of a single AuNR can

heoretically be improved down to single-molecule detection by 

uning the geometry of the AuNR in relation to the dimensions of 

he target molecule, regardless of the arrangement of the AuNRs 

ithin the array and/or the array dimensions [74–78] . This is a no- 

able potential advantage compared to other modes of plasmonic 

ensing such as SERS [ 44 , 45 ], Fano resonance [79–81] , extraordi- 

ary transmission (EOT) [ 82 , 83 ], and plasmon-coupled whispering 

allery mode (WGM) [84–86] , in which cases an ordered arrange- 

ent of nanoplasmonic transducers is often an essential feature for 

ensing and additional considerations need to be carefully made 

ith respect to the order and periodicity of the nanoplasmonic 

ransducers as well as the array dimensions—all of which influence 

ensing performance. 

. Conclusions 

Growing attention to the importance of surface sensitivity as 

 nanoplasmonic biosensing performance metric has led to the 

xploration of a wide range of nanostructure shapes and sizes 

n order to finetune plasmonic features such as the field decay 

ength. To date, most related efforts have focused on laterally 

sotropic nanostructures ( e.g. , circular nanodisks and nanoholes), 

hile our findings demonstrate the sensing merits of utilizing lat- 

rally anisotropic nanostructures ( e.g. , nanorods). Indeed, the ex- 

erimental results in this work revealed that the high-aspect-ratio 

uNR arrays had superior biosensing performance to detect ad- 

orbed BSA protein molecules as compared to a wide range of 

ther plasmonic nanostructures tested in past studies. These re- 

ults motivate the continued exploration of laterally anisotropic 

anostructures as plasmonic transducers, especially in combination 

ith broadly applicable colloidal deposition strategies (as opposed 

o more complex fabrication techniques) and with due consider- 

tion of how tuning the nanostructure geometry can yield larger 

eld enhancement effects and shorter decay lengths. It is the com- 

ination of these two factors – a large field enhancement and 

hort decay length – that contributes to the high surface sensitiv- 

ty, which is advantageous for biosensing. From a broader perspec- 

ive, our findings also emphasize that surface sensitivity is a criti- 

al performance metric over bulk sensitivity in order to guide the 

esign of high-performance nanoplasmonic sensors for biosensing 

pplications. 
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