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Recent Advances in Surface Modified Gold Nanorods and Their 
Improved Sensing Performance 

Ying Bao* and Ayomide Oluwafemi 

Gold nanorods (AuNRs) have received tremendous attention recently in the fields of sensing and detection applications due 

to their unique characteristics of surface plasmon resonance. Surface modification of the AuNRs is a necessary path to 

effectively utilize their properties for those applications.  In this Article, we have focused both on demonstrating the recent 

advances on methods of surface functionalization of AuNRs as well as their use for improved sensing performance using 

various techniques.  Main surface modification methods discussed include ligand exchange with the assists of thiol-group, 

layer by layer assembly method, and depositing inorganic materials with desired surface and morphology.  Covered 

techniques that can then be used for using those functionalized AuNRs include colourimetric sensing, refractive index 

sensing and surface enhance Raman scatttering sensing. Finally, the outlook on the future development of surface modified 

AuNRs for improved sensing performance is considered.  

Introduction  

Over the past few decades, noble metal nanoparticles have 

shown great promise for their use in many areas such as 

sensing, imaging, catalysis, and biomedicine, due to their 

distinct physical and chemical properties, which cannot be 

found in their bulk counterparts.  This is because in the 

nanoscale region (~100 nm), these metal particles’ electronic, 

optical, and catalytic properties have dramatic changes due to 

their large surface area-to-volume ratio and space confinement 

of the free electrons.1  A key example is that an external light 

illumination can excite the free electrons in these nanoparticles 

to have collective oscillation and when the frequency of the 

external light matches the inherent frequency of the free 

electrons, a localized plasmon resonance (LSPR) will be formed.2  

The LSPR can cause significant enhancement of the 

electromagnetic field at and near the surface of these 

nanoparticles, which is a crucial feature for detection, 

plasmonic enhanced spectroscopy and other applications.  The 

plasmon resonance position can be characterized by using an 

UV-visible spectrophotometer and, when doing so, a plasmon 

band (extinction peak) will be observed with high extinction 

coefficient (up to 1011 M-1 cm-1).3   

Such LSPR frequency is strongly dependent on the type of 

particle material, morphology, and surrounding environment.4-

6 By optimizing the synthesis condition, the LSPR frequency can 

be tuned to the ideal location in the spectral range for the 

requirements of specific applications.  For spherical metal 

nanoparticles, the LSPRs are isotropic which gives poor 

adjustability and are only located in visible range due to the 

symmetric structure.  On the other hand, non-spherical metal 

nanoparticles exhibit anisotropic optical and electronic 

responses.  Among the various anisotropic morphologies of gold 

nanoparticles, gold nanoparticles with an elongated rod shape, 

gold nanorods (AuNRs), have gained the most popularity.  Due 

to their anisotropic structures, AuNRs possess two 

characteristic plasmon bands: a transverse band and a 

longitudinal band.  The transverse band is often located 

between 520-540 nm in the visible region while the longitudinal 

band can be tuned to a wide spectral range, from visible to near-

infrared (NIR) region (over 1000+ nm), by tailoring the aspect 

ratio of the AuNRs -- the ratio between length and width.  As 

shown in Figure 1, with the increased aspect ratio of the AuNRs, 

(Figure 1a) the colour of the solution and the peak of the 

longitudinal band has shifted dramatically (Figure 1b-c).7 This 

optical behaviour responsible for these effects has been well 

understood via Gans theory.8 The high sensitivity of the 

longitudinal band to its morphology and surrounding 

environment allows AuNRs to be excellent candidates for 

applications in refractive index and colorimetric based sensing 

strategies.  

Another principal effect that makes AuNRs great candidates 

for sensing or detection applications is surface enhanced Raman 

scattering (SERS).  At a more basic level, Raman scattering is an 

inelastic scattering of photons by molecules which are excited 

to higher vibrational or rotational energy levels, providing a 

useful molecular fingerprint of materials.9  Unfortunately, the 

Raman signal of molecules is weak which requires a high 

concentration of molecules to obtain a reasonable Raman 

spectrum.  However, if the target molecules are on or near the 

surface of metal nanomaterial, the Raman signal can be 

significantly enhanced by several orders of magnitude due to 

the surface electromagnetic (EM) enhancement effects and this 

phenomenon is known as SERS.10  AuNRs exhibit huge EM 

enhancement under resonated excitation, mainly at the ends of 

the rod, which decays exponentially as the distance from the 

surface increases, and the EM field can be further increased 

using AuNR assemblies or aggregates due to plasmon coupling.  

Furthermore, it is important to note that, due to the tuneable 

band in the NIR region, AuNRs are particularly suited for in-vivo 
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sensing applications because 1) the rate of absorption of NIR 

radiation by the living tissue is very small, thus allowing the 

optimal light penetration; 2) NIR light is less likely to excite 

background fluorescence.  

 

Figure 1: Tuneable optical properties of AuNRs by changing the aspect ratios (AR).7 (A–

C) TEM images of AuNRs with AR of 2.9 (A), 4.0 (B), and 4.6 (C); The solution colour of 

AuNRs with various ARs (D) and their different SPR wavelength (E). Reproduced with 

permission from ref. 7. Copyright 2022, Multidisciplinary Digital Publishing Institute.  

 

Until now, various methods have been developed to 

produce AuNRs with different structures.  Wet chemistry-based 

approaches include seed mediated growth methods, 

electrochemistry methods, and template methods. Synthesis 

and growth mechanisms for AuNRs using various methods have 

been well summarized in recent reviews and will not be 

discussed further here.11-14  With the synthesized AuNRs, 

surface modification becomes a critical step to nearly all 

applications of AuNRs.  Numerous strategies layer by layer 

method,15 ligand exchange,16 silica coating,17 and covalently 

linking,18 etc. have been developed and employed to tune the 

NR surface chemistry with various materials ranging from 

polyelectrolytes, mesoporous silica and thiol molecules to 

protein, bio-functional molecules, other inorganic/organic 

materials, which allow the success on their wider applications 

in sensing, electronics, drug delivery, biological therapy, etc..   

In this article, we highlight on summarizing recent advances 

(since 2012) on the surface functionalization of AuNRs and their 

use in improved sensing performance. 

Surface functionalization of AuNRs for sensing 

As mentioned above, without further effective surface 

functionalization, as-synthesized AuNRs are often not 

particularly useful for most applications, including sensing.  For 

example, the most popular type of AuNRs are synthesized by a 

seed mediated approach in the presence of surfactant, such as 

cetyltrimethylammonium bromide (CTAB), 

cetyltrimethylammonium chloride (CTAC) or benzyldimethyl 

ammonium chloride (BDAC).  CTAB is the most popular 

surfactant and is important to the synthesis of AuNRs because 

it acts not only as a structure directing agent to control the final 

nanorod shape, but also as stabilizer to prevent the as-

synthesized AuNRs from aggregating. However, the CTAB 

surfactant appears to have several disadvantages for 

applications.  First, CTAB is only stable in aqueous solutions with 

a lower pH value. Thus, situations such as high pH, high salt 

content or an organic solvent jeopardizes the stability of CTAB-

coated AuNRs, thus limiting their application. Second, free CTAB 

molecules are cytotoxic to human cells, posing a problem for in 

vitro studies. Finally, the presence of CTAB surfactant can 

interfere with sensing processes by impacting AuNRs selectivity 

and sensitivity. These issues can be addressed via surface 

modification of the AuNRs with proper organic or inorganic 

materials, allowing for enhanced applications.  

In this section, we will focus on summarizing recent progress 

in developing surface modification methods used to improve 

sensing applications for AuNRs.  

2.1 Ligand exchange method 

Since the metal-sulfur bond is known to be an exceptionally 

strong bond compared to other general functional groups, using 

thiol-ended molecule ligands is the most common approach to 

directly replace CTAB on the surface of AuNR through covalent 

attachment.  Thiolated poly(ethylene glycol) molecules (PEG-

thiol molecules) are one of most popular ligands for surface 

modification due to advantages such as high stability in various 

solvents and biocompatibility.19-22  

For sensing applications, replacing the CTAB bilayer with a 

single layered PEGylated ligand will also reduce the steric 

hinderance, which will facilitate the analytes’ interaction with 

the AuNRs for improved sensitivity.23  For example, our group 

has directly mixed PEG-thiol molecules with a solution of CTAB 

coated AuNRs; this procedure is shown in Figure 2a.  With 

sufficient mixture and ligand interaction, the PEG modified 

AuNRs were obtained after several rounds of purification, 

including multiple rounds of centrifugation and removal of the 

supernatant.  Comparing the 1HNMR spectrum of CTAB@AuNRs 

(some results are shown in Figure 2b), it is clear that the 1HNMR 

spectrum of PEG@AuNRs, after the ligand-exchange process, 

shows significant decrease of the CTAB methyl resonance at 

0.85 ppm (red dashed circle), and furthermore the presence of 

PEG long chain resonance at 3.5 ppm is clearly distinguishable. 

The PEG-thiol modified AuNRs were then used for mercury ion 

sensing which showed improved stability, sensitivity and 

selectivity compared to AuNRs that did not have the CTAB 

replaced.24   

The thiolated PEG linkers are relatively large, which leads to 

relatively low surface-binding density.  This gives the possibility 

of functionalizing additional different molecules on the surface 

of the AuNRs which might not be achievable without the 

thiolated PEG linkers contributing stability, resulting in a more 

targeted sensor.25-26  For example, Priyadarshni and others have 

developed a sensor by stepwise chemical conjugation of AuNRs 

with mPEG-SH followed by meso-2,3-dimercaptosuccinic acid 

(DMSA), shown in Figure 2c. PEG, being hydrophilic in nature, 

was used to impart stability to the AuNR sensor in aqueous 

medium. The unbound -SH groups of DMSA were used to bind 

with arsenic species during analysis. Due to the ion-induced 

aggregation of AuNRs through an arsenic complex, such sensors 

can selectively detect both AsIII and AsV ions with a detection 

limit of ~1.0 ppb.26  This strategy is also used to modify AuNRs 
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with biofunctional molecules. Yasun et al. modified AuNRs with 

PEG ligands and a 15-mer thrombin aptamer for protein 

detection.  The PEG ligand was used to stabilize the AuNR while 

the aptamer was used to capture the targeted protein for 

detection.25   

 

Figure 2: (a) Schematic illustration of the ligand-exchange process between PEG-thiol ligands and CTAB ligands on the surface of AuNRs.(b) 1H NMR spectra of (i) 

CTAB@AuNR, (ii) PEG@AuNR.24 (c) Schematic of fabrication of AuNR sensor, GNR-PEG-DMSA and its interaction with arsenic ions (As III/AsV) in water. 25  Reprinted with 

permission from ref. 24, 25. Copyright 2021 and 2012, American Chemical Society. 

When using ligand exchanges to improve AuNRs for 

biosensing applications, various alternatives to binding co-

ligands via CTAB replacement on the nanorod surface include 

attaching thiolated PEG linkers with certain functional groups 

(e.g. carboxyl and amino group) or adding small thiol-

terminated molecules (e.g. 11-mercaptoundecanoic acid 

(MUA), cysteamine) or thioctic acids (e.g. disulfide, Cyclic 

disulfides) to the AuNR surfaces.27  While surface modification 

using these approaches is known to be relatively difficult, 

developing effective strategies for the exchange of CTAB on the 

surface of AuNRs with MUA,28-29 peptidic ligands,30 and others31-

32 has been an area of active research in recent years. 

2.2 Layer-by-layer method 

The layer-by-layer (LbL) method of surface modification is to 

sequentially deposit negative and positive charged 

polyelectrolytes on the charged surface of the AuNRs to 

manipulate their surface properties.  The successful deposition 

of the polyelectrolytes can be confirmed with zeta potential 

(effective surface charge) measurement.33-34 This method can 

improve the stability and biocompatibility of AuNRs, as well as 

sensing performance.  Singamameni group has used the LbL 

method to modify the AuNRs with various charges, which were 

used to effectively adsorb analytes of interests.35-36  For 

example, they used polystyrenesulfonate (PSS) and 

poly(diallyldimethylammonium chloride) (PAH) functionalized 

AuNRs via the LbL method which can then effectively capture 

their opposite charged analytes. The varying responses of the 

Raman spectra due to the diverse chemical functionalizations of 

the AuNRs, were collected, allowing them to not only recognize 

the components of the mixtures but also quantify the mixing 

ratio.35   

Furthermore, these polyelectrolytes can also adsorb 

antibodies, proteins, dyes or other targeted molecules via non-

covalent interaction.37-38 Thus, the final charged surface can 

also be used for subsequent chemistry which opens additional 

routes for sensing applications. For example, polyacrylic acid 

(PAA) coated AuNRs terminate with a carboxylic acid group 

which can be covalently conjugated with amine terminated 

biotin or biomolecules via the 1-ethyl-3-(3-

(dimethylamino)propyl)-carbodiimide (EDC)-mediated coupling 

reaction which can be used for biosensing including 

streptavidin-biotin binding, or antibody-antigen associations.39-

40  

The LbL method can also control the thickness around the 

AuNRs which determines the refractive index of the AuNRs’ 

surrounding environment, and is thus a crucial parameter 

affecting the LSPR response and sensitivity.41-42  Tian and co-

workers investigated the influence of the dimension of AuNRs 

on their distance-dependent LSPR sensitivity and EM decay 

length using the LBL method. PSS and PAH were used to 
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alternatively deposit with the desired number of bilayers to 

control the thickness. From the AFM results of AuNRs with 10 

bilayers deposition, it is clearly shown that the LBL deposition 

results in a linear increase of film thickness as well as a 

conformal deposition which essentially did not change the 

diameter of AuNRs.  The extinction spectra after each bilayer 

deposition reveals a progressive red-shift in the LSPR 

wavelength and a monotonic increase in LSPR intensity due to 

the increase in the refractive index (from air to polymer layer). 

In addition, the incremental LSPR shift decreased with the 

addition of polyelectrolyte layers, indicating that LSPR 

sensitivity of AuNR decreases with the increase in the distance 

from the AuNR surface. For EM decay length, they found that it 

increases linearly with both nanorod length and diameter, 

although to variable degrees. They showed that the LbL method 

is able to precisely control the EM decay length of 

nanostructures, enabling the rational selection of plasmonic 

nanotransducer dimensions for particular biosensing 

applications.42 Urrutia et al. enveloped AuNRs in thin film 

created via the LbL technique for applications in optical fiber 

sensing. The film thickness greatly impacted the plasmonic 

bands’ response and they found that the thicker 

polymer/AuNRs overlays generated a new lossy mode 

resonance (LMR) band which is more sensitive than LSPR 

modes. Under various relative humidities, the LMR band 

showed sensitive displacement while the LSPR modes were 

stable.  Such features allows AuNR/film sensor to have excellent 

sensitivity with the possibility of optimization and opening the 

door to other new sensing applications.41  

2.3. Surface coating method using inorganic materials 

2.3.1 AuNR-silica nanostructures 

This surface coating method refers to depositing inorganic 

materials on the surface of AuNRs.  Mesoporous silica is the 

most commonly used coating material in the sensor field due to 

its biosafety, straightforward synthesis process and ability to 

enhance the stability of AuNRs. The Stöber method43-44, first 

used for synthesizing SiO2 spheres, has been adapted for 

overcoating AuNRs with SiO2, with a relatively simple single step 

method developed to deposit silica on CTAB-capped AuNRs.17  

In this process, a solution of CTAB coated AuNRs dispersed in 

water is first adjusted to pH = 10-11 by NaOH or ammonium 

hydroxide.  A solution of tetraethylorthosilicate (TEOS) in an 

alcohol (methanol or ethanol) is then injected into the AuNR 

solution under gentle stirring.  The CTAB molecules adsorbed on 

the surface of AuNR act as templates for the deposition of the 

hydrolyzed TEOS species onto the AuNRs.  The resulting silica 

shell exhibits a mesostructure with disordered pores around 4 

nm in diameter. The mesostructured nature of silica on the 

surface of AuNR can act as a SERS platform with a built-in sieve 

to limit the size of objects that can reach the AuNR surface.45  In 

a recent study, Haynes and co-workers demonstrated  that 

mesoporous silica coated AuNRs can be used as this type of 

suspension-phase SERS sensing platform with a built-in analyte 

size cutoff.  Their work generally shows that the transport of 

molecules through silica mesopores is highly dependent on the 

size of the molecule, and specifically that mesoporous silica 

coated AuNRs with pores of ~4 nm diameter are able to sense 

analytes with molecular dimensions smaller than 1.5 nm.46  The 

same group also studied how SERS performance is impacted by 

factors including adsorbed molecules, attributes of the silica 

shell, as well as the  solvent media. They found that the SERS 

signal intensities from hydrophobic analytes are enhanced 

when the pore size, hydrophobicity of the shell, and ionic 

strength are increased. The existing silica shell facilitates 

efficient adsorption of the analyte to the gold core and 

enhanced sensitivity to environmental refractive index 

changes.47 

The porosity, thickness, and morphology of the silica shell 

can be finely controlled by varying the synthesis conditions48-52 

which can be used to optimize their desired sensing 

performance.53-54  In a recent study, Boujday and co-workers 

coated AuNRs with a silica shell based on dissociation of TEOS 

hydrolysis and condensation reactions.  Through this strategy, 

they were able to create AuNRs each coated with a thick silica 

shell that had an organized mesoporosity, aligned either in 

parallel or perpendicular to the AuNR surface.  In addition, 

ultrathin and homogeneous silica shells (AuNR@t-SiO2) of 

controllable thickness in the range 2–6 nm were produced when 

using mercaptopropyltrimethoxysilane as a surface primer prior 

to TEOS condensation.53 The three protocols are shown in 

scheme 1. The ultrathin silica shell-coated AuNRs showed a 30% 

higher refractive index sensitivity factor than that of CTAB-

capped AuNRs, indicating a promising potential for the 

development of LSPR biosensors.   

 

Schematic 1: Scheme 1. Pathways Adopted for the Three Protocols Developed to Grow 

a Silica Shell on AuNRs: (A) AuNR@//m-SiO2, (B) AuNR@⊥m-SiO2, and (C) AuNR@t-SiO2.53 

Reprinted with permission from ref. 53. Copyright 2021, American Chemical Society. 

Our group and others also have found that under certain 

experimental conditions, the silica shell grows exclusively or 

mostly on the two tips of the nanorods, leading to 

dumbbell/peanut-shaped coating, which can be either desired 

or undesired, depending on the objective.52, 55-57  From our 

study, we believe that dumbbell-shaped particles are formed 
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because of the energy barrier that TEOS needs to cross to access 

the hydrophobic space located in the middle of the CTAB double 

layer surrounding the AuNRs. This energy barrier is stronger on 

the sides of the AuNRs than on the tips, leading to a favourable 

nucleation of the silica coating around AuNR tips, and varies 

with the composition of the reaction medium (concentration of 

TEOS, CTAB, and ethanol); see Figure 3 a-c. The dumbbell 

shaped particles show significantly higher SERS intensity than 

the fully coated AuNRs, which is understandable since the 

average thickness of the silica shell for dumbbell morphology 

was much smaller.55 Murphy group fabricated similar dumbbell 

structures with mesoporous silica on the tips of AuNRs.  In their 

work, they took advantage of anionic charged mesoporous 

silica, which enabled surface-enhanced Raman scattering (SERS) 

detection of the cationic dye methylene blue at lower 

concentrations than observed when silica coated the entire 

rod.46  

2.3.2 AuNR-metal/metal oxide nanostructures 

Depositing a second metal such as Ag, Pd, or Pt on the surface 

of AuNRs, in addition to silica, for improved sensing applications 

has received much attention.58-59  The seed-mediated growth 

method is often chosen to fabricate a secondary metal shell on 

the surface of pre-grown AuNRs with different morphologies 

due to the ability to control the size, shape and composition of 

the shell. Reaction conditions such as pH, temperature, and 

reducing agent are determining factors on the resulting 

morphology.60-65   

Among those metals, Ag is the most used since its 

nanocrystals exhibit much weaker plasmon damping and 

feature larger light scattering compared to nanocrystals made 

of other metals. With silver deposition, the nanostructure 

potentially gains an additional benefit called a “plasmonic 

focusing” effect, resulting in a stronger reduction of the 

ensemble plasmon linewidth and implying a long plasmon 

lifetime, a large field enhancement, as well as a high sensing 

sensitivity.62  In a recent study, Chen and co-workers prepared 

a Ag shell on Au nanorods by reducing silver ions by ascorbic 

acid in the presence of PVP and CTAB mixture, which then were 

used to detect microRNA141 (miR-141). As illustrated in Figure 

3d, amplification cascades with catalysed hairpin assembly 

(CHA) and hybridization chain reactions (HCR) were triggered in 

response to miR-141 to produce catalytic hemin/G-quadruplex 

HRP-mimicking DNAzymes for the degradation of H2O2 into 

hydroxyl radicals.   

 

Figure 3: TEM images of AuNR@SiO2 obtained at constant TEOS concentration and with (a) 1 mM CTAB and (b) 9 mM CTAB. (c) Shape of the silica coating under various conditions.55 

(d) The illustration of the Principle for Determination of miR-141.66  Reprinted with permission from ref. 55 and 66. Copyright 2019 and 2017, American Chemical Society. 

 

Hydroxyl radicals are one of the strongest oxidants which could 

etch the silver on the surface of the AuNR and result in a notable 

SPR shift which is visibly accompanied by an obvious colour 

change. The detection limit was down to 50 aM, indicating that 

the proposed strategy has ultrahigh sensitivity.66  Wang and co-

workers used cetyltrimethylammonium chloride (CTAC) 

surfactant to control the silver shell formation on the AuNRs, 

resulting in highly uniform shape and size.62 They also provided 

a systematic study on the plasmon resonances of silver coated 



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

AuNRs of varying thickness which is useful for applying this 

material in various plasmon-enhanced spectroscopies.  

Using seed-mediated growth, Wang and co-workers have a 

detailed study on the effect of surface capping agents (CTAC or 

CTAB), ascorbic acid reduction capability, reaction temperature, 

and structure-directing foreign ions, such as Ag+, on the 

formation of Pd nanoshells over the surface of AuNRs with 

finely controlled dimensions and architectures.64  While Pd and 

Pt have been less studied in sensing applications due to their 

broader and weaker LSPR band, it has been reported that Pd or 

Pt coated AuNRs exhibit greater refractive index sensitivity than 

the uncoated AuNRs with similar plasmon wavelengths.67-69   

Coating AuNRs with magnetic metals is another approach to 

produce additional functionality for the sensing process. 70-71   

For example, Zhang et al. demonstrated the synthesis of Fe3O4-

AuNR nanocomposites through a seed-mediated growth 

method and used these nanocomposites as a substrate in the 

SPR biosensor to detect goat IgM. The magnetic property of this 

nanocomposite enabled easy immobilization by an external 

magnet which can be beneficial for biosensors.70 

2.3.3 Surface modification with Graphene 

Graphene is a 2-dimensional carbon allotrope with atomic 

thickness that exhibits unique electrical, optical, mechanical 

and thermal properties.72  Such features allow graphene and its 

derivatives, such as graphene oxide (GO) and reduced graphene 

oxide (rGO), to be widely used in sensors. To enhance the 

performance of sensors, researchers often integrate them with 

other inorganic nanomaterials including metal nanoparticles as 

has been discussed in several high-quality review articles.73-76   
In recent years, surface modification of AuNRs with 

graphene and its derivatives has become popular for improved 

sensing performance, which is most commonly achieved via 

electrostatic assembly strategy.  For example, Hu et al. prepared 

GO-AuNR hybrid composites by the electrostatic assembly 

method.77 In their work, poly (N-vinyl-2-pyrrolidine) (PVP) was 

first introduced into the negative charged GO dispersion, where 

PVP acts as a stabilizing surfactant to increase the stability of GO 

dispersion and protect GO from aggregation with the addition 

of positive CTAB-capped AuNRs. The resulting GO-AuNRs hybrid 

composites show potential as substrates for enhancing Raman 

signals of adsorbed molecules.  Other graphene/AuNRs hybrid 

composites are also commonly prepared via in-situ growing 

AuNRs on the surface of graphene78-80 and chemical vapor 

deposition81 before further applications.  

Techniques for using surface modified AuNRs on 
sensing applications. 

Although surface modification allows the sensing performance 

of AuNRs to be improved, as discussed earlier, the interesting 

LSPR properties of AuNRs are the essential component to allow 

important sensing and detecting applications to be possible.  As 

noted in the introduction section, the LSPR properties vary 

enormously depending on morphology, material composition, 

the surrounding environment, as well as interactions between 

the AuNRs.  Thus, based on the needs of the desired application, 

there are few classes of techniques that have been developed 

for sensing and detection of various analytes such as heavy 

metal ions, toxins, biomolecules, and tumor or cancer 

biomarkers. In this section, we will summarize and discuss the 

recent published work on the specific techniques related with 

using surface modified AuNRs for sensing.  It is worthy to 

mention that although this section describes a good number of 

sensing techniques, there are other sensing techniques using 

surface modified AuNRs which will not be covered in this article 

such as fluorescence-involved sensing,82-83 chirality sensing,84-85 

electrochemical sensing,86-88 etc.. 

3.1.  Colourimetric sensing via shape change and aggregation  

Colourimetric sensing, monitoring the colour change of the 

sensor when they encounter analytes of interest, is a classic 

approach to optical sensing.  Such an approach is popular due 

to its low cost, high accessibility and sensitivity.  AuNR based 

colorimetric sensing mainly relies on either morphology 

changes which can be achieved by either (1) inducing etching or 

growth of nanostructures,89-95 or (2) the aggregation state of 

AuNR based system which can be induced by either reducing 

the stability of nanoparticles through the manipulation of 

electrostatic forces, or by using the crosslinking mechanism (i.e. 

using specific recognition elements) to form bridging between 

AuNRs.  The resulting colour-change behaviour can be 

monitored either by benchtop UV-Vis spectrophotometers or 

potentially even by simply naked eye readout. Table I shows 

some typical examples for colourimetric sensing with surface 

modified AuNRs during the past decade. Additionally, 

Ghourchian and coworkers have recently provided an excellent 

review of the colorimetric sensing using AuNRs.96   

The use of colourimetric sensing systems to detect mercury 

via surface modification of AuNRs can be achieved by either 

strategy (etching/growth or aggregation) or both. For example, 

Zhao and co-workers developed a sensing method by combining 

the etching and aggregation effect.  In their work, AuNRs were 

modified with silver shells whose surface was linked with 

cysteine ligands and the resulting nanostructures were used for 

Hg(II) detection.  The cysteine ligands on the surface interacted 

with Hg(II) at a low concentration (under 60 µM) and induced 

aggregation of silver coated AuNRs, which causes LSPR to 

decrease rapidly.  Whereas when the Hg(II) was at a high 

concentration (greater than 60 µM), the adherent cysteine 

molecules broke away from the surface due to the intense Hg-S 

bond and the bare nanorods were etched under the action of 

Hg(II).97   

Mercury(II) does not interact with AuNRs themselves, but 

reduction to metallic mercury(0) with sodium borohydride 

leads to the formation of a gold-mercury amalgam which 

appears to change the morphology of the AuNRs.24, 98  Our 

group used PEG-thiol-modified AuNRs to detect mercury via 

amalgamation.  In our system, mercury(II) can first form Hg-S 

bonds with thiol ligands, removing them from the surface of 

AuNRs, resulting in bare AuNRs to interact with mercury after 

its reduction.  By adjusting the extent of Hg-S bond formation, 

the total number of PEG-thiol on the surface of AuNRs in the 

sensing system can be controlled, which allows an adjustable 
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peak plasmonic response region and impacts the plasmonic 

responses of the system to the same concentration of 

mercury.24  When sensing for the presence of toxins, 

biomolecules, as well as tumor or cancer biomarkers using 

AuNRs, these are mostly detected based on the aggregation 

approach where the assembly of surface conjugated AuNRs 

occurs via interactions with polymers, antibody–antigen 

reaction, biotin–strepavidin connectors and DNA. Due to the 

anisotropic structure of AuNRs, the ligands’ modification can be 

selective on the surface either on tip or side which will cause 

different types of assembly. For example, Zhang et al. used 

helper DNA to conjugate and block the tip of AuNRs, so then the 

ademosine aptamers were attached to the sides of AuNRs.  As 

shown in Scheme 2, when the helper DNA was introduced with 

certain concentration, it would take priority to occupy both 

ends of AuNRs since the ends have less absorbed CTAB and are 

thus more accessible for DNA to anchor on through the Au-S 

bond. When adenosine aptamers (C1 and C2) were added in 

solution, they were then immobilized at the sides of AuNRs. In 

the presence of adenosine, the C1- and C2- modified AuNRs side 

by side self-assembled to form a sandwich structure by 

specifically capturing the target adenosine, leading to the 

decrease in intensity and blue shift of absorption peak and 

change of the solution’s colour. 99  

 

Scheme 2 Schematic of the colorimetric adenosine assay based on the side-by-

side self-assembly.99 Reprinted with permission from ref. 99. Copyright 2019, 

Springer. 

3.2. Sensing based on refractive index change 

Binding analytes to the surface of AuNRs will change their local 

dielectric environment, which then leads to significant shifts of 

the longitudinal absorption band of AuNRs. This refractive index 

(RI) change-induced LSPR shift has been used widely as a read-

out method for chemical and biomedical sensors.  Due to the 

anisotropic geometry of AuNRs, the electric field associated 

with the surface plasmon resonance is largest at the tip of 

AuNRs and decreases gradually along the sides.  In addition, 

such electrical field enhancement decays exponentially with the 

distance from the surface of AuNRs.42  Thus, for optimal RI 

sensing, the analyte should ideally be placed in close proximity 

to the tip of the AuNRs.  

To facilitate this, surface modification allows improved 

sensitivity and selectivity by functionalizing the surface 

(particularly, in this case, the tips) of the AuNRs with a specific 

functional group that will preconcentrate the target analytes 

and produce an effective adsorption of those analytes on the 

surface of AuNRs.  Although there are some reports on using 

sensing based on RI changes to detect metal ions,100 using RI 

changes for biosensing is much more pervasive.   

Antibodies and aptamers are the most commonly used 

bioreceptors for RI-based biosensors using AuNRs.101-103  Zijlstra 

and coworkers surface modified a single AuNR at the tip of the 

particle with biotin, which can bind to the protein of interest 

and this binding event was detected by monitoring its LSPR due 

to the IR change.104  By combining nanorods with distinct LSPR 

wavelengths, a multiplex AuNR-based sensor can be 

developed.105-106  Tang and co-workers synthesized AuNRs with 

various aspect ratios which were immobilized by antibodies for 

cardiac troponin I and myoglobin to develop a multiplexed GNR 

nanosensor to simultaneously detect both cardiac biomarkers 

at various concentrations.105 Their study shows the first 

demonstration of the multiplex nanorod based biosensor 

application for these two clinically relevant cardiac biomarkers. 

Surface modifying AuNRs with natural biotin for capture of 

target biomolecules is ubiquitous in the applications of disease 

diagnosis, toxicology testing and biotechnology.  However, 

natural antibodies suffer from numerous shortcomings such as 

poor chemical stability, excessive cost and limited shelf-life.  

Surface modifying AuNRs with artificial biotin by molecular 

imprinting for detecting target biomarkers is a way to overcome 

those drawbacks.107-108  Abbas at el. demonstrated a strategy 

for imprinting biomolecule on the surface of AuNRs. First, the 

AuNRs with CTAB surfactant will be adsorbed on a glass 

substrate.  The protein template (the analyte of interest) will be 

immobilized on the surface of AuNRs (particularly on the tip, if 

the concentration is limited) by using a mixture of p-

aminothiophenol (p-ATP) and glutaraldehyde (GA). In aqueous 

solution, p-ATP binds spontaneously to the gold surface with its 

thiol group (priority on the tip of the AuNR due to the 

accessibility).  Then, GA molecules form oligomers of variable 

sizes with a free aldehyde group at each end of the molecules 

(Figure 4a).  As a result, GA plays a role of a crosslinker to bind 

protein templates with p-ATP molecules.  Following the 

immobilization of the template, organo-siloxane monomers 

trimethoxypropylsilane (TMPS) and (3-

aminopropyl)trimethoxysilane (APTMS), which are 

hydrolytically unstable, are copolymerized onto the surface of 

the modified AuNRs (Figure 4b). The subsequent condensation 

of the transient silanol groups yields an aminopropyl-functional 

amorphous polymer and entrapment of the protein templates. 

Finally, the templates are removed by breaking the imine bonds 

of the cross-linker using a mixture of sodium dodecyl sulfate and 

oxalic acid.  The formed cavities could then be used to trap the 

protein of interest.  

The localized plasmonic property of the AuNRs enables 

monitoring, not only of the process during each step, but also 

of direct detection of protein capture and release. Figure 4c 

shows the LSPR wavelength shift following different steps of the 

imprinting process with two types of biomolecules.  The 

accumulated shift due to the imprinting process is ≈16 nm. The 

removal of protein induces a blue-shift (step 5, in the Figure 4 

c). Repeated cycles of protein capture and release show strong 

stability of the imprinted AuNR surface and demonstrate 
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excellent reproducibility for the protein used. Such artificial 

antibody modifications on the surface of AuNRs opens up a 

novel class of plasmonic nanostructures with built-in 

biorecognition capability.107

Table 1: Examples of colourimetric sensing with surface modified AuNRs during the past decade. 

Analyte Surface modification Sensing strategy  Detection limit reference 

Hg2+ Cysteine modified silver coated 

AuNRs 

Cysteine modification causes the aggregation of silver coated 

AuNR s at its low conc. (<60 µM) while silver shell was etched 

away by the action of Hg2+ at its high conc. (>60 µM). 

Low conc. range: 0.273 

µM;  

High conc. range: 1.065 

µM 

97
 

1-[2-(octylamino)ethyl]-3,5-

diphenylpyrazole (PyL) modified 

AuNRs 

PyL has high affinity to Hg2+. In the present Hg2+, PyL 

modified AuNR form end to end assembly induced by Hg2+. 

3 ppt 109
 

Hg0 PEG-thiol modified AuNRs Hg2+ first forms Hg-S bond with thiol ligands and removes 

them from the surface of AuNRs which result in bare AuNRs 

to form amalgamation with Hg0. 

From 20-90 µg/L based 

on various amount of 

PEG-thiol on AuNRs 

surface. 

24
 

Cu2+ AuNR surface adsorbed with 

thiosulfate (S2O3
2-) and ammonia 

(NH3) 

Cu2+ and NH3 form Cu(NH3)4
+ which acts as an oxidant and can 

etch AuNRs under S2O3
2-. Such morphological changes 

decreases the absorbance peak of the AuNR solution. 

1.6 nM 110
 

Al3+ Tannic acid coated AuNR Tannic acid prefers to form complexation and binding to Al3+ 

which induces side to side assembly of AuNRs 

0.09 µM 111
,  

Pb2+ Cysteine modified AuNR In the present Pb2+, cysteine modified AuNRs form side to 

side assembly of AuNRs. 

0.1 nM 112
 

Thiosulfate modified AuNR In the thiosulphate system, the additional Pb2+ leads the 

formation of AuPb2 and AuPb3 alloys on the gold surface 

which results in morphology change of AuNR to nanosphere.  

0.1 μM 

 

113
 

As3+ Dithiothreitol (DDT) modified 

AuNR 

The As(III) ions can bind with three DTT-AuNRs through an 

As-S linkage and induce the aggregation of DTT-AuNRs 

38 nM 114
 

As (III & V) AuNRs modified with 

poly(ethylene glycol) methyl 

ether thiol (mPEG-SH) and meso-

2,3-dimercaptosuccinic acid 

(DMSA). 

When AsIII and AsV ions are added to GNR-PEG-DMSA 

solution, the ions will induce assembly of nanorod particles 

and as a result, the colour solution of AuNRs changes 

markedly from dark bluish purple to almost colourless. 

1 ppb 

 

26
 

Cr6+ Bovine serum albumin (BSA) 

modified AuNR 

Acid-digested Cr6+ can etch BSA coated AuNRs which reduces 

their aspect ratio and can be monitored by UV-Vis； BSA 

modification provides stability and less environmental 

toxicity.  

0.32 μM 115
 

Aflatoxin 

B1 (AFB1) 

AFB1-BSA modified AuNRs Based on antibody-antigen interaction, the modified AuNR, 

the existence of AFB1 molecules prevented aggregation of 

modified AuNRs. 

0.16 ng/mL 

 

116
 

BPO Silver shell deposited Au NR In the presence of BPO, Ag shells are oxidized to Ag+ and 

etched in a way which causes the longitudinal LSPR peak red-

shifting as well as a sharp-contrast multicolour change.  

 90
   

Ochratoxin 

A (OTA) 

Thiol-modified DNA decorated on 

the sides of AuNRs 

In the present OTA, the AuNRs dispersed because of specific 

aptamer–OTA recognition and conformational changes in the 

aptamer.  In the absence of OTA, AuNRs assembled side-by-

side through DNA hybridization.   

0.22 ng mL−1  

 

117
 

Adenosine Helper DNA to occupy the ends of 

AuNR and adenosine aptamers 

attach to the side of AuNR 

Aptamer induced side-by-side assembly. 3.3 pM 99
 

Hepatitis A 

virus Vall7 

polyprotein 

gene (HVA) 

DNA modified AuNRs Due to DNA interaction, the captured DNA will pair with HVA 

which causes assembly of AuNRs.  Using additional helper 

DNA can control the side to side or tip to tip assembly. 

Side-by-side assembly: 

0.05 pM 

 

118
 

 

3.3. Sensing based on SERS 

AuNRs enhance the inelastic light scattering of molecular 

vibrations near metal surfaces, which allow them to be used as 

optical sensors for SERS-based detection. The high EM field 

enhancement observed at the tips of the NRs and at the 

junction of NR assemblies has been used to increase the SERS 

signal enhancement, which in turn boosts the sensitivity of 

SERSs based sensing platforms.  
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Figure 4: Concept and mechanism of plasmonic hot spot-localized imprinting of AuNRs. 

a) Surface chemistry of the molecular imprinting process involving the preferential 

attachment of p-ATP to the ends of the AuNR, followed by glutaraldehyde (GA) 

interaction with the primary amine groups of p-ATP on one side and with the amine 

functions of the protein on the other side. Finally, siloxane monomers are polymerized 

in the presence of the protein templates. The release of the protein results in a polymeric 

recognition cavity (in blue). b) Co-polymerization reaction of the organo-siloxane 

monomers APTMS and TMPS. In aqueous environment, the monomers undergo 

hydrolysis then condensation to yield amorphous siloxane copolymer. c) Shift of the LSPR 

wavelength following the different steps of the imprinting process. Each measurement 

point represents the shift obtained at the end of each step indicated with numbers. Steps 

1 to 4 correspnond to AuNR, AuNR-pATP/GA, AuNR-pATP/GA-protein and AuNR-

pATP/GA-protein-siloxane copolymer, respectively.  Steps 5 to 13 correspond to 4 cycles 

of protein capture and release, resulting in a red-shift or blue-shift, respectively.107 

Reprinted with permission from ref. 107. Copyright 2013, Wiley. 

Surface modification is a commonly used approach to 

enhance the Raman signal. As discussed previously, one 

strategy is to surface functionalize AuNRs with certain surfaces 

that can effectively attract and capture analyte molecules from 

the solution which results in enhanced Raman signals.  Charge 

attractions, antibody-antigen interactions, molecule size 

selection functions created by silica, or the use of metal-organic 

frameworks (MOF) have all been exploited in this regard.119 For 

example, as mentioned above, Singamameni group has used 

the LbL method to modify the AuNRs with negative and positive 

charges on the surface which then can effectively capture their 

opposite charged analytes. Due to the diverse chemical 

functionalizations of AuNRs, the different responses of Raman 

spectra was collected, which allowed them to not only 

recognize the components of mixture but also quantify the 

mixing ratio.35  Osterrieth and others reported the controlled 

encapsulation of AuNRs by Zr-MOF with a specific type of 

topology via a room-temperature MOF assembly. The MOF 

particle size can be controlled via the concentration of AuNRs, 

which can be used for selecting molecule species for diffusion 

inside the particle for AuNR- based SERS detection.119   

Another strategy is to provide many “hot spots” on AuNRs 

via surface modification for large local EM field enhancement, 

which can produce a strong SERS signal.  Various structures such 

as core-shell structure,120-123 core-satellite structure,124-125 or 

bulk assembled substrate126 can be created via surface 

modification for SERS applications.  For example, Khlebtsov et 

al. immobilized Raman reporters between the surface of AuNRs 

and their silver shells.  Their study shows that the molecules in 

the interior between gold and silver showed strong and uniform 

Raman intensity at least an order of magnitude higher than that 

of the molecules on the nanoparticle surface.123 Shang et al. 

presented a SERS-active gold nanostructure with built-in EM 

hotspots formed by densely packed gold nanospheres on a 

AuNR surface.125  As illustrated in Figure 5a, thiolated DNA was 

first conjugated to AuNRs. The Raman reporter (Cy3) labelled 

DNA strand 2 was anchored to the rod surface via hybridization 

with the DNA strand 1. Gold nanospheres were then densely 

synthesized around the AuNRs forming the core-satellite 

structure, which they call a “bumpy nanostructure”.  This 

approach allows for positioning of the Raman reporters (Cy3) 

within the locally enhanced EM field and reduced the possibility 

of detachment or diffusion of the Cy3 as well as signal 

fluctuation.  

 

Figure 5 a) Schematic illustration of the synthesis of SERS active gold nanostructure by 

modifying AuNR with a Raman dye-labelled DNA, and subsequent growth of the small 

gold nanoparticles on the AuNR. b) SERS spectra from the nanorod core and the bumpy 

nanostructure solutions, showing significantly enhanced SERS activity of the bumpy 

nanostructures, compared to the AuNR. The inset images show electromagnetic field 

distribution around a AuNR (i) transverse plasmon, (ii) longitudinal plasmon) and (iii) a 

single bumpy nanostructure obtained using finite difference time domain (FDTD) 

simulations (incident light wavelength = 633nm), confirming the electromagnetic 

hotspots of the plasmonic nanostructures.125 Reprinted with permission from ref. 

125. Copyright 2018, Royal Society of Chemistry. 

Finite-difference-time-domain (FDTD) simulations further 

confirmed the particle-to-particles and particles-to-nanorod 

plasmonic coupling and high-densitity distribution of EM 

hotspots in this case (Figure 5 inserts).  SERS spectra from the 

nanostructure solutions showed significantly enhanced signals 

of Cy3 compared to that of AuNRs (Figure 5b).  The analytical 

enhancement factor was calculated to be 1.56 × 104, 2 orders of 

magnitude higher than that from AuNR solution.125   
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Conclusions and outlook 

Surface modification of AuNRs is a necessary path to effectively 

utilize the properties of AuNRs for sensing applications.  In this 

review, we have focused on demonstrating the recent advances 

on surface functionalization of AuNRs and their use for 

improved sensing performance through various techniques.  

Significant progress has been made during the past decade on 

these topics.  Surface modification methods include ligand 

exchange with the assistance of thiol-group, layer by layer 

assembly method, as well as depositing inorganic materials with 

desired surface and morphology.  With the appropriated 

surface modification, the techniques that can be used for using 

those functionalized AuNRs are also summarized. 

 In the future, we believe that more research efforts should 

be focused on, but not limited to, the following directions: 1) 

Further improve and develop effective approaches on surface 

modification of functional ligand on AuNR, especially 

biomolecule related ligands; 2) Continue to find and refine 

methods to fabricate AuNRs/inorganic material hybrids with 

designed location/geometry and effective surface functions; 3) 

Better design sensing strategy by taking advantage of the 

surface manipulation methods.  All these approaches could 

continue to open up additional opportunities for utilizing the 

special properties of AuNRs for improved sensing in a wide 

variety of applications. In addition, it is worthy to point out that 

the current characterization for surface modification is mostly 

focused on qualitative analysis which is no longer sufficient for 

further technological development. In the near future, the 

surface modification on the AuNRs should be evaluated by 

quantitative characterization protocols as well as possible 

models via theoretical calculations for clearer understanding 

than currently available.  The directly in-situ study on the 

surface modification on the AuNRs could also be an exciting and 

emerging area to accurate analysis the environment of AuNRs 

surface. 
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