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ABSTRACT: The conjugation of gold nanorods (AuNRs) with polyethylene glycol (PEG) is one 

of the most effective ways to reduce their cytotoxicity arising from the cetyltrimethylammonium 

bromide (CTAB) and silver ions used in their synthesis. However, typical PEGylation occurs only 
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at the tips of the AuNRs, producing partially modified AuNRs. To address this issue, we have 

developed a novel, facile, one-step surface functionalization method that involves the use of Tween 

20 to stabilize AuNRs, bis(p-sulfonatophenyl)phenylphosphine (BSPP) to activate the AuNR 

surface for the subsequent PEGylation, and NaCl to etch silver from the AuNRs. This method 

allows for the complete removal of the surface-bound CTAB and the most active surface silver 

from the AuNRs. The produced AuNRs showed far lower toxicity than other methods to PEGylate 

AuNRs, with no apparent toxicity when their concentration is lower than 5 μg/mL. Even at a high 

concentration of 80 μg/mL, their cell viability is still four times higher than that of the tip-modified 

AuNRs. 

1. INTRODUCTION 

Gold nanorods (AuNRs) have received a tremendous amount of interest of late in the fields of 

plasmonics,1-3 molecular sensing,4-6 and hyperthermia-based cancer therapy.7-10 Their anisotropic 

geometry provides them with an exceptional spectral response in the visible and near infrared 

range, which originates from the excitation of transverse and longitudinal modes of the localized 

surface plasmons along the short and long axes, respectively.8 The most common method to 

produce a high yield of AuNRs is the seed-mediated synthesis that involves the use of 

cetyltrimethylammonium bromide (CTAB) and silver nitrate to control over nanorod formation 

and aspect ratio.11-13 The CTAB tightly adsorbs on the gold surface to form a dense surface-

confined cationic bilayer with the trimethylammonium head facing the external environment. This 

makes it difficult to remove CTAB without causing nanorod aggregation. On the other hand, it has 

been shown that, during the AuNR synthesis, silver ions are reduced and deposited on the gold 

surface in the form of atomic silver monolayers or sub-monolayers at a potential much less 

negative than bulk reduction, known as underpotential deposition.14 Recently, Jackson et al. 
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experimentally observed that the silver atoms were located in the outermost ~2 nm surface layer 

of the AuNRs, rather than in the core.15 Under aerobic conditions, the surface silver atoms dissolve 

in aqueous solutions as a form of silver ions.16 This reaction is hindered to a large extent when 

AuNRs are coated with long chain organic molecules.17  

Both CTAB and silver ions in the colloidal AuNR solution pose a threat to many biological 

systems, as they are known to be cytotoxic.9,14,18-23 It has been reported that CTAB can disrupt the 

lipid bilayer of cell membrane forming nanoscale holes within the membrane due to the 

electrostatic adsorption of quaternary ammonium cations onto the membrane, thus increasing its 

permeability.18 There is also an evidence that silver ions interact with cell membranes and lead to 

actin depolymerization in the cytoskeleton connecting tightly with the membrane, ultimately 

causing the cell death.23 Therefore, the ability to completely remove CTAB, prevent silver ion 

leaching and maintain AuNR colloidal stability will be key requirements towards their in vivo 

diagnostic and therapeutic applications. 

So far, considerable effort has been devoted to the development of surface functionalization 

strategies aiming at replacing CTAB with more biocompatible surface ligands, such as thiol-

terminated polyethylene glycol (HS-PEG),20,24-27 alkanethiols,28-32 thiolated CTAB analogues,33 

thiolated glycans34 and phospholipids.35,36 Among these ligands, thiolated PEGs are the most 

widely used molecules as they provide AuNRs with a high degree of anti-fouling ability, colloidal 

stability and biocompatibility in biological media.20,24-27,29 Liao et al. developed a standard 

procedure for AuNR PEGylation via a one-step ligand exchange reaction (referred to as the Liao 

method).27 This reaction can be significantly accelerated in the presence of tris-buffer with pH of 

3.26 The main drawback of this one-step PEGylation method is that only the more weakly bound 

CTAB molecules at the tips are displaced with thiolated PEG, producing partially functionalized 
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AuNRs.37 To achieve higher PEGylation efficiency, Kinnear et al. recently established a two-step 

ligand exchange method that takes advantage of ethanol to desorb the CTAB from the sides of the 

partially modified AuNRs followed by another PEGylation step (referred to as the Kinnear 

method).25 The authors claimed that this method enables the complete functionalization of AuNRs 

with thiolated PEG. However, a small quantity of CTAB was still observed on the AuNRs.25 This 

may still cause cytotoxicity at an elevated AuNR concentration required for high cellular uptake 

of AuNRs.9,19,33 

Despite the above-mentioned advances, there are still several challenges for the surface 

modification of AuNRs with thiolated PEG. Firstly, the existing methods usually suffer from a low 

PEGylation efficiency,26-27 which can limit the effectiveness of the PEG layer as surface coverage 

has been shown to be important for the effectiveness of PEG layers.38 Moreover, they are also quite 

complicated25 or experience serious loss of AuNRs due to the irreversible nanorod aggregation 

during the purification process.27 Therefore, a major goal of the field is to design a simple, reliable, 

robust functionalization procedure to produce colloidally stable and biocompatible (i.e. CTAB 

free) AuNRs. 

2. EXPERIMENTAL SECTION 

    Chemicals and Materials. All chemicals and reagents were purchased from Sigma-Aldrich and 

used as received, unless otherwise stated. Milli-Q water (18.2 MΩ) was used for all experiments. 

    Synthesis of CTAB-capped AuNRs. AuNRs with an average aspect ratio of 3.2 were 

synthesized by the seed-mediated method described by the group of El-Sayed.11 In a typical 

procedure, a seed solution was prepared by adding an ice-cold NaBH4 solution (0.6 mL, 0.01 M) 

into a mixture of CTAB solution (5 mL, 0.20 M) and HAuCl4 (5 mL, 0.5 mM). The mixture was 

then vigorously stirred for 2 min, followed by an incubation at 30 °C for 2 h. A growth solution 
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(~60 mL) was made by successively adding 1.5 mL of AgNO3 (4 mM), 30 mL of 1 mM of HAuCl4, 

and 0.42 mL of 78.8 mM ascorbic acid into a 30 mL of 0.2 M CTAB solution. The color of the 

growth solution changed from yellow brown to colorless immediately. Subsequently, the seed 

solution (72 µL) was added to the growth solution and incubated at 30 °C overnight. The AuNRs 

were then purified by three centrifugation cycles (14800 rpm, 30 min, Sigma 1-14 Microfuge) to 

remove excess CTAB and unreacted products. After the final step of purification, the AuNRs were 

redispersed in ultrapure water. 

   Preparation of PEGylated AuNRs.  In a typical procedure, AuNR PEGylation was conducted 

by successive addition of 5 µL of 2 vol% Tween 20 aqueous solution, 5 µL of 0.1 M bis(p-

sulfonatophenyl)phenylphosphine dihydrate dipotassium salt (BSPP), 12.6 µL of 1.6 mM thiol-

terminal polyethylene glycol (HS-PEG, MW ≈ 2000 g/mol, [HS-PEG]/[AuNR] = 1.24 × 105), 50 

µL of 2 M NaCl and 30 µL of water into a 100 µL of concentrated AuNR solution with an optical 

density (OD) of 9. The mixture was placed in a ThermoMixer C (Eppendorf) and incubated at 

room temperature for 24 h (mixing frequency: 900 rpm). The PEGylated AuNRs were purified by 

centrifugation (14800 rpm, 30 min) and redispersed ultrapure water.  

For comparison, AuNRs were also PEGylated by the methods developed by Liao et al. (Liao 

method)27 and Kinnear et al. (Kinnear method).25 

Liao method: 12.6 µL of 1.6 mM HS-PEG and 90 µL of water were added into a 100 µL of 

concentrated AuNR solution (OD = 9), followed by an incubation for 24 h (mixing frequency: 900 

rpm). The PEGylated AuNRs were purified by centrifugation (14800 rpm, 30 min) and redispersed 

ultrapure water. 
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Kinnear method: 12.6 µL of 1.6 mM HS-PEG and 90 µL of water were added into a 100 µL of 

concentrated AuNRs solution (OD = 9), followed by an incubation for 24 h (mixing frequency: 

900 rpm). The PEGylated AuNRs were washed with water for 3 times by centrifugation (14800 

rpm, 30 min) and redispersed in 1 mL of ethanol (90 vol% ethanol in water). After that, a 12.6 µL 

of ethanolic solution of HS-PEG (1.6 mM in 90 vol% ethanol in water) was added, followed by an 

incubation for 24 h (mixing frequency: 900 rpm). The PEGylated AuNRs were purified by 

centrifugation (14800 rpm, 30 min) and redispersed ultrapure water. 

   Fabrication of Positively Charged Silicon Substrate. In a typical procedure, silicon substrates 

(purchased from UniversityWafers) were cleaned with Piranha solution for 30 min, washed with 

water three times and then dried under a stream of argon. The substrates were subsequently 

exposed to a mixture of 4 µL of (3-aminopropyl)triethoxysilane  (APTES), 190 µL of ethanol and 

6 µL of water for 1 h, washed with ethanol three times and then dried under a stream of argon. 

After that, the substrates were baked at 110 ̊C for 10 min. 

   Electrostatic Immobilization of AuNRs onto APTES-Modified Silicon Substrates. The 

electrostatic assembly of PEGylated AuNRs onto APTES-modified silicon substrates was 

performed in a petri dish where droplets of water were placed to maintain a constant humidity 

during the AuNR immobilization. 20 µL of completely PEGylated AuNR (OD = 9) solution was 

placed onto a positively charged substrate (i.e. APTES modified substrate) and left to incubate for 

4 h. The substrate was thereafter dipped in and out three times in water to remove non-specific 

adsorbed AuNRs and dried under a stream of argon. 
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   Cell culture. Human cervical cancer cells line (HeLa cells) were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM, Life Technologies, 11885-084) supplemented with 10 vol% 

fetal bovine serum, 50 U/mL penicillin, and 50 mg/mL streptomycin.  

   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cell toxicity 

was measured using the standard MTT assay. Note that the PEGylated AuNRs were purified by 

three centrifugation cycles after the surface functionalization with PEG (The AuNR solutions were 

diluted by 10 times after each centrifugation cycle). The free CTAB concentrations of the resulted 

AuNR solutions are estimated to be ~1 µM for all the samples. The cytotoxicity of the PEGylated 

AuNRs was analyzed by using a HeLa cells line. The cells were seeded in 96-well flat bottom 

plates at a concentration of 3000 cells per well and were incubated for 24 h at 37 oC (constant 

temperature and humidity, 5% CO2). Then, the PEGylated AuNRs with concentrations ranging 

from 1.25 to 80 µg/mL were added into the plate wells. All these AuNR solutions were diluted 

from a DMEM solution containing 80 µg/mL of the PEGylated AuNRs and ~0.2 µM of free CTAB. 

The cells were further incubated for 24 h at 37 oC. Cell viability was determined by the addition 

of MTT (30 µL, 5 mg/mL in sterile phosphate buffered saline). The plates were further incubated 

for 4 h at 37 oC, allowing viable cells to convert the pale yellow MTT to an insoluble purple 

formazan. Then the medium was carefully removed and a 100 µL of dimethyl sulfoxide (DMSO) 

was added to dissolve the insoluble formazan reduced from MTT by living cells. The absorbance 

of the colored medium was measured at 550 nm by using a scanning multiwell spectrophotometer 

(FLUOstar Omega, BMG LABTECH). The viability of HeLa cells was also recorded by the 

morphological criteria using optical microscope. After treatment with PEGylated AuNRs for 4 h, 

the cell morphology was observed by bright-field microscopy (Leica DM IL LED inverted phase 

contrast microscope). The magnification was set at 200× for all samples. 
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   Characterization. UV-Vis absorption spectra were obtained with a Shimadzu UV-2401PC UV-

VIS spectrophotometer at room temperature. The concentration of AuNRs solution was 

determined by UV-VIS spectroscopy based on the experimental extinction coefficients previously 

reported.12 Raman spectra were collected on a RamanMicro 300 Raman Microscope 

(Perkinelmer). For all Raman measurements, the samples were exposed to a near infrared diode 

laser (λex = 785 nm, Pex = 80 mW) for 4 s, and the Raman signals were collected from 5 scans. 

During the measurements, the laser beam was positioned through an Olympus imaging microscope 

objective lens (100×). For the Raman sample preparation, AuNRs was drop-cast onto a gold-coated 

silicon substrate (thickness of gold film: 30 nm) and then dried in air. All Raman spectra were 

taken from the “coffee-ring” area (see Figure S1, Supporting Information). Elemental analyses 

were conducted using X-ray photoelectron spectroscopy (XPS). A Kratos Axis ULTRA XPS 

incorporating 165 mm hemispherical electron energy was used. The incident radiation was 

monochromatic A1 X-rays (1486.6 eV) at 225 W (15 kV, 15 ma). Survey (wide) scans were taken 

at an analyzer pass energy of 160 eV and multiplex (narrow) higher resolution scans at 20 eV. 

Survey scans were carried out over 1200 eV binding energy with 1.0 eV steps and a dwell time of 

100 ms. Binding energy were calibrated with C1s peak at 285.0 eV to compensate for surface 

charging effect. Component fitting of the high-resolution spectra was performed using Avantage 

software. Silicon substrates were use as supporting substrates for the XPS measurements. All XPS 

spectra were taken from the “coffee-ring” area, as presented in Figure S1. For the Raman and XPS 

measurements, the PEGylated AuNRs were purified by eight centrifugation cycles after the surface 

functionalization with PEG (Note: The AuNR solutions were diluted by ~20 times after each 

centrifugation cycle). The Ag/Au elemental ratios of the samples were determined by means of 

inductively coupled plasma mass spectrometry (ICP-MS) (Perkin Elmer, NexION 300D with 
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Universal cell technology). A 100 µL of concentrated AuNR solution (OD = 9) were diluted to 

500 µL using 2 vol% HNO3. An aliquot of 200 µL of the diluted solution was further diluted to 

500 µL with 2 vol% aqua regia, then analyzed by ICP-MS for Au content. Ag content was analyzed 

in a similar way except treating with 2 vol% HNO3. Scanning electron microscopy (SEM) images 

of the AuNRs were taken using a FEI NOVA 230 operating at 5 kV (Figure S2, Supporting 

Information). 

3. RESULTS AND DISCUSSION 

The purpose of this paper is to report a facile one-step AuNR PEGylation method that allows for 

the complete removal of surface-confined CTAB (Scheme 1). Experimentally, CTAB-capped 

AuNRs were synthesized through the seed-mediated method developed by the group of El-

Sayed.11 The as-synthesized AuNRs are 48.7 ± 4.1 nm in length and 15.3 ± 1.4 nm in width (Figure 

S2, Supporting Information). To effectively exchange the surface-confined CTAB with thiolated 

PEG, the concentration of free CTAB in the AuNR solution was lowered to a point (~1 mM) where 

the AuNRs are still colloidally stable and the surface ligand exchange is favorable. A further 

decrease of free CTAB concentration results in the irreversible aggregation of the AuNRs (Figure 

S3, Supporting Information). 

Once the AuNRs were formed, the AuNR PEGylation was conducted with the successive addition 

of Tween 20, bis(p-sulfonatophenyl)phenylphosphine (BSPP), monothiol-PEG (HS-PEG, Mw ≈ 

2000 g/mol), and NaCl into the CTAB-capped AuNR solution, followed by an incubation at room 

temperature for 24 h (Scheme 1a). This method takes advantage of Tween 20 to stabilize AuNRs 

(step 1, scheme 1b), BSPP to activate the AuNR surface (step 2, scheme 1b) and NaCl to etch 

silver on the AuNR surface (step 4, scheme 1b). Tween 20, a nonionic and biocompatible 

surfactant, has been widely used as a stabilizer for the surface modification of gold nanoparticles 
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(AuNPs),39 and halogens are known to etch silver NPs.40 The reason for choosing BSPP as a 

surface activation agent is that (1) it is relatively small compared with the PEG molecule and can 

more easily penetrate through the CTAB bilayer to the AuNR surface, to which it readily 

chemisorbs; (2) it carries two charges that electrostatically stabilize AuNRs during the surface 

activation; and (3) the strength of gold-phosphine bond (13-20 kcal/mol)41 is in-between those of 

gold-nitrogen (8 kcal/mol)42 and gold-sulfur (40-50 kcal/mol) bonds, thus allowing it to displace 

the CTAB but itself be displaced by the HS-PEG.43 

 

Scheme 1. a) A schematic representation of the one-step surface functionalization of AuNRs with 

thiolated PEG: the PEGylation was conducted by successively adding surfactant Tween 20, bis(p-

sulfonatophenyl)phenylphosphine dihydrate dipotassium (BSPP), HS-PEG and NaCl into a 

CTAB-capped AuNR solution, followed by an incubation at room temperature for 24 h, b) the 

proposed surface modification mechanism, and c) chemical structures of surface-active 

compounds. The components are not shown to scale 
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To gain further insight into the AuNR PEGylation mechanism, we modified AuNRs with HS-PEG 

following the procedure illustrated in Scheme 1a and compared them by leaving out some key 

components, such as Tween 20, BSPP and NaCl. The AuNRs PEGylated by our method show an 

increased colloidal stability against a concentrated saline buffer solution and multiple rounds of 

centrifugation compared with CTAB-capped ones. They are extremely stable in a solution 

containing 0.5 M NaCl and 20 mM phosphate buffer (pH, 7.5) while the CTAB-capped ones 

completely precipitated in the same medium within 1 h (Figure S3, Supporting Information). 

Without Tween 20, the PEGylated AuNRs tend to stick on the wall of centrifuge tubes during the 

purification process, resulting in a serious loss of AuNRs (Figure S3). Subjected to three 

centrifugation cycles, the loss of AuNR was 0.8% for our method, while it was 60% for the Liao 

method (no Tween 20). 

 

Figure 1. Raman spectra of PEGylated AuNRs prepared under conditions of Tween 20, BSPP, HS-

PEG and NaCl (our method, black curve), Tween 20, BSPP and HS-PEG (blue curve), Tween 20, 

HS-PEG and NaCl (red curve) and HS-PEG (the Liao method, green curve). For comparison, the 

Raman spectrum of CTAB-capped AuNRs (violet curve) is provided as a reference.   
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Figure 1 shows the Raman spectra of the AuNRs before and after surface modification. All Raman 

spectra were taken from the “coffee-ring” area, where AuNRs are closely packed, to ensure 

sensitive and precise surface-plasmon enhanced Raman detection of the surface bound molecules 

(Figure S1, Supporting Information). As shown in Figure 1, there is only one Raman peak in the 

range of 100-400 cm-1 for the AuNRs prior to (i.e., CTAB-capped AuNRs, violet curve) and after 

the PEGylation by our method (black spectrum). The Raman peak at 182 cm-1 is assigned to the 

Au-Br bond, while the one at 250 cm-1 is ascribed to the Au-S bond.26-27 It has been suggested that 

CTAB adsorbed on the AuNR surface via a Au-Br-N bridge.44 Upon the PEGylation, the Au-Br 

peak completely vanishes, suggesting that CTAB has been completely displaced by the PEG 

molecules. However, both of Au-Br and Au-S peaks are observed for the AuNRs PEGylated by 

the Liao method (green curve) and our method in the absence of NaCl (blue curve) or BSPP (red 

curve). It is worthwhile to mention that Liao et al. observed only Au-S peak rather than Au-Br and 

Au-S peaks in their Raman experiments.27 This is because their spectrum was taken from isolated 

AuNRs27 rather than from coupled AuNRs as we did here. For isolated AuNRs, the Raman hot 

spots locate at the tips of the AuNRs and only the molecules at the tips can be excited, while for 

coupled AuNRs (coffee ring area), as shown in Figure S1 in the Supporting Information, the 

Raman hot spots locate at the gaps between two adjacent AuNRs45-47 and the molecules at both 

tips and sides of the nanorods can be excited. For the AuNRs PEGyalted by the Liao method, the 

observation of only Au-S peak from isolated nanorods and both Au-Br and Au-S peaks from the 

coupled ones further confirms that the Liao method produce only tip-modified AuNRs. A similar 

observation to the Liao method is made for the PEGylated AuNRs prepared using the Kinnear 

method (Figure S4, Supporting Information). In Kinnear’s work, the presence of CTAB and HS-

PEG on the AuNR surface were revealed by nuclear magnetic resonance spectroscopy.25 When 
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BSPP is used for the AuNR PEGylation, several new Raman peaks at e.g., 998, 1026 and 1089 

cm-1 are observed (black and blue curves). These peaks stem from the vibration bands of phenyl 

ring of BSPP adsorbed on the AuNR surface,48 suggesting that BSPP molecules penetrate through 

the CTAB bilayer and partially replace them (step 2, scheme 1b). The Raman signals of BSPP 

become stronger for the AuNRs PEGylated in the presence of NaCl (black curve) compared with 

in the absence of NaCl (blue curve), showing that NaCl facilitates the adsorption of BSPP onto the 

AuNRs and the removal of the CTAB. 

 

Figure 2. High-resolution a) N1s, b) Br3d, c) C1s, and d) Ag3d XPS spectra of PEGylated AuNRs 

synthesized under conditions of Tween 20, BSPP, HS-PEG and NaCl (our method; black curve), 

(ICP-MS)
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Tween 20, BSPP and HS-PEG (blue curve), Tween 20, HS-PEG and NaCl (red curve), and HS-

PEG (Liao method; green curve). For comparison, N1s, Br3d, C1s, and Ag3d spectra of CTAB-

capped AuNRs (violet curves) are provided as references. The atomic percentage of N, Br, C and 

Ag obtained from XPS survey spectra (Figure S5, Supporting Information) are listed in the 

corresponding panels. The Ag/Au ratio obtained from ICP-MS measurements are also listed in 

panel d. 

 

Figure 2 shows high-resolution N1s, Br3d, C1s and Ag3d XPS spectra of the PEGylated AuNRs. 

In Figure 2a and b, both N1s (402.6 eV) and Br3d (68.6 and 69.6 eV) peaks are absent for the 

AuNRs PEGylated by our method (black curve) but if no NaCl (blue curve) or BSPP (red curve) 

is used, or in the case of the Liao method (green curve) they are observed. This reveals that our 

method is capable of completely removing CTAB molecules from the AuNRs. The PEGylation 

efficiency (defined as η = (C0-C)/C0 × 100%, where C0 is the amount of CTAB bound to the 

original AuNRs and C is the amount of CTAB remaining on the AuNRs after PEGylation as 

determined using the nitrogen contents obtained from the XPS measurements derived from the 

CTAB) is calculated to be 52% (the Liao method), 46% (without BSPP), 67% (without NaCl) and 

100% (our method) (see Supporting Information for calculation details). The higher PEGylation 

efficiency for AuNRs modified in the presence of BSPP further confirms that BSPP serves as a 

surface activation agent for the AuNR PEGylation, which is in good agreement with the Raman 

results shown in Figure 1.  

High-resolution C1s spectra (Figure 2c) show two peaks at 285.0 and 286.5 eV that are assigned 

to C-C and C-O bonds for all samples. The C-O peak observed in the CTAB-capped AuNRs (violet 

curve) might arise from adventitious carbon contaminants while the C-C peak is derived mainly 
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from the alkyl chain of CTAB. A new C1s peak at 288.5 eV is observed from the AuNRs 

PEGylated in the presence of Tween 20 (black, blue and red curves). This peak is ascribed to the 

ester group in the surfactant Tween 20, providing evidence that Tween 20 adsorbs onto the AuNRs. 

This also suggests that the C-C component for the AuNRs PEGylated by our method (black curve) 

predominantly comes from the long alkyl chain of Tween 20 rather than CTAB, as no CTAB signal 

(N1s) is observed in Figure 2a. Compared with CTAB-capped AuNRs, the increase of C-O/C-C 

ratio following HS-PEG loading is indicative of the presence of (-CH2-CH2-O-)n repeating unit of 

PEG molecules49 on the AuNRs. 

As shown in Figure 2d, two Ag3d peaks (367.6 and 373.6 eV) are observed for all samples. The 

Ag content decreases significantly from CTAB-capped AuNRs (violet curve), to AuNRs prepared 

by the Liao method (green curve) and again to AuNRs PEGylated by our method (black curve). It 

has been reported that BSPP and NaCl can etch silver forming BSPP-Ag+ complex50-52 and 

AgCl,51,53 respectively. The silver etching reaction with BSPP is competitive with the AuNR 

surface activation reaction illustrated in scheme 1b (step 2). The use of NaCl for silver etching 

promotes the AuNR surface activation, which explains the higher PEGylation efficiency in the 

presence of both BSPP and NaCl. Inductively coupled plasma mass spectrometry (ICP-MS) 

measurements show that ~25% of silver was removed from the AuNRs by our method. Further 

exposure of these AuNRs to an air-equilibrated water for two weeks, the Ag/Au ratio of the AuNRs 

(1.059%) remains almost unchanged, revealing that the most active silver atoms on the AuNR 

surface were removed during the PEGylation process. It is worth noting that the surface 

functionalization method developed here can also be extended to other surface ligands, such as 

thiol-PEG-carboxyl (Figure S6, Supporting Information). The direct exposure of positively 

charged CTAB-capped AuNRs to these negatively charged surface ligands involves a change of 



 16 

surface charge from positive to negative. This results in the irreversible aggregation of AuNRs 

(Figure S6).  

 

Figure 3. Cell viability: a) Dose-dependent cell viability of HeLa cells determined by the MTT 

assay after exposure to AuNRs for 24 h and optical images of HeLa cells treated with b) DMEM 

(control), c) 80 µg/mL of AuNRs PEGylated by our method and d) 80 µg/mL of AuNRs PEGylated 

by Liao method (incubation time: 4 hours). The AuNRs 

 

As AuNRs have emerged as a new type of nanostructure for diagnostic and therapeutic 

applications,54,55 it is important to understand their potential risks to human health. Hence the in 

vitro cytotoxicity of the PEGylated AuNRs on HeLa cells (human cervical carcinoma cell line) 

using MTT-based colorimetric assay was examined. HeLa cells were chosen in our research as 

they are sensitive to CTAB.18 The cytotoxicity of the CTAB-capped AuNRs is not shown here 
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because these AuNRs completely precipitated in the cell culture medium (Dulbecco’s modified 

Eagle’s medium). Figure 3a shows the cell viability of HeLa cells as a function of AuNR 

concentration. The concentration of AuNRs was determined by UV-VIS spectroscopy based on 

the experimental extinction coefficient previously reported.12 In this technique, the experimental 

extinction coefficient was calculated through the use of the real gold concentration determined by 

ICP measurements rather than the amount of gold precursor.12 As presented in Figure 3a, the cell 

viability is critically dependent on the AuNR concentration and the amount of remaining CTAB 

and Ag on the AuNRs. The cell viability decreases with the increase in the amount of AuNRs. 

However, when using the same amount of AuNRs, the cell viability decreases with an increase in 

the amount of residual CTAB and Ag on the AuNRs. The AuNRs PEGylated by our method 

showed by far the lowest toxicity with no apparent toxicity when the AuNR concentration is below 

a concentration of 5 µg/mL. Even at a high AuNR concentration of 80 µg/mL, they still show a 

cell viability of ~57%, which is four times higher than that (~14%) of the AuNRs PEGylated by 

the Liao method. The viability of HeLa cells was also recorded by the morphological criteria using 

optical microscope (Figure 3b-d). The majority of the cells treated with AuNRs PEGylated by our 

method (Figure 3c) show a typical spindle-like shape the same as those shown in the control 

experiment (Figure 3b), which is indicative of the cells being alive and healthy (AuNR 

concentration: 80 µg/mL, incubation time: 4 h). However, the cells incubated under the same 

conditions with AuNRs PEGylated by the Liao method (Figure 3d) are round in shape, which is a 

sign of cell death for HeLa cells. It is believed that the complete removal of CTAB and the most 

active silver on the surface layer of AuNRs are responsible for the high cell viability of the AuNRs 

PEGylated by our method. 

4. CONCLUSIONS 
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In conclusion, we have developed a novel, simple, one-step surface modification method to 

produce biocompatible AuNRs. This was achieved by using a nonionic surfactant – Tween 20 to 

stabilize the AuNRs, BSPP to activate the AuNR surface for the subsequent PEGylation and NaCl 

to etch silver pre-deposited on the surface of AuNRs. This method allows for the complete 

functionalization of AuNRs with thiolated PEG and the removal of the most active silver on the 

AuNR surface. The PEGylated AuNRs show a significantly enhanced colloidal stability against a 

high concentration buffered saline solution and multiple rounds of centrifugation compared to 

CTAB-capped and partially modified AuNRs. We also investigated the cytotoxicity of the 

PEGylated AuNRs using HeLa cells as model cells. The AuNRs PEGylated by our method exhibit 

a complete detoxification at an AuNR concentration lower than 5 µg/mL. At a high concentration 

of 80 µg/mL, their cytotoxicity is about four times lower than that of the AuNRs PEGylated by the 

Liao method. Finally, this work represents a simple proof-of-concept experiment for the complete 

PEGylation and detoxification of CTAB-capped AuNRs. The surface modification method 

developed here can be easily extended to negatively charged surface ligands, e.g. thiol-PEG-

carboxyl, and other NP systems with different compositions and shapes. 
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