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Abstract

Gold nanoparticles (AuNPs) are important components for biomedical applications. AuNPs have

been widely employed for diagnostics, and have seen increasing use in the area of therapeutics. In

this mini-review, we present fabrication strategies for AuNPs and highlight a selection of recent

applications of these materials in bionanotechnology.

1. Introduction

Gold nanoparticles (AuNPs) have been widely employed in bionanotechnology based on

their unique properties and multiple surface functionalities. The ease of AuNP

functionalization provides a versatile platform for nanobiological assemblies with

oligonucleotides,1 antibodies,2 and proteins.3 Bioconjugates of AuNPs have also become

promising candidates in the design of novel biomaterials for the investigation of biological

systems.4

The versatility of AuNPs has provided useful materials for a range of biomedical

applications (Scheme 1). In diagnostics, the binding event between the analytes and the

AuNPs can alter the physicochemical properties of AuNPs such as surface plasmon

resonance, conductivity, and redox behavior, leading to detectable signals.5 AuNPs also

serve as practical platforms for therapeutic agents, with their high surface area allowing a

dense presentation of multifunctional moieties (e.g., drugs6 and targeting agents7). In this

review, we provide a brief overview of the synthesis, properties, and conjugation strategies

of spherical AuNPs as well as highlight a few of their recent applications in

bionanotechnology.

2. Synthesis of gold nanoparticles

A wide array of solution based approaches has been developed in the past few decades to

control as the size,8 shape,9 and surface functionality.10 Turkevich et al. developed a

synthetic method for creating AuNPs in 1951 by treating hydrogen tetrachloroaurate

(HAuCl4) with citric acid in boiling water, where the citrate acts as both reducing and

stabilizing agent (Scheme 2B).11 Frens further refined this method by changing the gold-to-

citrate ratio to control particle size.12 This protocol has been widely employed to prepare

dilute solutions of moderately stable spherical AuNPs with diameters of 10 to 20 nm, though

larger AuNPs (e.g., 100 nm) can also be prepared. These citrate-stabilized AuNPs can

undergo irreversible aggregation during functionalization process with thiolate ligands.
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Several strategies have been developed to conquer this problem including using a surfactant,

Tween 20, prior to the modification to prevent aggregation (Scheme 2B), 13 or using thioctic

acid as an intermediate via a two-step functionalization. 14 However, the requirement for

high dilution makes large scale production challenging.

Brust and Schriffin achieved a breakthrough in AuNP synthesis in 1994 by creating organic

soluble alkanethiol-stabilized AuNPs through a biphasic reduction protocol using

tetraoctylammonium bromide (TOAB) as the phase transfer reagent and sodium borohydride

(NaBH4) as the reducing agent (Scheme 2A).15 This methodology produces low dispersity

AuNPs from 1.5 to 5 nm by varying the reaction conditions such as gold-to-thiol ratio,

reduction rate, and reaction temperature.16 These alkanethiol-protected AuNPs possess

higher stability when compared to most other AuNPs due to the synergic effect of the strong

thiol-gold interactions and van der Waals attractions between the neighboring ligands.17

These nanoparticles can be thoroughly dried and redispersed in solution without any

aggregation making them excellent precursors for further functionalization.

3. Properties of gold nanoparticles

Spherical AuNPs possess useful attributes such as size- and shape-related optoelectronic

properties,18 large surface-to-volume ratio, excellent biocompatibility, and low toxicity.19

These properties make AuNPs an important tool in bionanotechnology (Table 1). Important

physical properties of AuNPs include surface plasmon resonance (SPR) and the ability to

quench fluorescence. Spherical AuNPs exhibit a range of colors (e.g., brown, orange, red

and purple) in aqueous solution as the core size increases from 1 to 100 nm, and generally

show a size-relative absorption peak from 500 to 550 nm.20 This absorption band arises

from the collective oscillation of the conduction electrons due to the resonant excitation by

the incident photons (Figure 1) which is called a “surface plasmon band”.21 However, this

band is absent in both small nanoparticles (d < 2 nm) and the bulk material. This

phenomenon is influenced not only by size, but also by shape, solvent, surface ligand, core

charge, temperature and is even sensitive to the proximity of other nanoparticles.22 The

aggregation of nanoparticles results in significant red-shifting of SPR frequency, broadening

of surface plasmon band and changing the solution color from red to blue due to the

interparticle plasmon coupling.23

The superb quenching ability of AuNPs to proximal fluorophores comes through the

deactivation pathway based on the good overlap between the emission spectrum of excited

fluorophores and the surface plasmon band of the AuNPs.24 This fluorescence resonance

energy transfer (FRET) phenomenon is observed even in the presence of 1 nm AuNPs due to

the fact that radiative and nonradiative decay rates of fluorescent molecules are both

distinctly affected by the nanoparticles.25 AuNPs also can act as electron acceptors to

quench fluorophores in the photoinduced electron transfer (PET) process.26 This PET

process is modulated by charging/discharging the gold core which can be utilized in sensor

fabrication.27
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4. Conjugation strategies for gold nanoparticles

The labile capping ligands on AuNPs (citrates, thiols, or other adsorbed ligands) can be

displaced by thiols through a place ligand exchange reaction to synthesize mixed

monolayer-protected AuNPs (Scheme 2A).36 In this method, external thiols displace the

existing ligands of AuNPs in an equilibrium process. The loading efficiency onto AuNPs

surface is controlled through the reaction time and the feed ratio of the functional ligands.

Furthermore, introducing two or more functional ligands during the place exchange reaction

can provide mixed monolayer-protected AuNPs for synergistic applications.

Place ligand exchange allows the secondary tethering of organic molecules or biomolecules

to the surface of AuNPs (Scheme 3).37 Non-covalent conjugation is a simpler way for

molecules to bind to AuNPs, as they can attach via different interactions such as through

specific binding affinity,38 electrostatic interactions, 39 and hydrophobic interactions.40

These non-covalent interactions are widely utilized in delivery and sensing areas due to their

ease of release and reversible nature. Alternatively, covalent conjugation of molecules to

AuNPs stabilizes the conjugates, which is more useful when stable constructs are required,

e.g. for imaging. Two major strategies for covalent conjugation are direct attachment of the

thiolate molecule to the AuNPs surface and covalent bond formation (e.g., amine-

carboxylate coupling41 and click reaction42 ). Particularly, these covalent conjugations are

usually done between free molecule and the pre-grafted thiolate ligands on the AuNP

surface.

5. Applications in bionanotechnology

5.1. Sensing

AuNPs are readily conjugated with recognition moieties such as antibodies or

oligonucleotides for the detection of target biomolecules,43 allowing in vitro detection and

diagnostics applications for diseases such as cancer.44 As an example, AuNPs play a critical

role in the “bio-barcode assay”,45 an ultrasensitive method for detecting target proteins and

nucleic acids. The principle of the “bio-barcode assay” utilizes AuNPs conjugated with both

barcode oligonucleotides and target-specific antibodies, and magnetic microparticles

(MMPs) functionalized with monoclonal antibodies for the target moiety. These complexes

produce a sandwich complex upon detection of the target molecule that releases a large

amount of barcode oligonucleotides, providing both identification and quantification of the

target (Scheme 4). As an example of the sensitivity of this method, Mirkin et al. have

demonstrated the detection of prostate specific antigen (PSA) using this methodology with a

limit of detection of 330 fg/mL.46

Aptamer-conjugated AuNPs that combine the selectivity and affinity of aptamers with the

spectroscopic properties of AuNPs were utilized to detect small molecule47 and cancer

cells.48 Zeng et al. have demonstrated an aptamer-nanoparticle strip biosensor (ANSB)

system for the detection of Ramos (lymphoma) cells (Figure 2).49 Under optimal conditions,

the ANSB showed a detection limit of 4000 Ramos cells using visual detection and 800

Ramos cells with a portable strip reader.
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A new “chemical nose” methodology using non-covalent conjugates of AuNP and

fluorophore was introduced by Rotello and co-workers to provide high sensitivity sensing of

biomolecular targets.50 AuNP-fluorophore conjugates provide an alternative bio-detection

method to “lock and key” specific recognition based approaches, using an array of selective

receptors to generate a pattern that is able to recognize analytes. The initial sensor system

was composed of quaternary ammonium-functionalized AuNPs with PPE (poly(para-

phenyleneethynylene)) where the PPE serves as a fluorescence transduction element that can

be quenched by cationic AuNPs.51 Competitive binding of analyte can disrupt the PPE from

the complex, resulting in the recovered fluorescence from PPE and also producing a

readable signal. This method was able to differentiate 12 different species/strains of bacteria

with 95% accuracy.51(b) Moreover, this strategy was used to differentiate normal, cancerous

and metastatic cells in a rapid and accurate assay (Figure 3).51(a) Additionally, GFP (green

fluorescent protein) replaced the polymer transducer to provide higher sensitivity (5000 cells

relative to the previous 20,000) in mammalian cancer cells sensing.52

Recently, the array-based sensing strategy was adapted to an enzyme-amplified array

sensing (EAAS) approach, where the sensitivity is amplified through enzymatic catalysis.53

The system works by having the analyte protein competitively bind with the AuNP,

releasing the β-galactosidase (β-Gal) and restoring its activity. The cleavage of the substrate

provides an enzyme-amplified fluorescent readout of the binding event, allowing the

identification of proteins even in desalted human urine. A similar approach was used for the

construction of a colorimetric enzyme-nanoparticle conjugate system by using chlorophenol

red β-D-galactopyranoside (CPRG), a chromogenic substrate, for the detection of bacteria

(Figure 3).54 Bacteria sensing was achieved at concentrations of 1 × 102 bacteria/mL in

solution and 1 × 104 bacteria/mL in a field-friendly test strip format.

5.2. Therapeutics

The transport of therapeutic agents to the cells by AuNPs is a critical process in biomedical

treatment. Several research groups have used functionalized AuNPs to investigate the

interactions with cell membrane to improve delivery efficiency.55 For example, Stellacci et

al. have demonstrated that surface ligand arrangement on AuNPs can regulate cell

membrane penetration. 56 AuNPs functionalized with an ordered arrangement of

amphiphilic molecules were able to penetrate the cell membrane while AuNPs coated with a

random arrangement of these same molecules were trapped in vesicular bodies.

AuNP therapeutics can be delivered into cells through either passive or active targeting

mechanisms. Passive targeting is based on the enhanced permeability and retention (EPR)

effect where the AuNPs will accumulate within the tumor via its irregular vasculature,

allowing larger particles to pass through the endothelim.57 Active-targeting relies on a

surface functional ligand explicitly designed for the target analyte to provide specificity and

selectivity.58 Effective targeting and delivery strategies using AuNPs have been developed

for therapeutic applications including photothermal therapy,59 genetic regulation,60 and drug

treatment.61

In one arena, AuNPs have been exploited as attractive scaffolds for the creation of

transfection agents in gene therapy to cure cancer and genetic disorders. Mirkin et al. have

Yeh et al. Page 4

Nanoscale. Author manuscript; available in PMC 2014 July 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



reported the use of AuNP-oligonucleotide complexes as intracellular gene regulation agents

for controlling protein expression in cells.62 RNA-AuNP conjugates were used to

knockdown luciferase expression (Figure 5),63 showing the conjugates have a half-life six

times longer than that of free dsRNA and demonstrating a high gene knockdown capability

in cell models. Rotello et al. also have demonstrated that cationic AuNPs, featuring cationic

amino acid-based side chains, can be used for DNA transfection. Lysine-based motif coating

AuNPs provided effective non-toxic transfection vectors for DNA delivery that were up to

28 times more effective than polylysine.64

Loading of drugs onto AuNP can be performed through either non-covalent interactions or

covalent conjugation. Drug encapsulation with AuNPs has been demonstrated through the

use of hydrophobic65 or hydrophilic66 pockets generated by the monolayer. In a recent

example, Burda et al. utilized polyethylene glycol (PEG) coated AuNPs to provide an

amphiphilic environment to capture the hydrophobic silicon phthalocyanine 4 (Pc 4), a

photodynamic therapy (PDT) drug (Figure 6A and 6B).67 They found that the drug release

mechanism was through passive accumulation, and the non-covalent Pc 4-AuNP conjugates

released their drugs quickly and penetrated deeply into tumors within hours (Figure 6C).

Drugs covalently conjugated to AuNPs can be released by glutathione (GSH)

displacement68 or through cleavable linkers.69 Rotello et al. have demonstrated GSH-

mediated release using AuNPs featured a mixed monolayer composed of cationic ligands

and fluorogenic ligands. The cationic surface of the nanoparticles facilitated their

penetration through cell membranes and the payload release was triggered by intracellular

GSH.70 Kotov et al. applied the GSH-mediated release strategy using 6-mercaptopurine-9-b-

D-ribofuranoside functionalized AuNPs to enhance the anti-proliferative effect against

K-562 leukemia cells compared to the free drug.70 Recently, Forbes and Rotello have

applied the GSH-mediated approach to investigate the movement of AuNPs carrying either

fluorescein or doxorubicin molecules in a tumor model.71 The results indicate that cationic

AuNPs may be more effective in delivering payloads to the majority of tumor cells while

anionic AuNPs are able to deliver drug deep into tissues. Alternatively, Rotello et al. have

used a light-controlled external release strategy to deliver the anticancer drug 5-fluorouracil

into cells using AuNPs featured a mixed monolayer of zwitterionic and photocleavable

ligands on the surface.72 Other strategies for delivering covalently attached drugs using

AuNPs include the reduction of disulfide bonds73 and pH-mediated release74.

Using AuNPs as therapeutic moieties in their own right is another potential approach for

medical treatment. For instance, Feldheim et al. have synthesized a mixed thiol monolayer-

coated AuNPs for bacterial growth inhibition.75 Muhkherjee et al. have utilized naked

AuNPs for treatment studies of multiple myeloma, a plasma cell disorder.76 AuNPs have

been shown to inhibit the proliferation of multiple myeloma cells through cell-cycle arrest in

the G1 phase via the up-regulation of cell-cycle proteins p21 and p27. Recently, Rotello et

al. demonstrated a host-guest system to mediate the activation of a therapeutic

diaminohexane-terminated AuNP (AuNP-NH2) and modulate its cytotoxicity.77 The results

show that the threading of cucurbit[7]uril (CB[7]) onto a particle surface reduces the high

toxicity of the AuNP-NH2 through sequestration of the particle in the endosomes. When
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treated with 1-adamantylamine (ADA), the CB[7] is displaced from the nanoparticle surface,

releasing the toxic particle from the endosome and killing the cancer cell (Scheme 5).

5.3. Imaging

The versatile optical and electronic properties of AuNPs have been employed for cell

imaging using various techniques, including computed tomography (CT),78 dark-field light

scattering, 79 optical coherence tomography (OCT), 80 photothermal heterodyne imaging

technique81 and Raman spectroscopy.82 For example, AuNPs serve as a contrast agents for

CT imaging based on the higher atomic number and electron density of gold (79 and 19.32

g/cm3) as compared to the currently used iodine (53 and 4.9 g/cm3). Hainfeld et al. have

demonstrated the feasibility of AuNPs to enhance the in vivo vascular contrast in CT

imaging,83 and Kopelman et al. further designed immuno-targeted AuNPs to selectively

target tumor specific antigens.84 Recently, Jon et al. used a prostate specific membrane

antigen (PSMA) aptamer-conjugated AuNPs (PSMA-AuNPs) to establish a molecular CT

image for the specific imaging of prostate cancer cells (Figure 7).85 These results showed

that PSMA-AuNPs had a 4-fold greater CT intensity for a targeted LNCaP cell than that of a

nontargeted PC3 cell. PSMA aptamer-conjugated AuNPs loaded with the anti-cancer drug

doxorubicin were significantly more potent against targeted LNCaP cells than against

nontargeted PC3 cells.

AuNPs were also used to prepare surface-enhanced Raman scattering (SERS) nanoparticles

for small-animal Raman imaging.86 Using AuNPs with a silica coating and a Raman-active

molecular layer, Gambhir et al. have demonstrated the ability to separate the spectral

fingerprints of 10 different types of SERS nanoparticles in a living mouse and the

colocalization of five different SERS nanoparticles within deep tissues after intravenous

injection (Figure 8).87

Conclusions and Outlook

AuNPs have multiple attributes that make them potent tools for the use in

bionanotechnology. The wide range of surface functionality and bioconjugates coupled with

the outstanding physical properties of AuNPs make these systems valuable for imaging

applications. Moreover, the creation of highly sensitive and selective diagnostic system for

target analytes can be achieved by engineering their surface monolayer. AuNP-based

delivery vectors have also shown promise in therapeutics with their high surface loading of

drug and gene as well as the controllable release of the payloads. Taken together, AuNPs are

incredibly versatile materials for next-generation biomedical applications.
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Fig. 1.
Schematic representation of the oscillation of conduction electrons across the nanoparticle in

the electromagnetic field of the incident light.
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Fig. 2.
(A) Schematic illustration of detecting Ramos cells on ANSB. Ramos cells are captured on

the test zone through specific aptamer-cell interaction, while excess aptamer-conjugated

AuNPs are captured on the control zone through aptamer-DNA hybridization. (B) Typical

photo images (top) and corresponding responses (bottom) of ANSB with samples containing

different amounts of Ramos cells (target cells) and CLL cells (control cells). From left to

right: 0 Ramos cells; 8 × 104 CCL cells; 8 × 104 Ramos cells; 8 × 104 CLL cells and 8 × 104
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Ramos cells. C = Control zone; T = Test zone. The large signal in the control zone is due to

excess aptamer-conjugated AuNPs. Adapted with permission from Ref. 49.
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Fig. 3.
(A) Molecular structures of the cationic AuNPs and the fluorescent polymer (PPECO2). (B)

Displacement of quenched PPECO2 by cell with concomitant restoration of fluorescence.

(C) Fluorescence change for 4 different cancer cell lines using AuNP-PPECO2 conjugates.

(D) Canonical score plot for the two factors of simplified fluorescence response patterns

obtained with AuNP-PPECO2 conjugates arrays against different mammalian cell types. The

canonical scores were calculated by LDA (linear discriminant analysis). for the

identification of 4 cell lines. Reprinted with permission from Ref. 51(a).
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Fig. 4.
(A) Schematic illustration of the method for EAAS strategy. (B) Limitation of detection of

E. coli using the β-Gal-AuNP nanocomposite. At the top, microplate wells show the color

change upon variation of the bacteria concentration. Kinetic absorbance responses upon

addition of different bacteria concentrations are shown. Reprinted with permission from Ref.

54.
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Fig. 5.
(A) Preparation of polyvalent RNA-AuNP conjugates. (B) Knockdown of luciferase

expression over 4 days. (C) Stability of RNA-AuNP conjugates, showing the comparison of

the stability of dsRNA (red) and RNA-AuNP conjugates (blue) in 10% serum. Reprinted

with permission from Ref. 64.
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Fig. 6.
(A) PEG functionalized AuNPs with loading of PDT cancer drug. (B) Chemical structure of

the PDT drug Pc 4. (C) In vivo fluorescence imaging of AuNP-Pc 4 conjugates injected

mouse at various time points within 24 hr. Arrows indicate the tumor location. Reprinted

with permission from Ref. 68.
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Fig. 7.
(A) Schematic of the method for preparing doxorubicin-loaded aptamer-conjugated AuNPs.

(B) CT images and (b) HU values of PBS, LNCaP, PC3 cells, and LNCaP and PC3 cells

treated with PSMA aptamer conjugated AuNPs (5 nM) or scramble aptamer-conjugated

AuNPs (5 nM) for 6 h. Adapted with permission from Ref. 86.
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Fig. 8.
Evaluation of 10 different multiplexed SERS nanoparticles in vivo. Raman map of 10

different SERS particles injected in a nude mouse. Reprinted with permission from Ref. 88.
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Scheme 1.
Applications of AuNPs in bionanotechnology.
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Scheme 2.
(A) Two-phase synthesis of AuNPs by reduction of HAuCl4 in presence of alkanethiols as

the stabilizing ligands and NaBH4 as reducing agent. Place-exchange reaction for

alkanethiol-protected AuNPs can then be performed with functionalized thiols. (B) Citrate-

stabilized AuNPs were prepared with HAuCl4 solution under reflux conditions where citrate

acts as both the stabilizing ligand and reducing agent. The ligand exchange of functionalized

thiols for citrate-stabilized AuNPs was achieved by using Tween 20 as an intermediate.
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Scheme 3.
Conjugation strategies of AuNPs through covalent and non-covalent conjugation.
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Scheme 4.
AuNP-based bio-barcode detection strategy. Reprinted with permission from Ref. 46.
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Scheme 5.
AuNP and surface functionalization, and the use of intracellular host-guest complexation to

trigger nanoparticle cytotoxicity. (A) Structure of AuNP–NH2 and CB[7] (B) Activation of

AuNP–NH2– CB[7] cytotoxicity by dethreading of CB[7] from the nanoparticle surface by

ADA. Reprinted with permission from Ref. 78.
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Table 1

Properties of AuNPs and their area of application.

Properties Application area

Redox activity Electronic devices28 and electrochemical sensing29

Surface-enhanced Raman scattering (SERS) Imaging30 and sensing31

Surface plasmon resonance (SPR) Colorimetric sensing32 and photothermal therapy33

Fluorescence quenching Sensor fabrication34 and materials science35
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