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Plasmonic nanoparticle based nanotechnology plays a pivotal role in the recent advances in biomedical applications. Along 

with biocompatibility and robust surface chemistry, the tunable optical properties of the visible and near-infrared regions 

of gold nanoparticles have attracted significant attention for a wide range of biomedical applications such as in-vitro 

biosensing, in-vivo imaging, drug delivery, and tissue engineering. In this review we focus on the the recent advances in 

biomedical applications  based on the use of plasmonic nanoparticles, which have been developed to solve the limitations 

of current technologies in  biosensing, bioimaging, therapeutic drug delivery, and tissue engineering applications.  

1. Introduction 

The bulk state of the gold alloy has been used to treat oral 

cavities since the 16th century,
1
 and the salt form of gold (I) 

(i.e., gold sodium thiomalate) has been used to treat a wide 

variety of rheumatic diseases such as psoriatic arthritis,
2
 

juvenile arthritis, and discoid lupus erythematous. However, 

after 1935, its use has been largely superseded by newer 

drugs.
3, 4

 Currently,  gold is experiencing another golden age 

for new technological innovations.
5
 Small clusters of gold (0) in 

the nanoscale range opened a new avenue of applications 

because of the useful physical and chemical properties of gold 

nanoparticles (AuNPs). AuNPs demonstrate strong light 

absorption and scattering properties in the visible and near-

infrared (NIR) regions because of surface plasmon resonance 

(SPR), which can be defined as collective oscillation of 

conductive electrons.
6, 7

 Scientists in the field of 

nanotechnology have investigated methods of exploiting the 

unique optical properties of AuNPs to generate various 

breakthrough technologies in the fields of bioscience, 

biomedical engineering, and material science for energy 

applications.
8, 9

 Some of these technologies have been 

successfully commercialized as new tools for clinical diagnosis 

(Verigene® system by Nanosphere) and drug discovery 

(Biacore® SPR system by GE).  

Along with their unique optical properties, the 

biocompatibility, simple method for synthesis, robust surface 

chemistry, and colloidal stability of AuNPs led to the 

widespread use of AuNPs for biosensing applications. Paper-

based devices, called lateral flow biosensors, will be another 

good example of the use of AuNPs as a sensitive and stable 

labeling material for biosensors that can be detected by the 

naked eye.
10

 In contrast, silver nanoparticles (AgNPs) have also 

been used as a class of broad-spectrum antimicrobial reagents 

in medical and consumer products such as household 

antiseptic sprays and antimicrobial coating for medical devices. 

Due to their low colloidal stability and cytotoxicity,
11

 AgNPs 

were not as popular as AuNPs in biomedical engineering.  

The optical properties of AuNPs are easily tunable, and the 

individual nanoparticle structures can be changed to create 

new structures such as gold nanospheres (AuNPs),
12

 nanorods 

(AuNRs),
13

 nanoshells (AuNSs),
14

 nanostars (AuSTs),
15

 and 

nanocages (AuCGs)
13, 16

 because of the unique SPR modes of 

each unique structure. Forming assemblies with nanoparticles 

is another way of controlling the optical properties of AuNPs 

by changing the coupled state of localized SPR (LSPR), which 

depends on the assembled structure and the particle distance 

in assembly.
17-21

 For example, a sensitive optical property 

change based on the particle distance was first applied in a 

simple colorimetric DNA detection scheme in solution. This 

technique was simple and sensitive enough to detect single 

base mismatch between oligonucleotide sequences.
22

 The 

sensitive change in scattering properties between particles, 

called a plasmon ruler,
23, 24

 was also applied to overcome the 

intrinsic limitations of the förster radius (< 100 Å) of 

conventional fluorescence resonance energy transfer (FRET)-

based methods. Furthermore, the distance dependent 

quenching properties of fluorescence molecules at close 

proximity to AuNPs was applied to detect target nucleic acids 

with high sensitivity and multiplexing capability (called 

molecular beacon (MB)).
25

  

The interactions between light and AuNPs could be further 

manipulated to generate innovative biomedical engineering 

technologies with the help of recent advances in nanobio 

plasmonics for theory, synthesis, and applications as 

investigated in the past 20 years. In this review, we focus on 
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Fig. 1 Developments in plasmonic nanoparticle-based biomedical engineering, such as 
biosensors, in vitro and in vivo bioimaging, drug delivery systems, and tissue 
engineering.  

current state-of-the-art developments and challenges in AuNP-

based applications such as in biosensing and bioimaging for 

sensitive disease diagnostics, drug delivery for improved 

therapeutics, and tissue engineering for future innovative 

biotechnology (Fig. 1). We have discussed representative 

AuNP-based biosensing schemes and highlighted their 

individual working principles to detect target substances. We 

also provide a detailed review on the recent advances in new 

technologies for cell imaging, in-vivo imaging technologies, 

drug delivery systems, and tissue engineering. In conclusion, 

we offer a perspective for future biomedical engineering based 

on the AuNPs discussed.  

2. Biosensing applications  

Gold nanoparticles have been applied to a variety of 

biosensing schemes and signal amplification strategies based 

on unique optical, chemical, and physical properties. Two 

different categories of biosensing schemes and developed 

methods for signal amplification are mainly discussed.  

 

2.1 Localized Surface Plasmon Resonance (LSPR) Sensing 

Sensitive and reliable diagnostic tools are required for early 

detection of many fatal diseases. The two key in-vitro clinical 

diagnostic tools widely used are dependent on enzymatic 

amplification steps and optical signal-based detection methods 

such as polymerase chain reaction (PCR) for DNA targets or 

enzyme-linked immunosorbent assay (ELISA) for protein target 

and fluorescence or chemiluminescence signals.
26

 These 

methods intrinsically require multiple steps and trained 

expertise to obtain reproducible results and show limited 

multiplexing capability, which is strongly required for high-

throughput assays. In this regard, the use of plasmonic 

nanoparticles can provide new opportunities to generate cost-

effective, point-of-care biosensors with high sensitivity and 

multiplexing capability. There are two different types of SPR  

sensors, namely propagating SPR (PSPR) sensors and LSPR 

sensors. PSPR is usually excited on continuous thin metal films  

Fig. 2 (a) LSPR changes depend on particle distance with binding target DNA, solution 
color, and extinction spectra changes. (b) Spot and read with the naked eye and dark-
field. (Reprinted with permission from ref. 27 Copyright 2004, Nature publishing group). 

through prism couplers or grating, and PSP resonance can 

propagate along the metal/dielectric surface up to hundreds of 

micrometers. However, LSPR is a nonpropagating surface 

plasmon excited on nanostructured metal surfaces, and LSP 

resonance can be tuned by their size, shape, and nanoparticle 

composition.
28,29

 The first colorimetric assay for 

oligonucleotide detection using gold nanoparticle reported by 

Mirkin et al. is a good example of LSPR based sensing.
20

 

Aggregation of DNA-modified AuNPs in the presence of target 

DNA in solution, through sequence specific DNA hybridization, 

leads to a significant decrease in particle distances. This induce 

subsequent LSPR changes and the solution color change from 

red wine to blue with dampening of the UV-visible spectra as 

shown in Fig. 2a. The relatively low sensitivity (nM range) of 

simple colorimetric assays was greatly improved by 

incorporating waveguide light scattering, as shown by Storhoff 

et al. (Fig. 2b).
27

 The simple “spot and read” colorimetric 

detection method to identify nucleic acid sequences 

demonstrated zeptomolar sensitivity with a color change that 

is visually detectable when the solutions are spotted onto a 

white-light illuminated glass waveguide (Fig. 2b).
27

  

In the case of protein target detection, the aggregation in 

solution based colorimetric assay showed limited sensitivity 

because of the relatively large size of protein targets. These 

induced very little change in the LSPR spectra because of the 

long distance between AuNPs, even in the aggregated state.
30

 

For protein target detection, more sophisticated and rationally 

designed detection scheme is required. The LSPR position of 

single nanoparticles is also highly sensitive to any changes in 

the refractive index of the immediate environment of the 

nanoparticle.
28

 Subtle changes in the LSPR of single 

nanoparticles could be further enhanced by using hot-spot 

position controlled AuNR structures as LSPR substrates (Fig. 

3(a-c)) .
3 1

 The highly local ized SPR at the end of 

AuNR, and the binding of protein at this site could significantly 

increase LSPR changes.
31

 The LSPR change could be further 
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Fig. 3 (a) TEM images of AuNRs. (b) Electromagnetic field distributions of AuNR. (c) 
Highly localized surface plasmon resonance at the end of AuNRs. (d, e) The use of 
antibody conjugated AuNPs to enhance LSPR changes. (Reprinted with permission from 
ref. 29, 31 Copyright 2011, American Chemical Society, Copyright 2013, Wiley).  

 

enhanced by incorporating additional antibody conjugated 

AuNP probes (Fig. 3d).
29

 The use of additional antibody 

conjugated AuNP probes could induce greater changes in the 

local environment around the nanoparticle, leading to 

improvement of the limit of detection by nearly 3 orders of 

magnitude (Fig. 3e).
29

 

 

2.2 Propagating Surface Plasmon Resonance (PSPR) Sensing 
PSPR is usually excited on continuous metal thin films through 

prism couplers or grating. Although LSPR sensors have much 

better spectral tunability, their sensitivities are orders of 

magnitude lower than those of PSPR sensors.
32

 PSPR based 

sensing is more suitable for high-throughput assay systems to 

study the interactions between biomolecules of interest in 

real-time. A wide variety of biomolecule targets have been 

investigated such as DNA, antibody, pathogen, ions (i.e., Mg
2+

, 

Ca
2+

), and drugs with a sensitivity ranging from pM to fM.
32

 

The signal intensity of PSPR could also be greatly improved by 

incorporating AuNPs, based on the same signal amplification 

strategies used in LSPR-based biosensing (Fig. 3(d, e)).  

Recently reported unique strategies also showed 

promising results. Kocabas et al. proposed the use of graphene 

coated Au film to improve SPR sensitivity.
33

 They 

demonstrated an increase in SPR sensitivity with increasing 

number of graphene layers. This enhancement effect was 

mainly due to a charge transfer from the surface of graphene 

to the surface of the Au thin film (Fig. 4(a, b)). The charge 

transfer led to a stronger excited electric field on the surface 

of the Au thin film and made the sensing surface more 

sensitive towards the change in its surrounding medium.
33

 The 

geometry of Au film also greatly influenced the sensitivity of 

PSPR based sensing. Lee et al. reported the use of nanohole 

arrays instead of flat gold film to improve the current 

sensitivity of PSPR (Fig. 4c).
34

 In this study, the target was 

exosomes, which are potential disease biomarkers that contain 

Fig. 4 (a) The SPR sensor with graphene coated Au film. (b) Angle changes before and 

after graphene coating. (c) The nanohole array Au film. (d) Assay results with ELISA and 

nanohole SPR sensor (nPLEX). (e) Signal amplification with gold nanoparticle.  

(Reprinted with permission from ref. 33,34 Copyright 2012, AIP Publishing, Copyright 

2014, Nature publishing group). 
 

molecular information about the cells of interest. The 

sensitivity for exosome detection was 2 orders of magnitude 

higher than that of conventional ELISA (Fig. 4d). Additional 

improvement of the sensitivity was possible using AuNPs as 

shown in Fig. 4e.
34

 

 

2.3 Signal Amplifications 
Use of near field enhancement of the electromagnetic field on 

plasmonic surfaces or the junction between particles 

significantly improved surface-enhanced Raman scattering 

(SERS) signals, which could be applied to detect multiple 

targets with femto-molar sensitivity.
35

 The single molecule 

sensitivity of SERS has already been proven, but its practical 

use as a robust sensing method to obtain quantitative 

responses with signal reproducibility is of paramount 

importance, and needs to be properly addressed.
36

  

The optical signal could be amplified by the use of metal 

depositions after target binding events using the properties of 

selective and catalytic reduction of precursors on the metallic 

label.
37, 38 

Silver is frequently used to enhance the optical 

signals in various ways due to its fast reduction kinetics and 

gray color that is visible with the naked eye.
37, 39

 Gold staining 

has also been used to enhance the light scattering of metallic 

labels after the binding events,
40

 and the assay showed high 

sensitivity (300 aM, ~9000 copies) for prostate specific 

antigens in buffer and 3 fM sensitivity in 10% serum.
38

 In 

addition, signal amplification strategies using plasmonic 

nanoparticles are not limited in optical signal-based 

technology. Combining plasmonic nanoparticles with 

electrochemical or mechanical signal based detection methods 
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led to a dramatic increase in the sensitivity of each sensing 

scheme.
26

 The gold label bound to the antibody for specific 

target detection could be dissolved with strong acid to 

produce a large number of ion species detectable using typical 

electrodes in the electrochemical detection system.
41

 Because 

of the mass of nanoparticles, changes in the mechanical signals 

(i.e., physical deformation or resonant frequency of cantilever) 

have been significantly improved.
42

 These results show the 

wide range of utility of AuNPs for improving the current 

limitations of biosensors. 

3. Bioimaging Applications 

The excellent optical properties of AuNPs have also attracted 

attention for bioimaging applications. The strong light 

scattering property due to the LSPR and robust surface 

chemistry enabled the use of AuNPs for sensitive imaging 

technologies for single cell or in vivo animal imaging. In this 

section, recently developed live cell imaging and in vivo 

imaging technologies are discussed.   

 

3.1 Live Cell imaging 

Fluorescence-based cell imaging has been the most widely 

used and well-established technology for life science research. 

However, the limited molecular information and rapid 

photobleaching of organic fluorophores are major issues that 

need to be addressed. Among various technologies, the use of 

plasmon nanoparticles could be an alternative technology to 

overcome the limitations of fluorescence-based techniques.  

The strong light scattering of white light by plasmonic 

nanoparticles can be collected to generate images using dark-

field microscopy, which is general microscopy equipped with a 

dark-field condenser.
43

 Single spherical gold nanoparticles 

larger than 40 nm can be imaged as a green dot in color-CCD 

and a red dot when assembled into particle clusters (dimer, 

trimer, etc.).
24, 44

 Therefore, the distribution of AuNPs in the 

cell can be monitored over a long period of time. El Sayed et al. 

reported changes in the optical properties of AuNPs that were 

associated with endocytosis of epidermal growth factor (EGF) 

receptors.
45

 In this study, dark-field scattering images and the 

absorption spectra of AuNPs were compared upon binding to 

non-malignant and malignant cell types. Wax and Sokolov 

demonstrated successful imaging of actin filaments using dark-

field microscopy as shown in Fig. 5a, b.
43

 Obtaining sensitive 

dark-field cell images required the use of NIR sensitive 

nanoparticle structures due to the decreased autofluorescence 

in the NIR wavelength.
43

 Therefore, NIR sensitive gold 

nanostructures such as AuNRs,
46

 AuNSs
47

 or AuCGs
48

 have 

been actively investigated for this purpose.  

Another alternative technology to fluorescence is Raman 

spectroscopy for imaging, as Raman scattering can provide 

non-bleaching molecular information for the analytes of 

interest. The weak signal intensity, which is a major problem in 

Raman spectroscopy, can be improved by generating hot spots 

between particles. For Raman-based cell imaging, a number of 

nanoparticle aggregates have been investigated to obtain high  

Fig. 5 (a) The dark-field images of actin filaments. (b) The experimental setup for a 

Rayleigh scattering image and Raman spectra. (c) High-resolution Raman images. (d) 

Overlapped images with fluorescence-dye. (Reprinted with permission from ref. 
43,

 
49

 
, 50

. 

Copyright 2009, WILEY-VCH Verlag, Copyright 2013, American Chemical Society, 

Copyright 2015, American Chemical Society). 
 

resolution live cell Raman images and to gain information from 

cells.
51

 However, until recently, Raman-based cell images were 

not comparable with fluorescence-based images because of 

the very low resolution and long signal acquisition time.
49

 The 

recent advances in Raman-based cell imaging technologies 

demonstrate its potential for application in future bioscience. 

Mahajan et al. reported the use of intracellular SERS 

nanoprobes to distinguish between progenitor and 

differentiated cell types in a human neuroblastoma cell line.
52

 

SERS spectra from the nuclear region enabled identification of 

an increase in the DNA/RNA ratio and transcribed proteins. 

Furthermore, the enhanced SERS spectra by AuNPs from inside 

cells could be used to assess the efficacy of potential drugs 

based on changes in the Raman spectra and cell morphology 

(Fig. 5 (b)).
49

 Lim et al. recently reported highly reproducible 

SERS-active nanostructures composed of a AuNP core-shell 

with a very narrow and uniformed intra-nanogap (ca. 1.2 nm)
53

, 

and its use for high resolution live cell Raman images of cancer 

cells using a custom-built high speed confocal Raman 

microscope. The high resolution live cell Raman images were 

attained within 30 sec, and they were comparable to 

fluorescence-based images as shown in Fig. 5(c-d).
50

 

 

3.2 In-vivo imaging 

Plasmonic nanoparticles have been investigated as promising 

contrast agents for a wide range of imaging modalities such as 

optical imaging (i.e., NIR-based fluorescence imaging, 

photoacoustic imaging), computed tomography (CT),
54

 and 

nuclear imaging (i.e., single positron emission computed 

tomography (SPECT) and positron emission tomography (PET)). 

The rapid excretion of small molecule imaging agents (i.e., 

iodinated contrast agents for CT) via the kidney results in short 

circulation times, and is therefore a major problem to be 

addressed in order to obtain sensitive CT imaging-based 

diagnoses.
55

 In contrast, nano-sized imaging agents provide 

extended circulation in the blood stream and specific target  
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Fig. 6 (a) Cross-sectional CT images of a tumor before (0 h) and after injection (2 h, 24 h) 
(b) NIRF tomographic images of HT-29 tumor-bearing mice. (c) NIRF images of their 
organs. L: liver, S: spleen, K: kidney, L: lung, H: heart, T: tumor. (d) Dark-field (left), 
fluorescence (middle), and MMP-2 enzyme stained (right) microscopic images of 
excised HT-29 tumor tissue. Scale bar indicates 50 mm. (e) Dual CT/optical imaging of 
the same HT-29 tumor-bearing mouse model 24 h post-injection. (Reprinted with 
permission from ref. 56. Copyright 2011, WILEY-VCH Verlag).  

 

tissue binding properties after proper surface modifications.
55

 

In addition, the high atomic number (Z = 79) and k-edge value 

(80.7 keV) of AuNPs could induce greater contrast than 

iodinated contrast agents.
55

 AuNPs of an average size of 1.9 

nm from Nano probes Inc. were initially studied as X-ray 

contrast agents.
54

 Although the excretion route of AuNPs is 

similar to that of conventional iodinated X-ray contrast agents, 

their clearance is slower, allowing longer imaging times. 

Studies to determine the optimum size and surface chemistry 

for efficient targeting and long circulation have been 

conducted by many research groups.
57

 Wang et al. studied 

folic acid-modified dendrimer-entrapped AuNPs for in vitro 

and in vivo targeted CT imaging.
58

 Ahn et al. reported glycol 

chitosan-modified AuNPs (GC-AuNPs) for tumor targeted CT 

imaging, and compared it to NIR fluorescence imaging 

activated by an abundant enzyme (matrix metalloproteinase; 

MMP) in the tumor (Fig. 6).
56

  

AuNPs have also been investigated as nanocarriers of 

signaling elements for SPECT, PET, and magnetic resonance 

imaging (MRI) after modifying AuNPs with elements such as 
125

I,
59

 
124

I,
60

 
18

F,
60

 Gd,
61

 
111

In,
62

 
64

Cu,
63

 targeting ligands and 

protective layers. Since each imaging modality has its own 

advantages and disadvantages, now researchers are focusing 

on the development of multimodal imaging agents. For 

instance, nuclear imaging (i.e., PET and SPECT) is useful for the 

diagnosis of diseases including cancer, but cannot provide 

structural information and has disadvantages such as poor 

spatial resolution, long scan times, non-specific uptake of 

radiotracers by surrounding normal tissue, and difficulty in 

separating signals between existing and newly formed tissue.
64

 

Therefore, the possible solution to overcome these limitations 

Fig. 7 Triple-modality detection of brain tumor in living mice (a) Two-dimensional 
axial MRI, photoacoustic and Raman images. The post-injection images of all 
three modalities showed clear tumor visualization (dashed boxes outline the 
imaged area). (b) A three-dimensional (3D) rendering of magnetic resonance 
images with the tumor segmented (red; top), an overlay of the three-
dimensional photoacoustic images (green) over the MRI (middle) and an overlay 
of MRI, the segmented tumor and the photoacoustic images (bottom) showing 
good colocalization of the photoacoustic signal with the tumor. (c) Quantification 
of the signals in the tumor showing a significant increase in the MRI, 
photoacoustic and Raman signals after the injection that that before the 
injection. n = 4 mice. Data represent mean ± s.e.m. ***P < 0.001, **P < 0.01 
(one-sided Student’s t-test.) AU, arbitrary units. (Reprinted with permission from 
ref. 65. Copyright 2012, Nature publishing group).  

 

could be the use of multimodal imaging agents.
66

 For example, 

Black et al. developed dual-radiolabeled (
125

I and 
111

In) AuNPs 

as a multispectral SPECT imaging contrast agent with an MMP 

cleavable peptide, and demonstrated distinct pharmacokinetic 

properties of the contrast agent between tumors.
62

 Wang et al. 

synthesized 
64

Cu-radiolabeled AuCGs as a dual mode (PET/CT) 

imaging agent, and specific AuCGs (30 nm) demonstrated a 

significantly improved biodistribution profile compared to 

AuCGs (55 nm).
67

 Shi et al. reported dendrimer-based MRI/CT 

dual mode imaging agents composed of Gd(III) and small 

AuNPs (3.8 nm)
68-70

 or Fe3O4 and AuNPs to exploit the benefits 

of each imaging modality.
68, 71

 Furthermore, Kircher et al. 

reported a triple imaging modality (MRI-photoacoustic-Raman) 

to overcome the limitations of current imaging methods such 

as low sensitivity, specificity, and spatial resolution, which are 

strongly required to obtain clear brain tumor images. Fig.7 

shows clearly distinguished MRI, photoacoustic and Raman 

scattering images before and after injection of the agent.65  

 The photoacoustic (PA) imaging modality provides higher 

resolution of acoustic images than conventional ultrasound 

based imaging technologies. Since the acoustic images in PA 

depend on the magnitudes of thermal expansions of 
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illuminated molecules, anisotropic gold nanostructures that 

can generate strong photothermal effects are excellent 

candidates for sensitive PA imaging agents.
48

 Zharov et al. 

suggested the use of golden carbon nanotubes to obtain high 

PA amplitudes based on strongly enhanced PA and 

photothermal effects.
72

 Emelianov et al. reported a new 

method for obtaining enhanced PA amplitudes by 

incorporating a nanoscale silica shell on gold nanorods (AuNRs), 

which led to decreased thermal resistance between the 

metallic surface and aqueous media. As a result, PA amplitudes 

three times higher in magnitude than naked AuNRs were 

attained.
73

 Lim et al. reported reduced graphene oxide coated 

AuNPs as a highly efficient PA contrast agent. Experimental 

and mechanistic studies demonstrated that the increased light 

absorption and efficient heat diffusion via reduced graphene 

oxide are responsible for the five times higher PA amplitudes 

than naked AuNRs.
74

 Ke et al. reported gold nanoshelled 

microcapsules (AuNS-MCs) for ultrasound contrast imaging, 

and compared to empty microcapsules, gold nanoshelled 

microcapsules enhanced the ultrasound imaging results.
75

  

 These results indicate that the unique optical properties of 

AuNPs could be further improved by rationally manipulating its 

composition or structures on the nanoscale.  

4. Therapeutic Applications   

The nanocarrier can alter the typical pharmacokinetics and 

pharmacodynamics of loaded drug molecules. Moreover, they 

can actively be enabled to control release kinetics using AuNPs. 

The recent advances in therapeutic applications based on 

AuNPs are discussed.  

 

4.1 Drug delivery 
For drug delivery systems, a number of amphiphilic polymers 

have been extensively investigated because of their safety, 

stability, and easy chemistry for ligand binding, as well as their 

high drug loading capacity. In the case of AuNPs, their 

inertness, high surface-to-volume ratio, and robust surface 

chemistry ignited their use as drug carriers. The main benefit 

of AuNPs for drug delivery will be use of the optical properties 

of AuNPs to control drug release kinetics by applying external 

light stimuli.
76

 These capabilities are also related to the 

imaging and therapeutic application of AuNPs. In the earlier 

stages of developing AuNPs for drug delivery, researchers 

simply used the particles to deliver anticancer drugs loaded 

through physical adsorption or covalent conjugation. However, 

in recent studies, AuNPs are mostly used as a key component 

of multifunctional intelligent drug delivery systems to further 

improve the efficacy of anticancer drugs. 

 Wang et al. generated doxorubicin tethered AuNPs with a 

poly(ethylene glycol) spacer via an acid-labile linkage, which is 

a hydrazine linker, (DOX-Hyd@AuNPs) to overcome multidrug 

resistance in cancer cells. DOX-Hyd@AuNPs enhanced drug 

accumulation and retention in MCF-7/ADR cancer cells that 

possess multidrug resistant properties. Furthermore, DOX- 
 

Fig. 8 Cell images after treating with (a) Doxorubicin, (b) DOX-Cbm@AuNP and (c) 
DOX-Hyd@AuNP. Cell viability (d) 48 h and (e) 72 h after addition of Doxorubicin, 
DOX-Cbm@AuNP, and DOX-Hyd@AuNP. (Reprinted with permission from ref.77. 
Copyright 2011, American Chemical Society). 
 

Hyd@AuNPs showed highly efficient cellular entry and 

responsive intracellular release of doxorubicin from the AuNPs 

in acidic organelles, which was significantly different from that 

of the non acid-labile linker (DOX-Cbm@AuNPs) and free 

doxorubicin (Fig. 8(a-c)).77 The DOX-Hyd@AuNPs demonstrated 

a stronger antitumor effect than free doxorubicin or DOX-

Cbm@AuNPs as shown in Fig. 8(d-e).77 Kumar et al. synthesized 

2 nm size AuNPs with a therapeutic peptide, PMI (p12), and a 

targeted peptide (CRGDK) that binds selectively to neurophilin-

1 (Nrp-1) receptors, which is overexpressed on cancer cells.
78

 

CRGDK functions to increase the intracellular uptake of AuNPs, 

and CRGDK functionalized AuNPs were maximally bound to the 

CRGDK peptide and the Nrp-1 receptor on the surface of MDA-

MB-321 cells. This enhanced the transmission of the 

therapeutic P12 peptide inside target cells. Functionalized 

Au@p12+CRGDK nanoparticles demonstrated highly effective 

cancer therapy, indicating that these types of design systems 

composed of functionalized nanoparticles and various specific 

molecules onto AuNP surfaces can provide significant 

therapeutic effects.
78  

 Xiao et al. developed a targeted NIR responsive 

nanoparticle delivery system using a simple DNA self-assembly 

process. In vivo and in vitro results using this NIR responsive 

nanoparticle system showed that drugs were selectively 

delivered to the target site, released by NIR irradiation, and 

effectively hindered cancer cell growth and progression under 

thermo-chemotherapy.
79

 Furthermore, Song et al. reported 

the development of bioconjugated plasmonic vesicles for 

cancer-targeted drug delivery using self-assembled SERS-

encoded amphiphilic AuNPs (Fig. 9a). The pH-sensitive 

hydrophobic polymer grafts in hydrophilic PEG-modified 

AuNPs induced sensitive disruptions in plasmonic vesicles in 

acidic endocytic organelles (endosome/lysosomes (pH 4.7-5.5). 

The SERS signal also disappeared with the disruptions in 

plasmonic vesicles (Fig. 9b).80 
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Fig. 9 (a) Schematic illustration of an amphiphilic gold nanoparticle coated with a 

Raman reporter and mixed polymer brushes of hydrophilic PEG and pH-sensitive 

hydrophobic polymer grafts, and the drug-loaded plasmonic vesicle tagged with 

HER2 antibody for cancer cell targeting. (b) The cellular binding, uptake, and 

disruption of SERS-encoded pH-sensitive plasmonic vesicles. (Reprinted with 

permission from ref.
80

 Copyright 2012, American Chemical Society). 

 

 Thus, the use of gold nanoparticles can alter the typical 

pharmacokinetics of loaded drug molecules by controlling drug 

release and by delivering selectively loaded drugs to target 

cells. The combined use of AuNPs with the functionality of 

polymers or chemical linkers could be smart tools to greatly 

improve the therapeutic efficacy of conventional drugs of 

interest. 

 

4.2 Photothermal therapy (PTT) 
The ability of AuNPs to efficiently absorb visible and NIR light 

depends on the structures, and the absorbed energy 

converted into local heat energy through the fast non-

radioactive decay process.
13

 The local heat induces significant 

damage to abnormal cells. Specifically, cancerous cells are 

more susceptible to the heat damage than normal cells, 

demonstrating that efficient cell death can be initiated in 

tumor cells containing AuNPs.
13

 Since use of the NIR region of 

light can maximize the penetration depth of light into body-

tissues, anisotropic gold nanostructures such as gold nanorods 

(AuNRs),
81

 nanoshells (AuNSs),
82

 nanocages (AuCGs)
83

 and 

nanostars (AuSTs)
13, 84

 that have LSPR absorption at 700 – 900 

nm are frequently used for efficient photothermal therapy.
13

  

A number of strategies for generating efficient 

photothermal effects have been investigated. Developing 

strategies to increase the uptake efficiency of nanoparticles 

into target cells can significantly reduce the concentration of 

nanoparticles as well as the light dose. To achieve these goals, 

a wide range of strategies have been employed. Wang et al. 

presented target specific AuNRs to efficiently destroy tumor 

cells by allowing their accumulation in the mitochondria, which 

is a critical subcellular organelle that maintains the 

homeostasis of cells.
85

 Yuan et al. generated TAT peptide-

functionalized gold nanostars (TAT-AuSTs) to remarkably 

improve intracellular uptake efficiency and induce a strong 

photothermal effect.
15

 The TAP-peptide is a cell penetrating 

peptide (CPP), obtained from human immunodeficiency virus 

type 1, that can facilitate particle uptake. The gold nanostars 

generated strong photothermal effects in response to 850 nm 

laser excitation.
15

 Similarly, branched gold nanoparticles 

functionalized with anti-HER2 antibody to treat breast cancer 

demonstrated specific cell targeting and effective 

photothermal effect.
86 

Developing new materials that can absorb NIR-light 

efficiently is another promising method for achieving an 

improved photothermal effect. In this regard, new 

nanocomposites composed of gold and additional efficient 

visible-NIR light absorbing materials such as silicon nanowire,
87

 

carbon nanotube,
88

 or reduced graphene oxide
89

 have been 

investigated. Lim et al. recently reported reduced graphene 

oxide coated gold nanorods or gold nanoshells for enhanced 

photothermal effects. Interestingly, only reduced graphene 

oxide coated NPs showed significantly increased photothermal 

effect due to the recovered electronic state of reduced 

graphene oxide.
89

 The application of enhanced photothermal 

properties can be extended to other areas such as improved 

photoacoustic applications,
74

 live cell imaging,
88

 or NIR-

responsive intelligent drug delivery systems.  
The important limiting factor of photothermal therapy 

using AuNPs is the penetration depth of light energy through 

body tissues. In contrast, the magnetic field and radio-

frequency (RF) field have no such depth limitation, therefore 

biocompatible materials that can sensitively respond to RF 

would be promising candidates for future hyperthermia-based 

therapeutic applications.
90

 In this regard, controversy over the 

magnetism of AuNPs is quite interesting.
91

 Recently, McCoy et 

al. reported that the Au102(pMBA)44 nanocluster becomes 

paramagnetic when oxidized with KMnO4, such that they can 

be heated by magnetic fields, similar to the heating of 

magnetic NPs (such as iron oxide NPs) in oscillating magnetic 

fields. In this type of heating, particles can rotate within the 

stationary solvent (Brownian relaxation) or magnetic dipoles 

can rotate within the particle (Neel relaxation).
91,92

 These 

results present a new potential of AuNPs for RF and resulting 

hyperthermia-based therapeutic applications.  

Because of the discussed optical and physical properties, 

AuNPs also play a central role in theranostic applications. The 

photothermal effects of AuNPs, in addition to their direct 

therapeutic application, are also used to trigger drug delivery 

to target tissues with the capability to simultaneously monitor 

the disease state.
93-95

 AuNRs,
96

 AuNSs,
75, 82

 AuCGs
97

 and 

AuSTs
98

 have frequently been used for this purpose. Shi et al. 

recently demonstrated the utility of a combination of Fe3O4 

and AuSTs for dual mode imaging (MRI/CT) and the strong 

photothermal effects of AuSTs.
71

 

 

5. Tissue Engineering Applications 
For tissue engineering applications, active tools that can 

control the behavior or fate of cells to properly generate target 

tissues are strongly required. Biocompatible polymers with or 

without bioconjugation have been widely investigated for this 

purpose. With increased understanding of the interaction 

between nanomaterials and biomolecules,
99

 a wide range of 

nanomaterials have been employed for tissue engineering 

applications. The interactions of cells on substrates are quite 
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Fig. 10 AuNPs on the fibers. (a) Illustration of a fiber cross-section. (b) Cross-sectional 
transmission electron microscopy (TEM) of the fibers coated with gold NPs. Bar = 100 
nm. (c) Illustration of a single fiber covered with gold NPs. (d) Topography of gold NP 
fibers by atomic force microscopy (AFM). (e) Topography of gold NPs (4 nm) on a 
single fiber. (Reprinted with permission from ref.100 Copyright 2013, Royal Chemical 

Society).  

 

complex. A number of parameters such as nanostructures,  

stiffness, hardness, and surface functionality and properties 

significantly influence the fate of cells. For this reason, AuNPs 

have been investigated as biocompatible materials that can 

easily generate nano-featured 2D and 3D structures with 

excellent physical properties (Fig. 10). Mukhopadhyay et al. 

highlighted the biological function of AuNPs by demonstrating 

their potential to induce an antiangiogenic effect. They 

showed that AuNPs could inhibit the angiogenic factor 

VEGF165.
101

 Binding of AuNPs to the heparin binding domain of 

VEGF was possibly the reason for the observed inhibitory 

effect, which ignited a series of related studies.
101-103

 Detailed 

investigations on the controllable parameters of AuNPs with 

specific cell types have been extensively performed.
104

  

Recently, Heo et al. reported the use of curcumin 

conjugated AuNPs as a therapeutic agent for preventing and 

treating osteoporosis. It has been known that AuNPs inhibit 

osteoclast formation but the osteoclastogenic inhibitory effect 

was possible only in vitro conditions. In this study, the 

osteoclastogenic inhibitory effect was demonstrated using 

curcumin conjugated AuNPs in vivo.
105

 Shevach et al., through 

immunocytochemistry, demonstrated that AuNPs of various 

sizes with polycaprolactone-gelatin fiber can trigger the 

elongation and alignment of cardiac cells on composites.
106

 

Hung et al. studied the effect of gold nanoparticles in collagen 

composites on the behavior of mesenchymal stem cells 

(MSCs).
107

 Fabrication of a biomimicking environment for 

growing MSCs is an area that needs further investigation, 

because the adhesion/proliferation capacity of vascular 

endothelial cells and MSCs for vascular grafts is generally poor. 

This study demonstrated that a specific concentration of 

AuNPs (43.5 ppm) promotes adhesion, proliferation, and 

migration of MSCs. Furthermore, the AuNPs induced a reduced 

inflammatory response and served as a regulator of the αvβ3 

Fig. 11 Schematic overview of cardiac tissue engineering. Isolation of omental tissue 
from the patient, a quick decellularization process, and AuNP deposition. Isolation of 
cells from the same patient, cultured in vitro, and seeded on the hybrid scaffold to 
produce a personalized cardiac patch and subsequent patch transplantation. 
(Reprinted with permission from ref. 

108
 Copyright 2014, American Chemical Society).  

 

integrin/CXCR4 receptor, FAK, MMP-2, and Akt/eNOS 

molecular signaling pathways for the promotion of stem cell 

differentiation to vascular endothelial cells, which is mediated 

by VEGF/SDF-1α.
107

 Yi et al. also studied the interactions 

between AuNPs and cells and these relationships promoted 

osteogenic differentiation of MSCs through the p38 MAPK 

pathway. The interaction of AuNPs with the extracellular 

matrix was induced via the up-regulation of integrin, which 

caused cellular stress on the MSCs, leading to activation of the 

p38 MAPK pathway.
109

  

For efficient cardiac cell engineering, gold nanowires can 

be used to control cardiac cells more efficiently. Engineered 

cardiac patches for treating damaged heart tissues after a 

heart attack are normally produced by seeding heart cells in 

three-dimensional porous biomaterial scaffolds. Incorporating 

gold nanowires within biocompatible polymer scaffolds (i.e., 

alginate) can bridge the electrically resistant pore walls of 

alginate and improve electrical communication between 

adjacent cardiac cells.
104

 D. Tal et al. explored the potential of 

AuNPs to improve the structural and functional assembly of 

cardiac tissues grown within coiled fiber scaffolds to overcome 

the limited ability of the scaffolds to propagate the electrical 

signals between cultured cardiac cells by evaporating AuNPs 

with a nominal thickness of 10 nm onto the surface of the 

fiber.
100

 The AuNP-decellularized matrix hybrid can affect the 

function of cardiac tissue engineering, and the electrical signal 

is 2- to 3-fold faster than in omental matrices (Fig. 11).
108

 This 

indicates that a hybrid patch with AuNPs can improve the 

efficacy of cardiac therapy in vivo.
 
As a surface modifier and an 

agent for releasing factors, AuNPs can be applied to the 

fabrication of scaffolds. Additionally, they can promote cell 

behavior and regulate cell signaling. Thus, these results 

suggest that gold-based materials can be useful scaffolds for 

engineering various tissues along with providing effective 

additional functions. 

6. Conclusions 

Here, we reviewed recent advances in biomedical engineering 

applications based on the unique and useful properties of 

AuNPs. The applications include biosensing schemes for 
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sensitive nucleic acid and protein detection, in vitro and in vivo 

bioimaging, therapeutic applications for intelligent drug 

delivery systems, photothermal effect-based therapy, and 

tissue engineering. In most bioengineering applications, AuNPs 

have played a key role in generating breakthrough technology 

due to its diverse and controllable functionality. As evidenced 

by the successful commercialization of gold based 

technologies such as Verigene® and Biacore® as new tools for 

bioscience, new breakthrough technologies in the field of 

therapeutics are also expected in the near future.  

However, two key issues still remain unsolved, and need to 

be addressed for future clinical applications of AuNPs. The 

primary issue is the potential toxicity of AuNPs, which requires 

careful investigation. Another intrinsic limitation for 

bioengineering applications is the limited penetration depth of 

visible-NIR light into body tissues, which is the same problem 

observed in fluorescence-based optical imaging technology. 

New materials that can strongly absorb external light energy or 

internal energy (i.e., chemiluminescence) will be a possible 

solution. Furthermore, developing new optics that can 

overcome the current limitations of penetration depth is 

another promising solution.
110

 In this regard, it is expected that 

there will be another golden age of AuNPs for future basic 

science, including chemistry, physics, biology, biochemistry, 

and bioengineering for the development of biosensors, 

bioimaging, and nanomedicine.  
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