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Gold nanorods (GNRs) have been extensively used in biomedical applications, because of their favourable optical properties. Their
longitudinal surface plasmon resonance can be tuned, providing a strong near-infrared (NIR) extinction coefficient peak within the tissue
transparency window. However, the modification of the surface of GNRs is essential before they can be used in biomedical applications.
The number of GNRs taken up by cells and their biodistribution depend on their surface modification. Here, we review the recent

10 advances in modifying GNR surfaces with polyelectrolytes for biomedical applications. Major polyelectrolytes used to coat GNR
surfaces over the past few years and the biocompatibility of polyelectrolyte-coated GNRs are discussed.

1 Introduction

Gold nanorods (GNRs) have attracted much attention for
therapeutic applications, because of their excellent optical
properties. It is well-known that GNRs exhibit two plasmon
resonance bands, called the transverse plasmon resonance and
longitudinal plasmon resonance. A latter provides a very high
extinction coefficient at near infrared (NIR) wavelengths, in
20 which tissue is transparent. Furthermore, the position of the

longitudinal band can be tuned by controlling the GNR shape.
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With these properties, GNRs have a great potential in biomedical
so applications. GNRs are typically synthesised using hexadecyl-
trimethylammonium bromide (CTAB), a cationic surfactant that
is toxic. The resulting CTAB bilayer on the GNR surface causes
cell toxicity.! Many approaches have been used to modify the
GNR surface to yield low toxic alternatives. The stability of the
ss GNRs after surface modification must also be considered. The
surface of CTAB-GNRs has been modified with polyelectrolytes
(PEs),? lipids,® silica,* and gels,> which rendered the GNRs
suitable for biomedical applications. PEs have been most
commonly used, perhaps because of their use in various biology
s Systems.® Different PE coatings on GNR surfaces have different
effects on cellular uptake.” 8 The distribution and accumulation of
surface-modified GNRs in cells and tissues also depends on the
coating,® *° so it is important to tailor the surface of GNRs with
suitable PEs to the specific biomedical application.
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Herein, we review the recent use of PE-coated GNRS in
biomedical applications. We also review the effect of PE-coated
GNRs on cellular uptake, cell interaction, and biocompatibility
(Scheme 1).

2 Cellular uptake and cell interaction of PE-coated
GNRs

The surface modification of GNRs is essential before their use
in biomedical applications, and various approaches have been
used to render the GNR surface more biocompatible.* Cationic
and anionic polymers (normally called PEs) have been used to

coat the surface, and therefore lower the toxicity of CTAB-GNRs.

In 2005, Gole and Murphy coated the surface of CTAB-GNRs
with polystyrene sulfonate (PSS),? and this approach is now
common practice. Multilayer coatings have also recently been
applied to GNR surfaces.? 2 This involved the electrostatic
adsorption of combinations of anionic and cationic PEs to the
GNR surface. For example, PSS was applied to the surface of
GNRs to render them negatively charged. The cationic PE
poly(diallyldimethylammonium chloride (PDAC) was then
deposited on the PSS-GNRs.? Coating GNRs with PSS and
poly(acrylic acid, sodium salt) (PAA, anionic PE) allowed GNRs
to be suspended in organic solvents with high stability. As well,
coating GNRs with PAA and then the cationic PE;
polyallylamine hydrochloride (PAH), also supressed aggregation
of the GNRs in polar organic solvents.® Polyethyleneimine (PEI,
cationic polyelectrolyte) is also commonly used to modify the
surface of GNRs.* ™ Interestingly, different PEs result in
different cellular uptake of the GNRs, because of their different
chemical structures and physical properties. The cellular uptake
of PSS-GNRs was reportedly lower than that of PDAC-GNRs
and PAH-GNRs.” ® Remarkably, it was reported that a double
PSS layer on the GNR surface provided a higher uptake into cells
and had a higher zeta potential, than a single PSS layer.’

Charge is not the only factor effecting cellular uptake. Hauck
et al.” reported that GNRs coated with PSS and then with a

second layer of PDAC or PAH exhibited differing cellular uptake.

The PDAC-GNRs contained quaternary and PAH-GNRs
contained primary amines on their surfaces, respectively, and the
latter were less internalised by cells. The serum in the medium
also affects the cellular uptake of PE-coated GNRs. The same
research group also reported that the serum could enhance the
cellular uptake of the GNRs, and interacted with the PE coating.”’
Alkilany et al.® reported that the toxicities of PAA-GNRs and
PAH-GNRs on endothelial cells were comparable, despite these
GNRs possessing different charges. Remarkably, the PAA-GNRs
and PAH-GNRs were found to provide the same negative surface
charge within the culture medium, accounting for their similar
effect on cell viability.

In the case of PEI coating, the viability of HEK293 cells
increased after treating with PEI-GNRs for 24 and 48 h,
compared with cells treated with the original CTAB-GNRs.*
Coating GNRs with PEI could both reduce the toxicity arising
from CTAB, and increase the cellular uptake of the GNRs.
Besides different PE coatings, the concentration of the PE-coated
GNRs used in treating cells is also important. PSS-GNRs have
been used at a concentration 50 pg mL™, without any impact on
cell proliferation and function. However, PDAC-GNRs (25 g

60

mL1) exhibited a high toxicity on macrophages.®
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therapy

o® .
o - . -
Synthetic/natural

(TG T PEs-coated GNR
Antifibrotic
% therapy
Scheme 1 Biomedical applications of PE-coated GNRs.

The effect of PE-coated GNRs on percutaneous absorption by
the skin was also investigated by Lee et al.'” They reported that

es negatively charged PSS-GNRs could penetrate through a human
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skin equivalent model more readily than positively charged
PDAC-PSS-GNRs. The reason for the greater penetration of PSS-
GNRs, which had the same charge as skin, was not clear. Further
investigation is required to understand the detailed skin
penetration of both PE-coated GNRs.

3 Biomedical applications of PE-coated GNRs

3.1 Photothermal therapy

GNRs strongly absorb light, which can then be converted to
heat by electron-phonon and phonon-phonon processes.*® This
makes GNRs attractive candidates for photothermal therapy. PSS
(molecular weight ~18000) was used to coat the surface of GNRs
before conjugating with an antibody (anti-epidermal growth
factor (anti-EGFR) monoclonal antibodies), that was specific to
EGFR strongly expressed on malignant cell surfaces. The anti-
EGFR-conjugated PSS-GNRs were incubated with malignant
cells for 30 min. Dead malignant cells were observed at low
power density irradiation (~10 W/cm?), owing to heating by the
GNRs. In contrast, a higher power density was required to
destroy nonmalignant cells incubated with anti-EGFR-conjugated
PSS-GNRs, because of their lower GNR uptake.® PAA-GNRs
have also been used for cellular targeting. For example, PAA was
coated on the surface of CTAB-GNRs. The carboxyl group of
PAA allowed the PAA-GNRs to bind with the targeting agent,
A33 single chain antibody (A33scFv). The resulting particles
were used to destroy colorectal cancer, by irradiation with an 808
nm laser.?

Wang et al.?! recently reported the use of PAH-GNRs
conjugated with rose bengal (RB, anionic photosensitiser) in
photothermal oral cancer therapy. This conjugation occurred via
the electrostatic interaction of RB (presenting negative-charge
from carboxylic and aromatic hydroxyl groups) with the
positively charged PAH-GNR surface (Fig. 1).? The RB
molecules specific to oral cancer cells (Cal-27 cancer cells) were
used for cancer targeting. Cells incubated with RB-PAH-GNRs
and then irradiated with NIR wavelengths for 5 min were mostly
dead. A similar effect was observed in an in vivo experiment,
using a hamster cheek pouch as a model. After NIR irradiation

105 for 60 s, the temperature of the tumour increased from 33.5 to
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43.9 <T (Fig. 2). The tumour injected with solely phosphate
buffer saline exhibited a temperature of ~38 <C after 60s
irradiation.?
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Fig. 1 Schematic showing the preparation of RB-GNR conjugates
(redrawn with permission from Ref. 22).
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Fig. 2 thermal

Infrared
dimethylbenz[a]anthracene-induced
nonirradiated and (b-d) irradiated at 810 nm for 20 to 60 s
(reproduced and adapted with permission from Ref. 21).

images of a 7,12-
hamster  tumour  (a)
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Another example, PEI-PSS-GNRs were conjugated with
methoxypolyethylene glycol thiol (MPEG-SH), and the resulting
conjugates formed a complex with Al(lll) phthalocyanine
chloride tetrasulfonic acid (AlPcS4). A1PcS4 adsorbed on the
PEI branches, and acted as a photosensitiser for photodynamic
therapy. After exposure to light, this photosensitiser converted
endogenous oxygen to singlet oxygen, which is toxic to MCF-7
cancer cells. The distance between the A1PcS4 and GNRs of the
complex was ~2 nm. AlPcS4 showed no phototoxicity in the
circulatory system before release from the complex. The complex
concentration used to treat the cancer cells was 5 nM.
Approximately 90% of MCF-7 cells were destroyed after
irradiating at 80 mwW cm? for 0.5 min and then at 25 mW cm for
1.5 min (Fig. 3).%°
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Fig. 3 Schematic showing a modified GNR-AIPcS4 complex
subjected to high/low power density irradiation for cancer cell

35 destruction (reproduced with permission from Ref. 15).
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The use of PE-coated GNRs to treat cancer was also reported
by Wang et al.Z® PAA-GNRs were prepared and then covalently
bound to phage displayed peptide, by activating carboxylic

40 groups of PAA using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-
hydroxysuccinimide. Following this, the conjugated GNRs were
treated with the HER2 over expressed human mammary
carcinoma cell line (SK-BR-3). The peptide on the surface of the

s PAA-GNRs was specific to the HER2 antigen, therefore the
cellular internalisation of particles was higher than that of
nonspecific cells. The cells were irradiated at 808 nm using a
laser scanning confocal microscope, and were finally destroyed
by hyperthermia.

50
3.2 Vaccine, drug and gene delivery

GNRs can be used as carriers for loading with therapeutic
materials to treat diseases.?*® In 2012, PDAC-GNRs and PEI-
ss GNRs were used as adjuvants to enhance the immunogenicity of
HIV-Env plasmid DNA. After attaching Env plasmid DNA to
PDAC-GNRs and PEI-GNR (referred to here as PDAC-GNR-
Env and PEI-GNR-Env, respectively), these particles were
intradermally injected into mice. The secretion of IFN-y (a
representative for the cellular immunity response) was
significantly enhanced, compared with the injection of plasmid
DNA alone. A very low immune response was observed in mice
injected with CTAB-GNR-Env and PEI-Env (PEI attached with
Env plasmid DNA without GNRs). Since PDAC-GNR-Env and
s PEI-GNR-Env strongly enhanced the immune response, they can
be candidates for vaccine adjuvants.*

PAH-PAA-GNRs containing the fusion protein (F) (the major
virus protective material) were prepared by Stone et al.’ The
respiratory syncytial virus (RSV) F protein was covalently
conjugated to the PAH-PAA-GNRs using EDC, to form an amide
bond between the PAH-PAA-GNRs and F. F-PAH-PAA-GNRs
were treated with the co-culture system between human primary
dendritic cells and human T cells. F- PAH-PAA-GNRs were then
taken up by dendritic cells, and later induced T cells to produce
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an immune response against viral proteins. The high proliferation
of T cells confirmed that the conjugation of F with PAH-PAA-
GNRs had no toxic effect on T cells.
PSS-GNRs coated with cationic neopentyl glycol diglycidyl
s ether-6 (NPGDE-6) via electrostatic interactions were used for
gene delivery. In this case, NPGDE-6-PSS-GNRs were attached
to DNA (luciferase gene PGL3). Later, MIA-PaCa-2 cells were
treated with PGL3-NPGDE-6-PSS-GNRs, and the expression of
luciferase was observed within cells. This confirmed that
10 NPGDE-6-PSS-GNRs had attached to the DNA, and could be
used for transgene delivery and expression.?® Huang et al.?® used
PSS-GNRs wrapped with a cationic PE (ethyleneglycol
diglycidyl ~ ether  reacted  with  3,3'-diamino-N-methyl
dipropylamine, EDGE-3,3"), to deliver plasmid DNA to prostate
15 cancer cells (PC3-PSMA). Plasmid DNA was attached to EDGE-
3,3"-PSS-GNRs and then DNA-EDGE-3,3°-PSS-GNRs were
transfected into PC3-PSMA cells. Their results showed that
EDGE-3,3-PSS-GNRs enhanced the transfection of plasmid
DNA into cells, and increased the stability of the GNRs. This
2 increased GNR stability helped avoid low transfection
efficiency.®®!  The intracellular delivery of antisense
oligonucleotides (ASODNSs) could also be performed using PEI-
PSS-GNRs electrostatically conjugated with ASODNs.*?
GNRs containing layer-by-layer coatings have also been
25 prepared. Four layers were achieved, by coating with PSS, PDAC
and repeating. The coated GNRs were then attached to bovine
serum albumin (BSA) to yield BSA-PE-GNRs. BSA on the GNR
surface might enhance the cellular uptake of the GNRs, possibly
via the endocytic pathway. The BSA layer also increased the
w0 stability of the particles.** 3* Following this, the anticancer drug
doxorubicin (DOX) was electrostatically adsorbed on the BSA-
PE-GNRs. The BSA-PE-GNRs@DOX particles were incubated
with MCF-7 cells for 60 min, after which intense red
fluorescence was observed in treated cells. Combining PE-coated
s GNRs, BSA, and anti-cancer drugs is a potential drug delivery
system (Fig. 4).%

® @
@
g PSS
® BSA
@ S DRSNS
®® AUNRS-PE  AUNRSs-PE-BSA
® P
® @ Doxorubicin
@ @ .
I =l B
-4 ® , M
® ®
® P
W, Pss
ANAA PDDA : :
BSA AuNRs/DOX-PE-BSA
° Doxorubicin

Fig. 4 Schematic showing the preparation of BSA-PE-
10 GNRs@DOX particles. PDDA indicated in this figure is identical
to PDAC (reprinted with permission from Ref. 34).

In another example, PE-coated GNRs were conjugated with
the model drugs fluorescein isothiocyanate (FITC) or paclitaxel
s (PTX).3® After conjugation, the GNR-drug conjugates were

embedded within PEs to form GNRs/FITC@PAA and
GNRs/PTX@PDAC, respectively. FITC and PTX were released
from the complex following NIR irradiation. In this case, the heat
energy strongly affected the drug release. The drug was released
so from the conjugate by the change in conjugate morphology,
which occurred upon the conversion of absorbed energy into heat.
This technique has also been used to confirm that particles were
internalised within cells, and that the drugs were released to the
target area. The GNRs/FITC@PAA complex was incubated with
ss MCF-7 cells. The green fluorescence of FITC was detected
around the centre of cell nuclei, both before and after irradiation.
This implied that FITC reacted with amine groups of nucleus
proteins within cells.® The cell viability of MCF-7 decreased
after treating cells with GNRs/PTX@PDAC and subsequent NIR
60 irradiation.

3.3 Imaging

PE-coated GNRs have been also used in bioimaging. In 2007,
es Ding et al. coated GNRs with negatively charged poly(3,4-
ethylenedioxythiophene) (PEDT)/PSS and then with positively
charged PDAC. The resulting PDAC-PEDT/PSS-GNRSs were
electrostatically attached to transferrin (Tf). The Tf-PEDT/PSS-
GNRSs were incubated with Hela cells, which were over-
70 expressed in transferrin receptors. Fig. 5¢ shows that orange/red
light scattering spots were observed in HeLa cells treated with Tf-
PDAC-PEDT/PSS-GNRSs. These spots originated from the
strong longitudinal surface plasmon oscillation of the GNRs. This
scattering was more intense than the emission of most
7 fluorophores.®®
Ding et al. also used Tf-PDAC-PEDT/PSS-GNRs in a two-
photon imaging technique. Human pancreatic carcinoma (Panc-1)
cells overexpressed in transferrin receptors were incubated with
Tf-PDAC-PEDT/PSS-GNRs for 3 h. Two-photon images were
g0 then recorded with a confocal system. The Panc-1 cells incubated
with the Tf-PDAC-PEDT/PSS-GNRs exhibited stronger
fluorescence than those subjected to other treatments. This strong
fluorescence signal was enhanced by the GNRs attached on
cells.*’

o )
Gold nanorods: &
Transferin targeted

I
Gold nanorods’ 8

Control : No treatment

Fig. 5 Dark field images of HeLa cells untreated and treated with
different GNRs. Cells treated with Tf-PDAC-PEDT/PSS-GNRs

o0 exhibited strong orange/red scattering from the surface plasmon
enhancement of the GNRs (reprinted and adapted with
permission from Ref. 36.)

Multilayered PE-coated GNRs have also been used as optical

o5 contrast agents for cancer cell imaging. Chen et al.® reported
multilayered GNRs coated with PSS and PAH. PAH-PSS-GNRs
were stable and readily taken up by cells, via electrostatic
interaction between the negative charge of cell membrane and
positive charge of PAH-PSS-GNRs. HeLa cells were treated with
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PAH-PSS-GNRs, after which red emission was detected within

cells by dark field microscopy. This emission was from the light

scattering of the GNRs. HeLa cells treated with CTAT-GNRs and

PSS-GNRs did not exhibit the same emission as that from cells
s treated with PAH-PSS-GNRs (Fig. 6).

Fig. 6 Dark field images of HeLa cells (a) untreated, (b) treated
10 with CTAB-GNRs, (c) treated with PSS-GNRs, and (d) treated
with PAH-PSS-GNRs (reprinted with permission from Ref. 38).

Molecules adsorbed on rough surfaces of noble nanomaterials
can exhibit a huge enhancement in their Raman scattering, known
15 as surface-enhanced Raman scattering (SERS). The SERS of
GNRs has been used in various biological applications. This is
because the longitudinal mode of the GNRs provides a large
extinction coefficient and strong oscillation of electrons at the
length of GNRs.* This amplification of electromagnetic field
20 means that SERS exhibits very high sensitivity for detecting
analytes at low concentrations.”” ** Biocompatible PAH-PSS-
GNRs have been incubated with HelLa cells, and a distinct SERS
peak was observed at 435 cm™. This peak was used as a
characteristic peak to detect the distribution of PAH-PSS-GNRs
25 on cell surface.® As well, the SERS of PDAC-GNRs could be
used to observe the distribution of intracellular SERS signals in
macrophages cells.
The above results demonstrated that PE-coated GNRs could be
used as SERS probes to detect biological molecules within
w cells.”? Another way of SERS technique can be performed by
using Raman reporters. For example, 4-mercaptobenzoic acid
(MBA) has been used as a Raman reporter to prepare PAH-
MBA-GNRs, which were used as a SERS probe to detect
epidermal growth factor receptor (EGFR) on single breast cancer
35 cells (A431). The SERS signals of the probe with anti-EGFR
differed from signals of the probe without anti-EGFR and the
EGFR sample blocked with free anti-EGFR antibody (Fig. 7).

3.4 Therapeutic agents for antifibrotic therapy
0 PE-coated GNRs have been reported as agents for regulating
cardiac fibrosis.*® It has been reported that the excess activity of
myofibroblast cells can result in excess fibrous connective tissue,
known as fibrosis. This fibrosis can lead to organ dysfunction;*
therefore, regulating fibrosis formation is important. Sisco et al.**
s investigated the effect of GNRs on cell-mediated matrix

remodelling. The GNR surface was modified in a layer-by-layer
manner to yield PSS-PDAC-PSS-GNRs. Varying concentrations
of these GNRs were mixed with type | collagen and cardiac
fibroblast from neonatal rats, to form GNR-collagen-fibroblast
composite gels. Gel contraction was inhibited when the high
concentration of PSS-PDAC-PSS-GNR  (5.6<10° GNR
particles/gel) was incorporated into the composite. This reduced
contraction did not arise from the death of fibroblast cells,
confirming that the PSS-PDAC-PSS-GNRs were not toxic to
ss cells. The enzyme matrix metalloproteinase 2 (MMP2) was
reportedly produced by fibroblasts during gel contraction, which
effected gel contraction and remodelling.*®
The PE-coated GNRs used in the above experiment did not
affect the cells ability to produce MMP2 to degrade extracellular
e0 matrix. The construction of collagen and PSS-PDAC-PSS-GNRs
induced the expression of the B-actin gene. The GNRs in this
construction reduced a-smooth muscle actin and type | collagen.
The PSS-PDAC-PSS-GNRs obstructed the transition of
fibroblasts to myofibroblasts PSS-PDAC-PSS-GNRs are
ss therefore candidates for future antifibrotic therapy. +
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Fig. 7 (a) SERS MBA probe spectra of anti-EGFR antibody
70 (1077 and 1588 cm™), no antibody and blocked antibody. (b)
Raman intensity of the 1077 cm™ peak from the antibody group
treated on A431 cells, which was higher than those without
antibody and blocked antibody (P < 0.001). (c) SERS mapping
images of A431 cells incubated with SERS probes without anti-
s EGFR antibody, SERS probes conjugated with anti-EGFR
antibody, and cells blocked with anti-EGFR antibody before
incubating with SERS probes conjugated with anti-EGFR
antibody (reprinted and adapted with permission from Ref. 42.).

80 3.5 Natural PEs coated GNRs
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Table 1. Synthetic polyelectrolytes used for modification of gold nanorods.

Abbreviation Name Character Application Ref.
PSS Polystyrene sulfonate Anionic Cellular uptake, Photothermal therapy, Gene 2,7, 8, 12, 15, 17, 18,
delivery, Oligonucleotide delivery, Drug 28-34, 37, 38, 42, 43,
delivery, Imaging, Antifibrotic therapy 46
PDAC Poly(diallyldimethylammonium chloride) Cationic Cellular uptake, Vaccine, Drug delivery, 2,7,8,24-26, 33-35,
(PDDA) Imaging, Antifibrotic therapy 37,43, 46
PAA Poly(acrylic acid) Anionic Cellular uptake, Photothermal therapy, 9, 13, 20, 23, 27, 35
Vaccine, Drug delivery
PAH Polyallylamine hydrochloride Cationic Cellular uptake, Photothermal therapy 7-9,13, 21, 22, 27, 38,
42
PEI Polyethyleneimine Cationic Cellular uptake, Photothermal therapy, 14-16, 24-26, 32,
Vaccine, Oligonucleotide delivery
NPGDE-6 Neopentyl glycol diglycidyl ether-6 Cationic Gene delivery 28
EDGE-3,3 Ethyleneglycol diglycidyl ether reacted Cationic Gene delivery 29-31
with 3,3" -diamino-N-methyl
dipropylamine
PEDT Poly(3,4-ethylenedioxythiophene) Anionic Imaging 36, 37

Another aspect of interest, while synthetic PEs has been used
to coat the surface of GNRs (Table 1), is the use of natural PEs
for surface modification of GNRs. Recently, it has been reported
that some natural PEs such as polysaccharide based
polyelectrolytes (glycosaminoglycan) and polypeptides could be
used to coat the surface of GNRs. In 2009, the surface of GNRs
was modified by Wilson et al. using the natural polyanion
sulfated glycosaminoglycans (heparin or chondroitin sulfate).* In
this case, the GNRs were firstly modified by PSS and PDAC to
form PDAC-PSS-GNRs. Then polyanions (heparin or
chondroitin) were added. These heparin-PDAC-PSS-GNRs and
chondroitin-PDAC-PSS-GNRs could be used to promote cell
function because both heparin and chondroitin sulfate molecules
can bind with cellular ligands related to cell behavior.® 4’ The
surface modification of GNRs with natural PEs could present a
lower toxicity than using synthetic PEs, especially at high
concetration.®

Conclusions

PE-coated GNRs provide various benefits in biomedical
applications. They can improve the efficiency of treatment and
diagnosis techniques, especially in photothermal therapy, drug
and gene delivery, vaccine delivery, bioimaging, and antifibrotic
therapy. The PE-coating on the GNR surface is an important
consideration, because different PE-coatings have different
impacts on cellular uptake. These PEs can reduce the toxicity of
CTAB on the original GNR surface, but the concentration of PE-
coated GNRs must be considered. The careful design of PEs and
GNRs will promote the use of PE-coated GNRs in future
biomedical applications.
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