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ABSTRACT

Currently, peptide-nanoparticle (NP) conjugates have been demonstrated to be efficient and
powerful tools for the treatment and the diagnosis of various diseases as well as in the bioimag-
ing application. Several bioconjugation strategies have been adopted to formulate the peptide-
NP conjugates. In this review, we discuss the exciting applications of peptide-gold (Au) NP conju-
gates in the area of drug delivery, targeting, cancer therapy, brain diseases, vaccines, immune
modulation, biosensor, colorimetric detection of heavy metals, and bio-labeling in vitro and
in vivo models. Within this framework, various approaches such as radiotherapy, photothermal
therapy, photodynamic therapy and chemo-photothermal therapy have been demonstrated for
the treatment of several diseases. Moreover, we highlight how the morphology, size, density of
peptide and the protein corona influence the biological activity, biodistribution and biological
fate of peptide-AuNP conjugates. In the end, we discuss the future outlook and the challenges
being faced in the clinical translation of the peptide-AuNP conjugates. Overall, this review
emphasizes that the peptide-AuNP conjugates might be used as potential theranostic agents for
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the treatment of life-threatening diseases in an economical fashion in the future.

Introduction

Nanotechnology-based approaches offer advanced
tools for biomedical applications ranging from diagnos-
tics, bioimaging, biodetection, biosensors, and the
delivery of drugs/genes and antimicrobial molecules
(Figure 1). In the last few decades, colloidal AuNPs have
been extensively explored for the development of
multifunctional theranostic tools due to their unique
and size-dependent physicochemical properties [1-5].
Furthermore, AuNPs have been most preferably chosen
for the various biomedical applications given that their
easy surface functionalization, biocompatibility and
their quantification in both in vitro and in vivo models
[1,3,6,7]. The surface of AuNPs can be functionalized
with the thiol, phosphine or amine moieties containing
biomolecules, although the thiol-based conjugation is
the most promising way to immobilize biomolecules
[8]. The strategy to modify the surface of AuNPs with
biomolecules is vital to their applications in the area of
nanomedicine. Surface functionalization not only affects
the physicochemical (monodispersity, stability, and bio-
compatibility) property of NPs but also provides multi-
functional moieties to conjugate several biomolecules
on the same AuNP [5]. Hence, the compositions,

morphologies, and size of biomolecule-NP conjugates
affects their nature of biological activity and
applications.

Peptides are a small chain of two or more amino
acids, which are linked with one another by their pep-
tide bonds. Peptides have attracted considerable atten-
tion in biomedical areas due to their excellent
biological properties, cheaper synthesis methods and
the possibility of designing sequences based on their
interactions with receptors using an in silico approach
[9,10]. Peptides can be classified into two categories: (i)
synthetic peptides identified using peptide library
screening or phage display library approaches and (ii)
the peptide sequences from natural proteins [11-13].
Currently, more than 150 peptides are under different
phages of clinical trials, demonstrating their potential
as potent drugs [14-16]. However, the main concerns
with peptides include their lower binding ability to tar-
get in vivo models, protease degradation and the short
half-lives in the circulating system, resulting in frequent
administrations of peptides to maintain their in vivo
efficacy [9,11,14]. In recent decades, researchers have
identified that peptide-AuNP conjugates can address
many of these intrinsic issues of peptides. The combin-
ation of AuNPs' specificity and peptide versatility
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Figure 1. Schematic representation of peptide conjugated AuNPs explored in multiple applications.

improves the properties of peptide-NP conjugates sev-
eral fold as compared to their counterparts. Therefore,
designing and preparing multifunctional peptide-AuNP
conjugates to treat several diseases has attracted huge
attention in the last few years.

Molecular dynamics studies have revealed the contri-
bution of molecular interactions of not only the individ-
ual amino acid residue of the peptide but also the
whole peptide with Au surfaces [17,18]. These
approaches have helped researchers to design custom-
made peptides, which can strongly interact with AuNPs
to produce well-defined nanostructures with precisely
fine-tuned physicochemical and biological properties.
For example, a single amino acid residue in peptides
can be mutated to facilitate the specific orientation of
peptides on the surface of NPs to program cellular
uptake and to manipulate immune responses [19-21].
Importantly, a diverse range of peptide-AuNP conju-
gates have been developed for the various biomedical
applications [22-26]. However, the development of
peptide-AuNP conjugates using biocompatible and
reproducible methods, which can help in personalized
or general treatments of the most common diseases, is
a key question in nanomedicine. Keeping in mind the
desired applications, the specific peptide-AuNP

conjugates could be produced on a large-scale without
compromising their bioactivity. Multifunctionality of
these peptide-AuNP conjugates offers great advantages
over the bare peptides or NPs, including the enhanced
delivery of hydrophobic drugs to improve pharmaco-
kinetics, bioimaging and site-specific targeting to min-
imize systemic toxicity along with controlled drug
release in response to stimuli such as pH, light, thermal,
redox and enzyme-triggered strategies.

This review focuses on a comprehensive overview of
the formulation of peptide-AuNP conjugates and their
applications in biomedicine, biosensor, imaging and
photothermal/photodynamic  therapy  (Figure 1).
Although several reviews have been published on the
subject of peptide/protein-NP conjugates [22-25,27,28],
this review covers the vast extensive applications of
peptide-AuNP conjugates, which have not been dis-
cussed previously in a single manuscript. This review
exclusively highlights how different factors govern the
bioactivity of peptide-AuNP conjugates and a single
type of peptide-AuNP conjugates can be used for mul-
tiple applications. We have selected examples of AuNPs
because AuNPs have been widely used for various bio-
medical applications. Therefore, this review will present
detailed references in this area for both experts and
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beginners. Additionally, we hope that this review will
stimulate readers to select the suitable peptides for the
desired applications or to promote innovations in the
peptide-AuNP conjugate field in order to overcome
obstacles that continue to prevent their clinical
translations.

Advantage of peptide-AuNP conjugates

AuNPs are distinct from small molecules and bulk Au
and therefore are widely used for the biomedical appli-
cations due to their unique physicochemical properties
[7,29]. Peptide-AuNP conjugates offer multifunctional
and enhanced biomedical properties over free peptides.
The selectivity of the peptide-AuNP conjugates can be
improved by fine-tuning the density or the orientation
of conjugated peptides, which facilitates stronger inter-
actions with the receptors of cells. Furthermore, the
conjugation of multiple peptides and/or biological
materials on AuNPs offers multiple functionalities such
as a stimulus property, immune response, theranostics
and drug delivery amongst others (Tables 1 and 2).
Importantly, small drugs exhibit rapid clearance and
poor pharmacokinetics, leading to low therapeutic
effects in the animal models [30]. Additionally, there are
issues with the administration of lesser water-insoluble
or hydrophobic drugs [31]. The ability of peptide-NP
conjugates to deliver hydrophobic or small drugs to the
target sites makes them attractive agents to accelerate
the process of drug discovery. Peptide-AuNP conjugates
improve the solubility of drugs in aqueous solution, cir-
culation time in blood, tissue targeting and their high
levels of accumulation in the specific cells or tissues
[13]. Additionally, the encapsulation of drugs in the
peptide-NP conjugates avoids severe side effects by
specifically targeting the desired cells and the sustained
drug release inside them [13].

The benefits of peptide-NP conjugates have been
extensively explored in the field of cancer imaging and
therapy [32-34]. Despite the variety of drug-coated NPs
being demonstrated for cancer therapy in the last few
years, only a very small amount of the administered
dose of NPs accumulates in solid tumors.
Multifunctionalities of peptide-AuNP conjugates have
been explored in terms of the delivery of cancer drugs
to the target sites to reduce unwanted side effects,
photothermal therapy (PTT), radiotherapy and the
imaging of cancer cells in animal models [35] (Table 2).
Indeed the peptide-AuNP conjugates have also been
utilized for photoacoustic (PA), computed tomography
(CT) and fluorescence imaging [36].

Colorimetric detection of biological and chemical
materials, using the peptide-AuNP conjugates, is of
great importance due to their high sensitivity, cost-
effectiveness and a convenient way for detection.
AuNPs aggregate in the presence of analytes, leading
to the color change of NP solution from red to blue and
consequently the shift of the SPR band due to interpar-
ticle surface plasmon coupling. The extent of color
change depends on the concentration of analytes, facil-
itating the design of biosensors to detect biochemicals
for the diagnostics and bioanalytical applications.
Peptide-AuNP conjugates offer selectivity in which a
specific biochemical can be detected from the pool of
biochemicals in the range of picomolar concentra-
tions [37].

Properties and applications of peptide-
AuNP conjugates

Cellular uptake and drug delivery

Understanding the interactions of peptide-NP conju-
gates with cells or tissues are of uttermost importance
to develop effective agents for therapy and imaging.
The information related to how size, shape and func-
tionality of NPs affects their cellular fate, which could
help us to design the appropriate peptide-NP conju-
gates for specific applications. For instance, peptide
engineering can modulate the endocytosis or exocyt-
osis of peptide conjugated AuNPs [38]. The internaliza-
tion efficiency of peptide conjugated NPs depends on
several factors such as: amphipathicity, charge and gua-
nidinium content in the peptides. The number and
sequence of amino acid, especially the charged ones,
controls the overall charge and secondary structure of
peptides and therefore will significantly affect the
internalization patterns of peptide conjugated NPs due
to the variation in interactions with cell receptors or
membranes. Importantly, the stability of peptide conju-
gated NPs in biological media depends on their surface
charges, which influences the cellular internalization
efficiency [21]. Readers will find several examples of
how the peptide sequence modulates the cellular
internalization efficiency of NPs in the below section.

Cellular internalization

Cell-penetrating peptides (CPPs) have widely been used
for cellular internalization of AuNPs to deliver drugs
and oligonucleotides. A new class of CPP called sweet
arrow peptide (SAP, (VRLPPP),) is identified to be effect-
ive in cellular translocation without imposing cytotox-
icity [39]. Transmission electron microscopy (TEM),
confocal laser scanning microscopy (CLSM) and
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Table 2. Peptide-NP conjugates in the drug delivery applications.

Peptide sequence Drugs Morphology of NPs Applications References
CRGDK Pt(IV) Spherical Treatment of prostate [79]
cancer
CALN,K5RGD DOX Spherical Cancer therapy [93]
Derivative of CALN, DOX and Mitoxantrone Spherical Cancer therapy [95]
HSTPS,P chlorambucil (Chlor), Spherical Cancer therapy [96]
melphalan (Melph) or
bendamustine (Bend)
CKDEL NADPH oxidase isoform Spherical Treatment of muscle disease [154]
4(Nox4) siRNA
VHSPNK,G,SKGC anti-athero-miRNAs Spherical Treatment of Atherosclerosis [155]
(miR-712)
cRGD installed poly(ethylene SiRNA Spherical Tumor therapy [159,160]
glycol)-block-poly(l-lysine)
C,YGR3QR,K,RGR3 Antisense oligonucleotide Spherical Skin cancer therapy [161,162]
(ASO) and pDNA-Mi221
CYSLsg Short ssDNA and siRNA Nanoshell Cancer therapy [163]
HS-CP5-EK5-RGD and HS-R8- 5-Aminolevulinic acid (ALA) Spherical Cancer therapy [177,178]
PLGLAG-EK10
YHWYGYTPQNVI (EGF Pc4 drug Spherical Brain tumor [126,127]
receptor peptide) and
HAIYPRH (Tf peptide)
YGRK,R,QR3 (TAT) DOX Spherical Brain tumor therapy and [128,129]

imaging

transmission X-ray microscopy (TXM) reveled effective
intracellular delivery of SAP conjugated AuNPs in
Hela cells in comparison to bare NPs [40]. Brust's
group observed an unusual trend of TAT conjugated
AuNPs inside Hela cells. TAT-AuNPs initially accumu-
lated in the cytosol, nucleus and mitochondria.
However, later AuNPs translocated in densely filled
vesicles, possibly due to direct membrane transfer
within the subcellular organelles of cells [41]. On the
other hand, CALNN elongated TAT peptide promotes
predominantly the accumulation of AuNPs in endo-
somes [42]. VG-21 (Figure 2) and penetratin peptides
derived from vesicular stomatitis virus and Drosophila
antennapedia homodomain (Antp) respectively have
been described as CPPs to efficiently deliver AuNPs
into cytosols of HEp-2, Hela, Vero, Cos-7 and bovine
immortalized endothelial cells [43,44]. VG21-AuNPs
reduced the expression of the stress response gene
in HEp-2 cells [44]. On the contrary, the combination
of TAT and the penetratin peptide improved the
accumulation of AuNPs in cytosols of Hela cells in
addition to endosomal uptake [42] (Table 1).
Furthermore, the cellular internalization efficiency of
AuNPs can be increased when the surface of NPs
functionalizes with the CPP containing a lipid moiety.
The lipid moiety helps better penetration of NPs
inside the cellular membrane. Myristoylated hendeca-
D-arginine  peptide  (MLP)  conjugation  AuNPs
promoted the elevated cellular internalization, low
cytotoxicity and enhanced metabolic stability as com-
pared to the acetylated hendeca-D-arginine peptide
(ALP) conjugated NPs [45].

Nuclear targeting

Several strategies have been developed to achieve the
localization of peptide-AuNP conjugates inside the
nucleus to deliver RNA/DNA and drugs because there
are several barriers inside cells that must be crossed by
NPs before reaching the nucleus. The cell nucleus is
protected by the membrane, which has nuclear pore
complexes (NPCs) of diameter ranging from 20 to
160 nm. AuNPs conjugated with specific peptides hav-
ing a nuclear localizing signal (NLS) can reach the cell
nucleus. Several peptides have been identified as NLS
peptides. Singh et al. showed that TAT conjugated PEG-
AuNPs (10 nm) were internalized by MT4 lymphocytes
(an HIV relevant cell line) and localized in and around
the cell nuclei [46]. On the contrary, when larger size
AuNPs (60nm) conjugated with TAT peptides were
used; NPs did not enter in cell nucleus [47,48]. It was
found that an energy-dependent endocytosis process
(clathrin and caveolae-mediated) was a key player in
the cellular uptake of NPs [47,48] however, the NPs
could not actively target the cell nucleus [48]. Brust's
group investigated the role of multipeptides in deliver-
ing AuNPs to the cell nucleus. NLS, TAT and penetratin
peptides appended to CALNN and conjugated on
AuNPs were mostly found in the nucleus, cytosols and
endosomes of Hela cells [42]. Additionally, a large
amount of NPs associated with the damaged endo-
somes was accumulated in the vicinity of the nucleus
[42]. Further to improve the nuclear targeting, the
multifunctional AuNPs conjugated with three peptides,
including RGD to enhance the uptake, NLS to facilitate
nuclear delivery and pentapeptide to protect NPs from
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(A) VG-21 peptide sequence: VTIPHHVLVDEYTGEWVDSQFK

(B)
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Figure 2. (A) Sequence and primary structure of VG-21 peptide. (B) TEM images of AuNPs and VG-21 peptide conjugated AuNPs.
(C) Quantification of AuNPs and VG-21 peptide conjugated AuNPs internalized by cells. (D) Uptake of NPs was evaluated by
Fluorescence microscopy. (E) TEM images of NPs internalized by HEp-2 cells. Adopted from Tiwari et al. [44].

protein corona effects, was developed to study the
uptake and exocytosis of NPs, an important factor to
exert their desirable applications (Figure 3) [49].
Peptide-AuNP conjugates showed a 5 fold cellular
uptake followed by their localization in the cell's
nucleus. The percentage of NPs exocytosed was lower
by 2 fold for cells targeted with peptide-AuNP conju-
gates as compared to citrate-AuNPs. It was hypothe-
sized that AuNPs capped with RGD and NLS peptides
could reach the cytoplasm and nuclei of cells with a
lower tendency to excrete it from there [49].

Delivery to subcellular location and endoso-
mal escape

It is important to develop strategies to deliver cargos to
subcellular organelles in order to achieve the promising

outcomes. Ye et al. have explored the advantages of
synergetic action of TAT and the membrane disruptive
influenza virus hemagglutinin-2 (HA-2) peptides to
improve cellular internalization, endolysosomal escape
and the nuclear entry of NRs [50]. When TAT and HA2
conjugated with CALNN peptide either separately or
both immobilized on self-assembled CALNN monolayer
coated AuNPs (5nm), the uptake of NPs significantly
increased in Hela cells. However, NPs could not escape
the endolysosome. Increasing the molar ratio of the
HA2 peptide or varying the direction of attachment of
HA2 peptide onto the surface of NPs, resulted in an
increased number of NPs inside the endosome but did
not improve the release in the cell cytosol. This event
happened due to overcrowding of the HA2 peptide on
the surface of NPs that inhibited the conformational
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Figure 3. (A) Schematic of peptide functionalized AuNPs. (B) Trajectory of peptide functionalized AuNPs through cell. TEM images
of peptide functionalized AuNPs bound to the plasma membrane for entry into the cell via the endocytosis process (C), internal-
ized NPs localized in vesicles (D) escaping of NPs from vesicles into the cytosol (E) and entering of NPs inside the nucleus
through the NPC (scale bars = 100nm) (F) entering the nucleus through the NPS (scale bar = 100 nm). Adopted from Yang

et al. [49].

changes of HA2 peptides necessarily for the endosome
membrane destabilization [51]. On the other hand, the
stearylated IFN7 peptide identified from N-terminus of
HA2 facilitates endosomal escape of 160nm AuNPs
[52]. Interestingly, Wang et al. identified that the KDEL
sequence, a highly conserved motif in the directed
retrograde transport of proteins in the endoplasmic
reticulum (ER), could be useful in the delivery of NPs by
evading intracellular degradation [53]. CKDEL-AuNPs
rapidly localized in the ER of Sol8 myogenic cells within
5 to 15min. The majority of CKDEL-AuNPs were local-
ized to ER after 1h, which indicated that NPs were
internalized via a clathrin-mediated pathway and traf-
ficked to the ER via a retrograde transport pathway,
avoiding the lysosomal degradation pathway.

Role of peptide density and diameter of NPs in cel-
lular internalization

The density of peptides on the surface of AuNPs pro-
vides several tunable properties that can modulate the
distribution of NPs inside cells. Medintz's group cova-
lently conjugated CPP on a series of AuNPs ranging
from 2.4 to 89nm and found that NP uptake was dir-
ectly dependent on the surface display of CPP. The
ultimate cellular destination was determined by a

diameter of NPs and the peptide density [54]. The
smallest 2.4nm NPs were found to be localized in the
cell nucleus. Intermediate 5.5 and 8.2 nm NPs were par-
tially delivered in the cytoplasm, however a portion of
NPs appeared to remain at the cell membrane. 16 nm
and larger NPs did not cross the cell membrane and
mostly found at the cellular periphery [54]. However,
when Sun et al. have functionalized the AuNPs (sizes
13, 30 and 60nm) with CPP containing the CALNN
derivative peptide (CALNNRg); 13 and 30nm NPs have
higher cellular internalization than larger NPs (60 nm)
by Hela cells. The trend of intracellular distribution of
NPs changes from nucleus to ER by increasing the dens-
ity of CALNNRg on the constant diameter NPs [55].
Using both computational and experimental studies, it
was shown that the concentration of AuNPs localized in
the cell cytosol progressively increased with increasing
the concentration of CALNN-TAT and CLPFFD-
PPPPHKYLRW (PepN-Tf2) peptides on the surface of NPs
up to 5.4 and 10% respectively, after that, the cytosolic
concentration of peptide-AuNP conjugates started to
decrease [56,57]. The high density of peptide conju-
gated on the surface of AuNPs reduces their ability to
permeate the cell membrane by: (i) rendering NP
unstable due to charge neutralization and (ii) causing



reduced mobility of peptides to adopt a favorable con-
firmation to interact with the cell membrane [56,57].

Effect of protein corona in cellular internalization
The role of media or serum is important in an internal-
ization pattern of peptide-AuNP conjugates or the bare
NPs because serum proteins could form the protein cor-
ona around the surface of NPs and therefore prevent
the conjugated peptide to be recognized by the cell
receptors. Wang et al. showed that the cellular internal-
ization of CKDEL-AuNPs was reduced by Sol8 myogenic
cells in the presence of serum as compared to the non-
serum condition. Authors have not reported the stabil-
ity of CKDEL-AuNP conjugates in the presence or the
absence of serum-containing media [58]. However, in
another study it was found that serum proteins helped
the stability of peptide-AuNP conjugates in media con-
taining several molecules and salts while media without
serum promoted the aggregation of peptide-AuNP con-
jugates. It is worth noting that the cellular internaliza-
tion pathway of aggregated AuNPs differs from the
stable NPs which also controls the amount of internal-
ized NPs [59]. Besides, Puntes’s group investigated the
role of surface charge NPs and serum protein in cellular
internalization. For this purpose, they functionalized
AuNPs with two peptides CIPGNVG-PEG-NH2 and
CIPGNVG-PEG-COOH separately to provide the net
charge at neutral pH. Human fibroblast cells (1BR3G)
internalized more cationic AuNPs relative to anionic
AuNPs, although no cytotoxicity was induced by both
NPs. The predominant route of cellular internalization is
endocytosis as confirmed by TEM analysis and the cat-
ionic NPs maintain the positive charge and the surface
property in cell culture media in the first hour of the
experiment. TEM images also confirmed the nuclear
localization of some of cationic AuNPs [60].

Tumor and cancer therapy

The targeted delivery of drug conjugated NPs to solid
tumors is a challenging task in nanomedicine for thera-
peutic and imaging applicatons [34]. The delivery of
NPs to tumors is based on active and passive mecha-
nisms however, there is still debate about the relative
contribution of both mechanisms. No AuNPs-based
drugs have been approved for clinical therapy.
However, Auroshell NPs (Nanospectra Bioscience Inc)
for NIR thermal treatment of head and neck cancers as
well as TNF-o bound AuNPs (Aurimmune) and the com-
bined taxol and TNF-a bound AuNPs (Auritol) were clin-
ically tested for the treatment of solid tumors [61].
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To enhance the killing efficiency of peptide-AuNP
conjugates, pro-apoptotic peptide (PAP; (KLALALK),)
conjugated AuNPs have been used to facilitate the kill-
ing of cancer cells by disrupting the mitochondrial
membrane, resulting in cytochrome release and the
induction of apoptosis [62,63]. In another study, a
derivative of KLA peptide (WKRAKLAK), identified
through prediction software and modified with a-lipoic
acid (LA), was attached on AuNPs and AuNRs [64].
Anticancer activity of these formulations strongly
depends on the size and shape of NPs, they being
smaller NPs (20nm) with higher uptake and stronger
activity than that of larger NPs (40 nm) and AuNRs. The
difference in activity could be attributed to the diam-
eter of NPs and the peptide density on NPs/NRs, which
influences the peptide configuration and ultimately the
anticancer property of NPs/NRs [64]. Interestingly,
tumor homing peptides (THPs) were identified through
the phage display library and conjugated on AuNPs.
THP-AuUNPs target breast cancer cells (MCF-7), highlight-
ing that peptides selected from the phage display tech-
nique can be used for tumor targeting irrespective of
specific knowledge of target cell biology [65].

Radiotherapy and imaging

Radiotherapy is classified into internal radioisotope
therapy using radioactive nuclides and external radio-
therapy with remotely applied X-rays. Multifunctional
NPs are considered to deliver several molecules at the
same time for therapeutic and imaging purposes.
Jimenez-Mancilla et al. have developed multifunctional
AuNPs conjugated with CGC-Tat-BN, 1,4,7,10-tetraazacy-
clododecane-N,N’,N”,N"’-tetraacetic (DOTA)-GGC and
hydrazinonicotinyl-FCOWKTCT (HYNIC-TOC) peptides
through Au-thiol interactions [66]. *°™Tc and '’Lu
labeling were performed via on the HYNIC-TOC ligand
and DOTA-GGC respectively. The '”’Lu/?*™Tc-AuNP-Tat-
BN systems selectively target tumor expressing gastrin-
releasing peptide (GRP) receptors and kill them due to
emissions of Auger and IC electrons vicinity to the DNA
[66]. Similarly, cyclic RGD (cRGD)-'"’Lu-Au NPs [67] and
TC99m labeled AuNPs conjugated with FC131 peptide
(target chemokine receptor-4 overexpressed in glioma
cells) [68] were prepared to specifically target tumors in
the animal models. These nanoformulations delivered
the highest tumor radiation adsorb dose, leading to
less tumor progression, less tumor metabolic activity,
fewer intratumoral vessels and less VEGF gene expres-
sion than the other radiopharmaceuticals in mice due
to their high tumor retention and the combined
molecular targeting therapy and radiotherapy [67,68].
Rather than using radionuclides, Reshetnyak’s group
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had explored a very localized Auger effect of ultra-small
AuNPs (1.4 nm), which can kill cancer cells upon X-rays
irradiation [69]. pH-sensitive low insertion peptide
(pHLIP) conjugated Au NPs (pHLIP-AuNPs, 1.4nm)
sensed acidity at the surface of the tumor and delivered
NPs at the site of tumors. pHLIP-AuNPs tethered to the
plasma membrane of tumor cells and triggered cell
death by inducing oxidation of lipids, cholesterol and
membrane proteins after radiation exposure [69].
Importantly, pHLIP-AuNPs selectively accumulated in
tumors when administrated via either intratumoral or
i.v. routes [70]. When pH insensitive k-pHLIP conjugated
AuNPs was used, a significant reduction of AuNPs accu-
mulation was found in the tumor, suggesting an
important role of the acidic microenvironment of the
tumor in pHLIP mediated targeting of ultra-small
AuNPs [70].

Recently, cyclic-NGR (cNGR) and cRGD conjugated
AuNRs were used as contrast agents to image tumors
in U87 (positive a,Bs integrin tumor), HT29 (negative
o P3 integrin tumor) and subcutaneous 4T1 xenograft
tumor models using X-ray CT and micro-CT technolo-
gies [71,72]. NGR and RGD-AuNRs rapidly and specific-
ally bind to tumor vasculature after i.v. injection [72].
Notably, elastin peptide-AuNPs self-assembled in the
chain like nanostructures inside the tumor of mice due
to the increase in the local temperature in tumors upon
the exposure of the NIR laser, enabling them to be
used as a multimodal-imaging agent for photothermal/
PA/X-ray-CT techniques [73]. In other multifunctional
approaches, cRGD-polydopamine@AuNRs loaded with
chelator-free iodine-125 (1'*) [74] and RGD-5poly(ami-
doamines) dendrimer@AuNPs loaded with gadolinium
(Gd) chelator/(Gd (lll) [75] were used as dual-mode
nanoprobes for high-resolution-PA and CT/MR imaging
in tumor-bearing mice models. High-resolution-PA
imaging confirms that cRGD-polydopamine@AuNRs
loaded with chelator-free iodine-125 (I'*®) specifically
targets tumor angiogenic vessels, which can be used as
a potent tumor-therapy agent [74]. P75 peptides (a spe-
cific affinity to EGFR) conjugated PEGQAu nanotriangles
(Au NTs) were developed as dual-modes CT/PA imaging
agents to selectively target EGFR expressing non-small
cell lung cancer cells (NSCLS). P75-PEGQAuUNTs were
used to treat NSCLS as a PTT agent under the real-time
guidance of CT/PA imaging [76] (Figure 4). Additionally,
Gong et al. used the positron emission tomography
(PET)/CT technique to evaluate the migration of den-
dritic cells (DCs) in the lymphatic system of tumor-bear-
ing mice using 1'** labeled oligotyrosine (poly-Y-Rle)-Au
NPs [77].

Receptor-mediated internalization

The main concern with the usage of NPs for cancer
therapy is that only a small amount of NPs relative to
the administration dose penetrates inside solid tumors.
Therefore, the multiple administrations of NPs are
required for satisfactory clinical outcomes. To specific-
ally target cancer cells, receptor-mediated targeting of
cancer cells has widely been explored using peptide-
AuNP conjugates. Multifunctional AuNPs (2nm) con-
taining a therapeutic peptide (P12; TSFAEYWNLLSP)
and a targeting peptide (CRGDK) for neuropilin-1 (Nrp-
1) receptor has been developed for cancer treatment
[78]. The P12 peptide is the most potent inhibitor that
binds to MDM2 and MDMX complexes, which results in
regulated activity and stability of the tumor-suppress-
ing protein (p53), leading to limited expression of
tumor genes and finally the cell apoptosis. CRGDK func-
tionalization promotes the enhanced cellular internal-
ization of AuNPs with P12 peptides due to the
maximum binding interactions between CRGDK pepti-
des and Nrp-1 receptors overexpressed on MDA-MB-
321 cells [78]. Using a similar concept, the same group
has developed CRGDK functionalized AuNPs loaded
with Pt(IV) drug for prostate cancer treatment [79].
Targeted NPs are efficiently internalized in prostate can-
cer cells (PC3) using Nrp-1 receptor-mediated pathway,
leading to accumulation of high dose of drugs and sub-
sequent killing of cancer cells through the upregulation
of nuclear factor kappa-B (NF-xB). In the interesting
anticancer approach, Mustafa’s group used AuNPs con-
jugated with modified RGD (RGDRGDRGDRGDPGC) and
NLS (CGGGPKKKRKVGG) peptides to inhibit cancer cell
migration due to enhanced nuclear stiffness [80]. It was
found that AuNPs were trapped at the nuclear mem-
brane and induced a high expression of lamin A/C pro-
tein, which is located in the inner nuclear membrane
thus increased nuclear stiffness. In several other exam-
ples such as EphrinA2 (Eph2) [81], GRP [82-84] and uro-
kinase plasminogen activator (uPAR) [85,86] receptors
targeting peptide conjugated AuNPs have also been
used for the targeted delivery of NPs in various cancer
cell lines.

Albericio’s group showed that the dual-peptide con-
jugated AuNPs containing both bombesin (BBN) and
antitumor (RAF) peptides selectively inhibit the prolifer-
ation of Hela cells overexpressing GPRs. BBN-RAF-AuNP
conjugates do not recognize the non-GPR expressing
neuroblastoma (SHSY-5Y) cells in vitro condition [87].
Moreover, tumor targeting in the animal model
depends on the administration routes. Multipeptide
AuNRs modified with three different ligands: (i) a sin-
gle-chain variable fragment (ScFv) peptide that
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Figure 4. (A) Schematic representation of TGN-PRG-P75 and its applications for CT/PA imaging-guide PTT against NSCLC. (B)
Photothermal images of HCC827 tumor-bearing mice exposure to irradiation (0.75W/cm?, 5min) after intravenous injection with
normal saline, TGN-PEG, and TGN-PEG-P75. (C) In vivo CT of tumor region before and at different time points post intravenous
injection of TGN-PEG-P75, TGN-PEG, and lodixanol (1 mg/ml, 200 uL, three mice per group). (D) Representative PA images of
tumors on mice before and 24 h after intravenous injection with the TGN-PEG-P75 (1.0 mg/mL, 200 pL). The tumor areas were

indicated by the red circles. Adopted from Zhao et al. [76].

recognizes the epidermal growth factor receptor
(EGFR); (ii) an amino-terminal fragment (ATF) peptide
that recognizes uPAR; and (iii) a cyclic RGD peptide,
slightly improved the total Au accumulation in xeno-
graft tumor models in comparison with non-targeted
control [88]. When peptide conjugated NRs were deliv-
ered in mice via the i.v. route, the tumor microenviron-
ments (e.g. fibroblasts, macrophages, and vasculatures)
did not significantly influence the uptake of AuNRs by
tumors. Additionally, it was found that peptide-AuNR
conjugates were efficiently taken by RES organs (liver
and spleen) after i.v. administration because they were
less stealthy and recognized by the immune system for
clearance. The delivery of NRs in tumors was limited by
mass transport across the tumor vasculature at least for
the rigid and large Au NRs. In the case of intratumoral

administration, peptide-Au NR conjugates were found
inside tumor or in tumor microenvironment, which
depended on the nature of targeting ligands conju-
gated on these particles. Authors concluded that intra-
tumoral instead of i.v. administration of peptide-AuNRs
could be useful for cancer therapy [88].

Viral-mimicking peptide-AuNP conjugates

Taking advantage of viral infection mechanisms, several
peptides have been derived from viral proteins to tar-
get cancer cells. 2nm AuNPs conjugated with a 28-mer
peptide corresponding to Hepatitis B virus-PreS1 pro-
tein (PreS1 (21-47)) can selectively target human hepa-
tocellular carcinoma (HCC) and hepatoblastoma cells
overexpressing SERPINB3 protein (SB3, also known as
Squamous Cell Carcinoma Antigen 1, SCCAT) [89].
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Similarly, a short therapeutic peptide (MDDRWPLEY
TDDTYEIPW) derived from myxoma virus improved the
targeting of 2.7 nm AuNPs to tumor cells in mice and
also modulated the elimination of AuNPs by favoring
renal over hepatic clearance (Table 1) [90].

Targeted drug delivery

To minimize offsite accumulation of cancer drugs and
toxicity, the targeted delivery of drugs to cancer cells
can be achieved using peptide-AuNP conjugates (Table
2). Mihara's group has developed a library of 16 pepti-
des that have cell-penetrating property. Out of 16 pep-
tides, 4 o-helical peptides have a nuclear targeting
property similar to a TAT peptide. These a-helical pepti-
des conjugated AuNPs (25nm) were used to deliver
anticancer drug doxorubicin (DOX; pH-sensitive DOX-
PEG conjugate) to the nuclei of Hela, A549 and 3T3-I1
cells, which induced cell death 2 times higher than the
41 nm size of the AuNP conjugated system [91,92].
Additionally, peptide-Au NP conjugates (41 nm) do not
accumulate in the cell nucleus, which indicates that
these NPs are not useful for the delivery of molecules
inside the nucleus. To further improve the selectivity
and the controlled release of DOX, a hybrid delivery sys-
tem containing mesoporous silica NPs loaded with DOX
and CALNNKKKRGD-AuNPs (4nm) was developed,
which exhibited pH-sensitive DOX release in endolyso-
somal vesicles of o,[Bs integrin overexpressing cancer
cells [93]. Although CALNN peptides in combination
with other biologically active peptides has been fre-
quently used, their vulnerability to proteases limits the
use of CALNN-AuNPs in the biological applications [94].
Keeping this issue in mind, Chauhan’s group has syn-
thesized a series of pentapeptides (derivative of
CALNN) incorporating non-natural amino acid
(o, p-dehydroxyphenylalanine, A Phe; and o -aminoiso-
butyric acid, Aib) [95]. Addition of A Phe and Aib in
peptide sequences is well known to provide the
increased resistance to peptides toward enzymatic deg-
radation. The modified peptide conjugated AuNPs
entrapped two anticancer drugs (DOX and
Mitoxantrone) through hydrophobic interactions and
delivered them to Hela and L929 cells with the promin-
ent toxicity. These peptides conjugated AuNPs are sta-
ble in the presence of proteinase K as compared to
CALNN-AuUNPs [95]. As an alternative approach, the P4
peptide isolated from the biopanning experiment was
conjugated with chlorambucil (Chlor), melphalan
(Melph) or bendamustine (Bend) drugs followed by
loading on PEG-AuNPs. The peptide drug conjugate
(PDC) loaded on PEG-AuNPs selectively targeted
A20 murine lymphoma cells with the improved short

half-lives as compared to the bare PDC [96].
Interestingly, Hou et al. have explored the delivery of
DOX using phospho-peptide conjugated AuNPs [97].
Overexpression of phosphatases and abnormal tyrosine
phosphorylation is characteristic of cancer cells.
Phospho-peptide conjugated the AuNPs aggregate
when phosphate groups are removed by phosphatases,
leading to enhanced uptake by cancer cells [97].

Photothermal and photodynamic therapy
Hyperthermic therapy is a promising tool for the treat-
ment of cancer using nanotechnology-based
approaches. However, it is required that NPs should
abundantly present near or inside cancer cells to
achieve the substantial PTT effect. The exposure of pho-
toresponsive AuNPs with the NIR laser of the specific
wavelength facilitates the localized temperature
increases and thereby photothermal killing of cancer
cells due to the denaturation of biomolecules and cell
damage. Tumor angiogenesis is the generation of blood
vessels near the cancerous site to provide nutrient and
oxygen that facilitates cancer growth. It is postulated
that blocking the proliferation of blood vessels inhibits
cancer growth, which could be complementary to cur-
rent therapies. Anti-angiogenic P3 peptide (KATWLPPR)
conjugated AuNRs that selectively bind to Nrp-1 recep-
tor overexpressing human endothelial cells [98] and
prevents tumor angiogenesis upon NIR laser exposure
in a synergetic manner [99]. To specifically kill cancer
cells, the YSA peptide conjugated Au nanoshell and
AuNRs were used to improve their uptake by PC-3 cells
and consequently enhanced the photothermal destruc-
tion of PC3 cells upon NIR laser exposure [81,100]. In
vivo studies showed that photothermal destruction of
breast tumors [101], non-small cell lung cancer (NSCLC)
(Figure 4) [76], xenograft HelLa tumors [102] and
subcutaneous tumors [73] were achieved using
BBN-AuNRs, P75 peptide-AuNTs, spider venom peptide
(lycosin-1)-AuNRs and elastin peptide-AuNPs respect-
ively. Impressively, photoirradiation at the tumor site
with 830 nm laser light at a power density of 2.5 W/cm?
for 6min led to the destruction of tumors without
recurrence over 2 months [101]. It is believed that the
NIR laser exposure in a small target volume (1 pm?®)
generates nanobubbles (PNBs), resulting in the destruc-
tion of peptide-NP conjugates internalized cancer cells
(Figure 5) [103].

Under the umbrella of the combined chemo-photo-
thermal therapy approach, RGD-1'?*cisplatin loaded on
polydopamine-AuNRs [74] and DOX loaded on RGD-Au
nanostar-hollow mesoporous SiNPs [104] selectively
accumulates in integrin expressing tumor cells and



Figure 5. Generation of plasmonic nanobubbles (PNBs) in
AuNR treated cells. (A) Bright field imaging of cells allowed us
to select specific areas of cells to be irradiated (the selected
area is highlighted by a yellow discontinuous line). Selected
cells were irradiated with a laser with a beam spot diameter
of 30um and at a fluence of 11.3mJ cm? (B). After 2s of
irradiation (C) PNBs started to form. At 2.5s irradiation was
stopped and several PNBs were visualized within irradiated
areas (D). Scale bars correspond to 100 um. Adopted from
Patino et al. [103].

targets tumor angiogenesis followed by tumor ablation
in mice upon exposure of the NIR laser. Authors pro-
posed that RGD conjugated AuNRs induced the change
in cell morphology i.e. cytoskeleton protrusions such as
lamellipodia and filopodia and therefore decreased the
migration of cancer cells after the NIR laser exposure
[105]. Additionally, photosensitizers such as: aluminum
phthalocyanine (AIPcS4), protoporphyrin (PplX) and
phthalocyanine 4 (Pc-4) loaded on TAT/HA2 conjugated
AuNRs@pNIPAAm, activatable cell-penetrating peptide
(ACPP) conjugated AuNRs and EGF-AuNPs respectively
had been used to kill the tumor in mice upon the
exposure of light in a PDT approach [50,106,107]. ACPP
has a matrix metalloproteinase-2 (MMP-2) sensitive
peptide sequence (GPLGLAG), which is hydrolyzed by
MMP-2 overexpressing tumor cells, leading to the
release of the PplX attached to CPP [106]. On the other
hand, EGF-AuNPs enriched the tumor site due to the
enhanced permeability and retention (EPR) effect, facili-
tating the delivery of a large quantity of Pc4 [108]. To
improve the photothermal killing, chlorine6(Ce6)-pHLIP
conjugated AuNRs (Ce6pHLIP-AuNRs) were developed
as bimodal PDT and PTT agents [109]. Inside tumor
cells, Ce6 molecules separate from AuNRs as a result of
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disulfide bond cleavage caused by intracellular glutathi-
one (GSH) and produced singlet-oxygen species (for
PDT) after the NIR laser exposure, causing the signifi-
cant photothermal ablation of tumor cells [109]. As an
alternative and eco-friendly approach, visible light has
also been explored to arrest angiogenesis and kill PC3
cells using anti-angiogenic P3 peptide and PC3 cell-
binding peptide (IAGLATPGWSHWLAL) conjugated
AuNPs respectively, opening a new possibility to treat
cancer cells [110,111]. For instance, the CAM model
shows that visible light exposure leads to the gener-
ation of the localized high temperature, which destroys
the blood vessels [111,112].

Research work discussed above seems to be promis-
ing for the treatment of cancer, but it is concerned that
the outcomes of in vitro experiments do not translate in
the animal models. Ghandehari's group showed that c-
RGDfK conjugated AuNRs were internalized by DU145
prostate cancer cells and HUVECs in vitro condition.
However, the tumor-targeting was not observed in
tumor-bearing mice due to the fast clearance of NRs
from the blood [113]. Similarly, ®’Ga labeled BBN conju-
gated AuNPs displayed excellent internalization (25%
after 15min) in the GRP receptor-expressing human
pancreatic cancer cells. Biodistribution studies after i.v.
and intraperitoneal (i.p.) injections of NPs showed that
most NPs did not accumulate in the tumor of mice
[114]. In another case, it was found that a larger size
RGD-AuNPs-GD99mMTC (80 nm) displayed the greatest
effects in vitro model while on the contrary, a small size
RGD-AuNPs-GD99mMTC (29 nm) was a most effective to
the in vivo model [115].

Targeting the blood brain barrier (BBB) and the
treatment of brain/neurodegenerative diseases

With increasing life expectancy, brain-related diseases
have become a major health problem globally.
Diagnosis and treatment of brain diseases due to the
limited crossing of drugs across the BBB requires the
next-generation technology and the advanced drug
delivery systems. BBB plays an important role in brain
health and is often compromised in various diseases.
BBB is considered as the main cause for the scarcity of
therapies in the most neurological disorders due to
their ability to restrict the delivery of many promising
CNS drugs. To develop an effective cargo, Giralt’s group
showed that 12 nm AuNPs conjugated with or without
radiolabelled '8F-CLPFFD peptides that traveled to the
rat brain after i.v. and i.p. injections. However higher
amounts of CLPFFD-AuNPs were accumulated in the
brain as compared to the bare NPs [116,117]. To



198 A. RAI AND L. FERREIRA

improve the accumulation of AuNPs, the same group
has designed Tf (THRPPMWSPVWP)-CLPFFD peptide
(Figure 6(A,B)) and the derivative of bicyclic peptide
apamin (MiniAp-4, found in bee venom) and conju-
gated them to AuNPs (Table 1) [118,119]. Tf peptide tar-
gets the Tf receptor (TfR) expressed on the endothelial
cells of the BBB and therefore promotes greater transcy-
tosis of Tf conjugated AuNPs (10nm) relative to PEG-
AuNPs (10 nm) in both in vitro BBB and in vivo models
(Figure 6) [118,120,121]. Tf peptide promotes the higher
accumulation of Tf-conjugated AuNPs/NRs in the brain
as compared to CLPFFD-AuNPs or PEG-AuNPs/NRs after
i.v. administration (Figure 6) [118,120,121]. Importantly,
we have reported that the exposure of NIR laser
improves the transcytosis of Tf-AuNRs in vitro BBB and
in vivo models as compared to other formulations due
to the transient opening of BBB under the localized
thermal effects (Figure 6(C-F)) [121]. The higher accu-
mulation of peptide-AuNPs conjugates could be due to:
() conformation and charges, (ii) hydrophobicity and
(iii) the density of the conjugated peptide.
Hydrophobicity and the density of conjugated peptides
allow better interactions with cell membrane and
receptors [118,121]. On contrary, it was also shown that
CLPFFD-AuUNPs (1.4 nm) impeded transcytosis across the
BBB, indicating that the choice of a specific size of
AuNPs is an important key for biomedical applica-
tions [122].

The most commonly used RGD peptide was
also explored to target brain cancer cells. RGD-AuNPs
traveled to the brain of the intracranial tumor and
orthotopic brain glioma models, and the amount of
RGD-AuNPs was significantly higher than that of untar-
geted bare AuNPs [123,124]. Moreover, RGD-AuNPs
loaded with Mn chelates were also used as a dual-
modal MR/CT imaging agent for orthotopic brain gli-
oma [124]. In a multifunctional approach, glucose
coated AuNPs (2nm) carrying two neuropeptides
(either pentapeptide YGGFL (Enk) or the glycosylated
peptide (GGGYTGFLS-O-B-glucoside (Glycopep)) and a
chelator of positron emitter ®®Ga as a PET reporter,
were developed to enhance the BBB transcytosis and to
track the bio-distribution of NPs in the brain [125]. The
targeted ®®Ga-AuNPs with Enk peptide improved BBB
permeation and brain accumulation nearly 3 fold
(0.02%ID/g) when compared to the non-targeted
AuNPs (0.0073% ID/g), as measured by the PET tech-
nique [125].

Delivery of hydrophobic drugs is a huge challenge
for the treatment of brain cancer because only a small
percentage of administered drugs reach to brain. EGF-
AuNPs [126] and Tf-AuNPs [127] facilitate 10 and 6 fold

improved accumulation of hydrophobic Pc4 drugs
respectively in brain tumor-bearing animal models. The
untargeted Au NP conjugates have a little offsite accu-
mulation in other organs. In vitro study showed that
Pc4-Tf-AuNPs was significantly internalized by Tf over-
expressing human glioma cancer lines (LN229 and U87
cells) and accumulated within mitochondria of tumor
cells [127]. In a dual-mode therapy and imaging
approach, TAT-AuNPs loaded either with DOX or the
combination of DOX and Gd*" contrast agent efficiently
delivered a DOX and Gd*" chelator to intracranial gli-
oma xenografts-bearing mice, leading to a significant
survival benefit and enhanced brain tumor imaging due
to the prolonged retention time of Gd*" [128,129].

To explore dual-mode PTT and imaging approach,
hollow Au nanospheres (HAUNSs) functionalized with
c(KRGDf)-PEG-SH (c(KRGDf)-PEG-SH-HAUNS) were used
both in photothermal ablations of cancer cells by
increasing tumor temperature by 20.7°C and in highly
sensitive PA molecular imaging [130]. It was found that
PTT treatment significantly elevated the survival of
tumor-bearing mice by killing the glioma cells. After
24 h of nanoformulation administration, the PA signal
ratio of tumor to the contralateral normal brain was 2
times higher than that of the precontrast agent, dem-
onstrating the selective accumulation of NPs in the
tumor. microCT/PET techniques also validated the accu-
mulation of NPs in the tumor [130].

The abnormal protein misfolding, along with the for-
mation of insoluble fibers and amyloidogenesis have
prominent roles in devastating neurodegenerative dis-
eases such as Alzheimer and Parkinson. Puntes’s group
showed that amphipathic peptide CLPFFD conjugated
AuNPs was able to eliminate the toxic B-aggregates
involved in Alzheimer’s diseases (AD) in vitro conditions
[131]. CLPFFD peptide recognizes the hydrophobic
domain of oligomers, protofibrils and fibrils, which are
B-amyloid toxic protein aggregates (ApB), and blocks the
amyloid fiber growth at its higher concentration.
Remotely applied low energy microwave fields (0.1 W)
at different stages of growth of fibrils attached with
CLPFFD-AuNPs led to adsorption of energy by NPs fol-
lowed by the dissipation of heat, causing disaggrega-
tion of amyloid deposits and aggregates. The products
formed after irradiation were not amyloidogenic and
did not allow the formation of amyloid fibers after the
addition of fresh AP precursors [131,132]. When the
CLPFFD sequence was changed to CDLPFF and CLPDFF
sequences, these two sequences exhibited poor affinity
with AP fibrils, given that the position of negatively
charged amino acids and their poor capacity to adopt
suitable secondary structures on the surface of AuNPs
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Figure 6. (A) Scheme to rationalize the design of the conjugate AuNP-THR-LPFFD: (a) THR-CLPFFD peptide anchored to the
AuNP. This peptide contains the THR sequence that recognizes the transferrin receptor and LPFFD that recognize AP aggregates;
(b) transport of the endocytic vesicle through the endothelial cells of the blood brain barrier; and (c) recognition and binding of
the conjugate to AP aggregates inside the central nervous system. Transferrin receptor is abbreviated as TfR. (B) Gold content in
rat brains after injection of nanoparticles. Animals were perfused gently with PBS before organ extraction. The gold content was
determined by neutron activation. The experiment was repeated with four animals. (C) Scheme illustrating the methodology
used. In case of Au NRs, the animals were exposed to a NIR laser (2W/cm? for 2 min) at time 1h. 2h post-injection, the animals
were sacrificed and the different brain regions were collected for ICP-MS analysis. (D and E) Quantification of formulations (Au
NPs or Au NRs) in total brain, neurogenic (SVZ and hippocampus) and non-neurogenic (cortex) regions, using ICP-MS analyses.
(F) Quantification of Au content for each condition in the different regions normalized to the initial Au administrated (1 mg per
animal, which corresponds to 780 ug of Au NPs and 144 ug of Au NRs). Results are average £ SEM (n=6-9 animals). **p < 0.07,
***p < 0.007 and ****p < 0.0001. Adopted from Prades et al. [118] and Praca et al. [121].
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NIR laser exposure. (B) Structural changes of AP fibrils using AFM images of AP fibrils, alone or treated with PEG-AuNS and
Ru@Pen@PEG-AuUNS (20 ug/mL) in the absence or presence of 3min NIR irradiation (0.75W/cm? 808 nm). Adopted from Yin

et al. [135].

[133]. Intriguingly, Xiong et al. proposed a simple
approach to combine two peptide inhibitors VVIA and
CLPFFD into one peptide sequence to strongly inhibit
the formation of AP aggregates and to reduce the cyto-
toxicity caused by aggregates. The hybrid peptide
VVIACLPFFD (VCD10) conjugated AuNPs exhibited the
superior inhibition activity against AB,, aggregates with
increasing cell viability from 48 to 82% when compared
to the individual peptide (VVIA or CLPFFD) conjugated
NPs [134]. The superior activity of VCD10 conjugated
AuNPs could be due to its dual-inhibitory sequence,
special surface orientation and conformation [134]. In
recent years, taking advantage of the tissue penetration
window of NIR laser, the PTT approach was explored to
disassemble the aggregated amyloid fiber and to
inhibit the formation of fibrils in both in vitro [135-137]
and in vivo [135,137] models using penetratin conju-
gated Au nanostars (AuNSs), CLPFFD conjugated
HAuUNSs and AuNRs and AB15-20 peptide conjugated
AuNRs (Figure 7).

Modulation of immune response for the treatment
of different diseases

Despite the rapid development of several strategies to
conjugate various peptides on the surface of AuNPs,
there is a little knowledge about their immunological
responses. In this direction, Puntes’s group reported
that the immunological response of peptide (CLPFFD,
CDLPFF, CLPDFF and C(VRLPPP)3;) conjugated AuNPs
(10 nm) depended on the peptide sequence, hydropho-
bicity and their packing arrangement on the surface of
AuNPs [20]. It was observed that macrophage prolifer-
ation and secretion of cytokines were independent of
the particle size, charge and composition but not on
the peptide coating order. These results suggested that
it was possible to modulate the immune system to pro-
duce a different defense or immune response by modi-
fying the sequence of peptides [19,20]. Furthermore,
Turvey's group prepared a library of 6mer peptides,
including CLPFFD and CLPAAD peptides. AuNPs (13 nm)



were conjugated with single or binary mixtures of pep-
tides [138]. Among 10 NP hybrids, CLPFFD-AuNPs (P12-
AuNPs) strongly inhibited both NF-xB-AP1 and IRF3
activation in macrophages while no inhibition was
found for CLPAAD-AuNPs (P13-AuNPs). It was sug-
gested that hydrophobicity and the aromatic ring struc-
ture of the amino acid present in the peptides were
responsible for modulating TLR4 response [138,139].
Additionally, P12-AuNPs were effective in reducing
inflammation to the in vivo model of intestinal inflam-
mation while P13-AuNPs was biologically inactive
(Figure 8) [140].

In the last few years, immunotherapy has been con-
sidered to be a potent weapon for cancer treatment.
Peptides having sequences from the luteinizing releas-
ing hormone (LHRH; B and T cell epitope) and T-helper
epitopes were modified at N-terminus with palmitoyl
and acetyl groups as well as C-terminus with Cys amino
acid [141]. The peptide-AuNP conjugates targeted to
FcRs of human DCs were effective as antigen delivery
carriers and induced strong immune responses with
respect to non-targeted LHRHTT-AuNPs, indicating their
potentials as cancer vaccines [141]. Similarly, Poly-Y-Rle-
AuNPs induced a strong antitumor immunity including
the expression of CD8+ cytotoxic T lymphocytes (CTL)
precursor and CTL mediated cytotoxicity against
cervical cancer with IL-6 and TNF-o production in
tumor-bearing mice model [77]. To look for another
immunological target to open a new avenue for the
cancer prophylaxis, Mocan et al. hypothesized that
MUC-1 (CD227), a membrane tethered mucine glyco-
protein, could generate an adequate immune response.
MUC-1 peptide-AuNPs activate peritoneal macrophage
cells, resulting in the release of TNF-o, IL-6, IL-10 and IL-
12 cytokines. MUC-1 peptide-AuNPs polarize macro-
phages to M1 phenotype, which is important for anti-
gen presentation and vaccine development [142].
Moreover, a chimeric peptide consisting of MUC-1 and
T-cell epitope P30 sequence conjugated on AuNPs
induced the significant MHC-Il mediated immune
response in vivo model and their antisera recognized
human breast cancer cells in vitro condition [143].
Overall, peptide conjugated AuNPs can induce the
major immune activation without the need of adjuvant
in both in vitro and in vivo tumor models, highlighting
their potential as vaccine candidates [144,145].

Taking cues from viral and bacterial proteins that act
as antigens to induce the production of antibodies, sev-
eral active peptides have been identified from these
proteins, which could act in a similar fashion. Peptide-
AuNP conjugates have been considered as immune
modulators and vaccines to fight against viral and
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bacterial infections. Au NPs conjugated with peptides
derived from Epstein-Barr virus (EBV) [146], foot and
mouth disease [147,148] and HIV [149] induced a very
strong immune response in both in vitro and in vivo
models. It is found that an immune response depends
on the size of AuNPs and the stability of the secondary
structure of conjugated peptides [147,149]. In another
interesting study, 60 and 80nm AuNPs were conju-
gated with ovalbumin peptide (OVAp) and CpG oligo-
nucleotide that stimulated TLR9 respectively [150]. It
was shown that 60nm OVAp-AuNPs promoted the
greatest level of antigen presentation by DCs while
80 nm CpG-AuNPs led to the greater expression of acti-
vation markers. Further, mice were administered with
NanoAu-cocktails treated DCs to induce immunization
5days before the injection of liver infection inducing
virus. Results showed a significant reduction of viral
load in the liver as compared to the control mice, indi-
cating the enhanced protection provided by the acti-
vated immune systems (Figure 9) [150]. Additionally,
AuNPs carrying a synthetic tetrasaccharide epitope
related to the Streptococcus pneumoniae type 14 capsu-
lar polysaccharide (Pn14PS) and T-helper ovalbumin
323-339 peptide (OVA(323-339)) [151], or flagellin pep-
tide (highly conserved N-terminus domain of
Pseudomonas aeruginosas) [152] elicited suitable anti-
bodies in mice, leading to the prevention of bacter-
ial infections.

Oligonucleotide (gene) delivery

Cationic AuNPs not only bind and condense oligonu-
cleotides but also deliver them inside cells. Although,
several molecules such as PEl, PAMAM dendrimers, and
polyL-lysine conjugated to AuNPs have been used to
deliver various types of oligonucleotides, their specifi-
city and selectivity are poor to cells. Conversely, pepti-
des having the advantages of targeting to specific cells
are explored in combination with AuNPs to deliver,
DNA, miRNA and siRNA (Table 2). Mirkin’s group devel-
oped peptide antisense AuNPs by mixing the thiol ter-
minated oligonucleotide and peptide terminated with
N-terminal cysteine in different molar ratios in an AuNP
solution to achieve different loadings of both molecules
on the surface of NPs [153]. It was found that the add-
ition of salts was necessary to screen the electrostatic
interactions between peptide and oligonucleotide and
to prevent aggregation of NPs. In vitro studies showed
that nanoconjugates entered inside cells and controlled
the gene regulation [153]. In another case, CKDEL-AuNP
platform was developed to deliver NADPH oxidase iso-
form 4(Nox4) siRNA to both undifferentiated C2C12
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myoblasts and differentiated C2C12 myotubes [154].
The cellular uptake of NPs was more efficient than lipo-
fectamine (LF) mediated transfection in differentiated
myotubes. The most of siRNA was localized in the ER
with minimal distribution in the Golgi bodies in undif-
ferentiated myoblasts, suggesting that the ER was a pri-
mary localization site for KDEL-AUNP mediated delivery
of siRNA [154]. For the treatment of atherosclerosis, vas-
cular cell adhesion molecule (VCAM-1) binding peptide
conjugated AuNPs was employed to deliver anti-
athero-miRNAs (miR-712) specifically to inflamed endo-
thelial cells (overexpressing VCAM-1 receptors) to
inhibit the formation of atherosclerotic plaques [155].

Stem cell engineering

To modulate stem cell activity, AuNPs functionalized
with a zwitterionic N-Cys-Ku70 pentapeptide (derived
from a Bax inhibiting peptide) was loaded with a 6.6
Kbp gene designed to express BDNF/m-cherry fusion
protein [156]. The genetically modified mesenchymal
stem cells (MSCs) exposed to the NP construct exhib-
ited protein expression of BDNF/m-cherry within 4 days
without inducing any cytotoxicity, showing a new non-
viral method for MSC engineering [156]. Mao’s group
reported that PEP (an antimicrobial peptide; AMP) con-
jugated on PEI capped AuNPs can be used to deliver
luciferase reporter genes to MSCs (Figure 10) [157].
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Cationic AMP aids in cellular internalization of AuNPs
and also promotes condensation of genes on the sur-
face of AMP-AuNPs. High transfection efficiency in both
in vitro (100 times higher than PEI-AuNPs) and in vivo
(gene encoding VEGF) was observed in the presence of
PEP-PEI-AuNPs (Figure 10) [157]. The same group also
showed that the TAT-PEI-AuNPs had high efficiency in
transfecting rat epidermal stem cells (ESCs) without
inducing cytotoxicity as compared to PEI-Au or TAT-
AuNPs. TAT-PEI-AuNPs loaded with plasmid DNA
(pDNA, which encodes basic fibroblast growth factor
(FBS)) differentiate ESCs into neuronal cells with the
expression of several neuronal markers [158].

Cancer therapy

For the targeted cancer therapy, cRGD was employed
as a targeting ligand for AuNPs mediated delivery of
siRNA to silence the papilloma virus-derived E6 onco-
gene. To prepare the unimer polyion complex-AuNPs
(UPIC-AuNPs), cRGD installed poly(ethylene glycol)-
block-poly(l-lysine) modified with lipoic acid (cRGD-
PEG-PLL-LA) was assembled with siRNA followed by the
decoration on AuNPs. This system enhanced gene
silencing in vitro and decreased the tumor size in sub-
cutaneous Hela tumor-bearing mice models [159,160].
Taking advantage of cell-penetrating and biocompat-
ible profile of TAT peptide, Gong et al. and Niu et al.
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Figure 10. (A) Schematic illustration of the preparation of PEP and/or TAT peptide conjugated cationic AuNPs and their inter-
action with pDNAs and cells. (B) CLSM images of cells treated with (a, e, i) AuP/pDNA complexes, (b, f, j) AUPQTAT/pDNA com-
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cated Cy3-pDNA inside cell nucleus. (C) The VEGF levels within homogenized tissues treated with different vector/pDNA com-
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about 2.5%. Scale bar is 50 mm. Arrows indicate vessel-like structures. Adopted from Peng et al. [157].



loaded antisense oligonucleotide (ASO) and pDNA-
Mi221 on TAT-AuNPs respectively. These nanocon-
structs induced significant reduction of metastasis
tumor nodules and cutaneous melanoma in the animal
model [161,162]. Therefore, TAT-AuNPs could be used
as an efficient carrier for transdermal delivery of oligo-
nucleotide, indicating a novel topical gene therapy
strategy for the notorious skin cancer [162]. Recently,
spatial-temporal controlled delivery of drugs in living
cells to modify cellular functions is of great interest to
treat cancer. Braun et al. demonstrated the NIR depend-
ent release of siRNA from TAT-lipid coated Au nano-
shells [163]. The coating of TAT-lipid facilitates cellular
internalization of nanoshell in picomolar concentra-
tions, avoiding undesired cytotoxicity of Au nanoshells.
Notably, time and power-dependent NIR laser induced
the release of siRNA through Au-S cleavage while the
escape of siRNA from endosomes occurred above the
critical pulse energy exposure, which was attributed to
the local heating and the cavitation that led to the rup-
ture of the endosomal membrane.

Antimicrobial peptide-AuNP conjugates

Antimicrobial peptides (AMPs) have been considered as
alternatives to antibiotics as potential therapeutic drugs
due to the development of antibiotic resistance bac-
teria [164,165]. Until now, more than 800 AMPs have
been isolated from fungi, bacteria, insects, vertebrates
and plants that can kill a broad range of microorgan-
isms. Recently, hybrid CM peptide (Figure 11(A-D))
[166] and esculentin-1a(1-25)NH, [Esc(1-21), isolated
from Frog skin] [167] were covalently conjugated on
SPION-Au core-shell NPs (CM-SPION@AuUNPs) and
AuNPs respectively. CM-SPION@AuUNPs have a potent
antimicrobial activity to kill both Gram-positive and
Gram-negative bacteria with a very low minimum
inhibitory concentration (MIC) than the soluble peptide
[166]. The CM-SPION@Au core-shell NPs was used mul-
tiple times to kill bacteria without losing the antimicro-
bial activity. These NPs were biocompatible to human
cells, indicating that the conjugated CM peptide is
selective to kill bacterial cells. It was found that CM-
SPION@Au core-shell NPs caused protrusions and blis-
ters in the bacterial membrane after 4h of incubation.
CM-SPION@Au core-shell NPs were located in the peri-
plasmic space of E. coli [166]. Interestingly, Esc(1-21)-
AuNPs rapidly clustered around the P. aeruginosa mem-
brane after 1 min and led to membrane breakage after
8min of incubation [167]. With further emphasis on
infection control, His-tagged DNA aptamer-AuNPs (Apt-
AuNPs) were conjugated with C-terminal hexaHis
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tagged A3-APO-AMP. These nanoconstructs killed
Salmonella  typhimurium (S.  Typhimurium) in S
Typhimurium-infected Hela cells, resulting in the
increased viability of host cells. The i.v. administration
of nanoconstructs in S. Typhimurium infected mice
resulted in 100% survival of mice due to complete
inhibition of S. Typhimurium colonization [168]. In this
direction, Peng et al. showed that PEP, an AMP conju-
gated on PEI-AuNPs had superior antibacterial property
as compared to the free peptide [157]. PEP has a
sequence from lactoferrin, an iron-binding protein from
the native innate immune system, with antifungal and
antibacterial property [157]. For the effective treatment
of infected wounds, surfactin (SFT), a cyclic lipopeptide
with a sequence of GLDLVDDLL, was self-assembled on
1-dodecanthiol (DT) capped AuNPs (2.5nm) (Figure
11(E,F)). Relative to the free SFT and DT-AuNPs, SFT/DT-
AuNPs possessed the superior antimicrobial activity
against several strains of bacteria and multi-drug resist-
ance (MDR) bacteria (methicillin resistant
Staphylococcus aureus (MRSA)). SFT/DT-AuNPs are
effective in killing bacteria in MRSA infected wound in
mice, promoting re-epithelialization and healing of
wound [169]. It is observed that the lipid moiety
attached to peptide helps AuNPs to penetrate effect-
ively inside cells and bacteria. Likewise, DT-AuNPs
modified with N-terminal fatty acrylated RWR/WRR pep-
tides showed potent antimicrobial activity against a var-
iety of microorganisms [170].

Microbial infection caused by medical devices is a
major concern in the healthcare industry. In this con-
text, we have immobilized the high density of CM pep-
tide on AuNPs coated glass, titanium and polyurethane
surfaces relative to other reports published previously
[171,172]. These CM immobilized surfaces are potent to
kill bacteria in the presence of human serum but do
not induce platelet activation and cytotoxicity to
human cells, demonstrating their potential in the devel-
opment of medical devices with the antimicrobial prop-
erty [171].

Stealth peptide-AuNP conjugates

The formation of protein corona around NPs elicits
undesired cellular uptake, immune response and
unavailability of conjugated biomolecules to interact
with targets. The surface modifications of NPs with PEG,
polysaccharides, mixed charged self-assembled and
zwitterionic molecules are the most popular choices.
Recently, an anti-fouling peptide composed of alternat-
ing negatively charge Glu (E) and positively charged Lys
(K) amino acids has been discovered based on the
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analysis of over 1000 human proteins that have E and K
amino acids on their surfaces [173,174]. The EK
sequence of peptide forms a strong hydration layer
around the surface similar to zwitterionic molecules,
providing resistance to nonspecific protein adsorption
[174]. Jiang's group developed a multifunctional stealth
peptide sequence (EKEKEKE-PPPPCAm), consisting of a
stealth EK sequence combined with a surface anchoring
linker (4 Pro amino acids) and Cys amino acid (to inter-
act with Au surface) [175]. The advantage of the Pro
linker is that it forms a well-ordered structure with a
high surface density, creating a robust self-assembled
monolayer on the surface of NPs [176]. In this work, the
authors modified the EK peptide with RGD sequence
and showed high uptake of RGD-EK3-AuNPs by bovine
aortic endothelial cells (Figure 12(A-C)) [175]. Recently,
Wu et al. modified the EK peptide to CPPPPEKEKEK
EKEKEDGR (HS-CPPP-EK5-RGD) peptide containing a
CPPP anchoring linker and RGD sequence (Figure
12(D-F)) [1771 and CGGGRRRRRRRRPLGLAGEKEKE
KEKEKEKEKEKEKEK (HS-R8-PLGLAG-EK10) peptide [178]
to selectively deliver the anticancer drug. Both peptides
were conjugated to AuNPs to deliver 5-Aminolevulinic
acid (ALA), the FDA-approved PDT precursor of PplX
that is hydrophilic and has low specificity to cancer
cells. ALA was conjugated to AuNPs by a pH-responsive
hydrazone bond that could be cleaved in the endolyso-
somal compartment of cells in an acidic environment.
Both studies showed that the effective killing of cancer
cells under the exposure of light (wavelength 635 nm)
was due to generation of reactive oxygen species (ROS)
as compared to the free ALA drugs (Figure
11(D-F)) [177,178].

Conclusion and perspectives

There have been rapid developments in the area of
peptide conjugated AuNPs for various nanotechnology
and biomedical applications in the last few years. In this
review, we have discussed potential applications of
peptide conjugated AuNPs in targeted drug/gene deliv-
ery, bioimaging, cancer therapy, brain targeting,
immune modulation and antimicrobial materials, taking
into account both in vitro and in vivo models.
Importantly, the functional and structural versatility of
peptides modulates the activity of peptide-AuNP conju-
gates, allowing them to be used in multifunctional
manners. The easy surface functionalization, the ori-
ented conjugation and the versatility of peptide chem-
istry makes peptide-AuNP conjugates attractive
candidates in nanomedicine. The advantage with
peptides is that they can be produced quickly in a
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cost-effective manner along with their easy modifica-
tion with protease resistance residues, radio/fluorescent
labels or reactive moieties via a solid-phase peptide
synthesis approach. Despite several papers relating to
the peptide-NP conjugates have been published glo-
bally, their clinical translations remain unsatisfactory,
highlighting the challenges persist in nanomedicine
fields. To tap the potential of peptide-AuNP conjugates
as major players in nanomedicine, several issues must
be considered and addressed carefully: (i) peptides may
unfold during the contact with the surface of NPs due
to various interactions (for instance electrostatic attrac-
tion, steric hindrance and heterogeneous complexation)
exist between AuNPs and peptides, which ultimately
influences their biological activities, delivery routes and
applications. Although the formulation of peptide-NP
conjugates is facile, rapid and scalable, the in-depth
understanding of peptide conjugation events is still
required to achieve promising biological properties in
both in vitro and in vivo models. Molecular dynamic
studies can provide such information to produce the
optimum peptide-NP conjugates.

(ii) Importantly, the effect of protein corona on the
biological properties of peptide-NP conjugates must
also be studied to develop effective nanomedicines for
clinical applications. Additionally, the composition of
media or physiological solutions must be taken into
consideration. Qualitative nanostructure-activity rela-
tionships (QNAR) understanding of protein corona-NPs
may facilitate the generation of the optimal peptide-NP
conjugates. Effective capping agents (for example PEG,
stealth peptides, zwitterionic molecules) protect the
peptide-NP conjugates from protein corona and pro-
vide stability and prolonged circulatory half-lives. The
stability of peptide-NP conjugates determines their
aggregation status, pharmacokinetics, biodistribution
and systemic toxicity. Aggregation of peptide-NP conju-
gates in blood circulation leads to rapid clearance in
liver and RES, reducing their probability to reach the
targeted site (iii) Due to cellular environment complex-
ity, appropriate peptide-NP conjugates must be devel-
oped to ensure the optimal activity in the organelle of
cells without inducing any cytotoxicity. Quantitative
structure-activity relationship (QSAR) study would be
useful to design organelle-specific peptides by modify-
ing its sequence. This study will help in expanding the
library of peptides for cellular targeting. The combina-
torial conjugation of the peptide cocktail on AuNPs will
improve the delivery of cargos and biological perform-
ance such as membrane translocation property and the
escape of peptide-NP conjugates from endosomes.
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Figure 12. (A) Scheme depicting the design of the stealth peptide sequence inspired by the analysis of human protein surfaces,
which contain E and K as the most prevalent amino acids on the surface (indicated by red and blue spheres). Structure of survi-
vin-borealin-INCENP core complex (left). (B) All-in-one natural peptide sequence with three distinct functions: (1) biomolecular
recognition via cyclic RGD (purple); (2) ultralow fouling via EK (red and blue); and (3) surface anchoring via PPPPC (green). (C)
Cell uptake of EK-GNPs, scrambled cRDG-GNPs, and targeting cRGD-GNPs (number of gold nanoparticles per cell 10°) in BAEC
cells measured by ICP-MS. Each data point represents an average value +standard deviation from at least three independent
measurements. (D) Schematic illustration of ALA conjugated AuNPs for targeted PDT (E) A549 cell viability exposed to peptide
protected ALA AuNPs with an equivalent ALA concentration of 50 ng/mL and irradiated for different time. (F) A549 cell viability
exposed to different concentration of ALA in peptide protected ALA AuNPs with or without RGD respectively and irradiated with
CW 635 nm light at 500 mW power. Adopted from Nowinski et al. [175] and Wu et al. [177].

Such findings will open new avenues for the targeted
drug delivery applications.

(iv) Peptide-NP conjugates should be developed in
such a way that there is enough room on the surface of
NPs to load drugs without compromising the peptide
activity. Modulating the density of peptides on AuNPs
promotes the enhanced bioaccumulation and the activ-
ity of NPs in the targeted site of animal models.

Therefore, suitable and standardized characterization of
peptide-NP conjugates will improve our understanding
of designing advanced NP conjugates. Currently, several
papers related to peptide-NP conjugates have large dis-
crepancies in results and interpretations. QNAR studies
should be performed with great accuracy to meet clin-
ical and regulatory standards. For example, the quantifi-
cation of AuNPs in solution or the conjugated peptide



on the surface of AuNPs often varies in the literature
due to the inherent complexity of peptide-NP conju-
gates. (v) There is a need to develop universal tools and
protocols to determine the long-term cytotoxicity and
bioactivity of different peptide-NP conjugates. Such
studies will provide a library of information that can be
useful in drawing reliable cytotoxicity and biological
properties of peptide-NP conjugates. Novel and
advanced characterization tools such as high-through-
put screening and high-resolution microscopy start to
emerge in the market that can solve these issues.

It is reasonable to believe that, in future, several pep-
tides either derived from the natural proteins or the
molecular dynamics study would be discovered to
design the complexed peptide-NP conjugates for effi-
cient targeting, immunotherapy and delivery of drugs
in patient’s body based on the initial lessons learned
from in vitro and in vivo models. Consequently, our abil-
ity to diagnose and treat different life-threatening dis-
eases will be improved, which in turn reduces the huge
healthcare costs from society.
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