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Abstract 

Peptide–nanoparticle conjugates (PNCs) have recently emerged as a versatile tool for biomedical applications. Syner‑
gism between the two promising classes of materials allows enhanced control over their biological behaviors, over‑
coming intrinsic limitations of the individual materials. Over the past decades, a myriad of PNCs has been developed 
for various applications, such as drug delivery, inhibition of pathogenic biomolecular interactions, molecular imaging, 
and liquid biopsy. This paper provides a comprehensive overview of existing technologies that have been recently 
developed in the broad field of PNCs, offering a guideline especially for investigators who are new to this field.
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1 Introduction
Peptides have attracted a great deal of interest in biomed-
ical fields as a novel material that can both exhibit protein 
functionalities and possess a high degree of modularity in 
molecular design. Current strategies for the discovery of 
artificial bioactive peptides can be broadly divided into 
two categories (Fig. 1): (i) the construction and screening 
of peptide libraries from random amino acid composi-
tions within a certain macromolecular topology (peptide 
library screening, bottom-up approach) and (ii) the isola-
tion of bioactive sequences from natural proteins based 
on their three-dimensional (3D) structures (structure-
based design, top-down approach) [1–4]. Peptide library 
screening enables the facile development of effective 
binders against a wide range of target molecules (e.g. 
small molecular compounds, peptides, DNAs, RNAs, 
cells, and inorganic materials). The top-down method, 
on the other hand, has an advantage over the bottom-up 

approach as peptide sequences aiming to a specific bind-
ing site on biomacromolecules can be discovered based 
on their structural properties.

Over the past decades, a large number of studies have 
demonstrated the utility of artificial bioactive peptides 
and some of these products have been successfully com-
mercialized. Specifically, 28 noninsulin peptide drugs 
have been approved worldwide during the last two dec-
ades with several being highly competitive in the market 
[5]. In addition, over 150 peptide drugs are in active clini-
cal development, demonstrating highly promising results 
for ultimate translation [6]. Despite the recent strides, 
most peptides have yet been widely utilized due to: (i) 
their lower target binding affinity and selectivity than 
proteins; (ii) vulnerability to protease digestion in bio-
logical environments [7]; (iii) short circulating half-lives 
resulting in the requirement for frequent administrations 
to sustain their efficacy [8]; and (iv) inability to maintain 
innate folding structures when isolated from protein con-
texts, which significantly limits their function [9].

Many researchers have found that the incorporation 
of peptides with non-biological materials (e.g. small 
molecular compounds, metal chelates, polymers, and 
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hydrogels) is a promising approach to addressing the 
intrinsic drawbacks of the peptides [10, 11]. Particularly, 
nanoparticles (NPs) have shown their potential to serve 
as conjugate scaffolds that not only improve the function-
ality of peptides but also implement abiotic characteris-
tics, often resulting in synergistic effects (Sect.  2). As a 
result, peptide–NP conjugates (PNCs) have been con-
sidered a promising platform for a variety of biomedical 
uses. This review therefore focuses on PNCs, highlight-
ing the recent progress in the PNCs-based technologies 
and their uses in diagnostic, imaging, and therapeutic 
applications. The advantages of employing PNCs will 
be briefly discussed first (Sect.  2), followed by descrip-
tion of examples of their successful applications to bio-
medical areas, including targeted drug delivery (Sect. 3), 
pathogenic protein interaction inhibition (Sect.  4), 
highly sensitive molecular imaging (Sect.  5), and liquid 
biopsy (Sect. 6). Finally, we will provide a perspective on 
the research applications that have been rapidly devel-
oped but still suffer from several challenges for clinical 
translation.

2  The peptide–NP conjugation
Nanomaterials (tens to a few hundreds of nanometers in 
size) possess novel physico-chemical properties distinct 
from those of conventional bulk materials. Their ultra-
small size and high surface-area-to-volume ratio are 
advantageous in the development of engineered materi-
als that can uniquely interact with a variety of nano- and 
micro-sized biomaterials [12]. The most straightforward 
approach to fabricate peptides-based nanostructures is 
self-assembly [13, 14]. However, the spontaneity in the 
thermodynamic process does not allow the construc-
tion of nano-scale constructs having precisely regulated 
shape, size, and compositions. In contrast, peptide–NP 
conjugation offers enhanced control over the structural 

properties of nanostructures, allowing facile modification 
to overall shape, dimension, and size of the conjugates 
through engineering NP scaffolds tailored for intended 
applications.

Another important aspect that the PNCs can provide 
is multivalency. Most interactions in biological systems 
are based on non-covalent interactions such as hydrogen 
bonds, ionic bonds, van der Waals forces, π–π stacking 
forces, and hydrophobic interactions. Although the indi-
vidual bindings are relatively weak, their co-operative 
action enables strong binding kinetics (typically due to 
substantial decrease in dissociation kinetics through the 
multivalent binding effect) based on the principle that 
the collective binding strength depends exponentially on 
to the number of individual binding pairs (Fig. 2a) [15–
17]. In addition to the enhanced binding strength, mul-
tivalent interactions also provide improved selectivity by 
exploiting the density of interaction modules on a surface 
to recognize target polyvalent surfaces (Fig. 2b) [18].

The presence of multiple binding sites plays a role in 
allowing the strong multivalent bindings and in increas-
ing statistical opportunities for multiple monovalent 
binding events to occur. As depicted in Fig. 2c, the expo-
sure of peptides in multiple directions results in greater 
opportunities to encounter binding partners [19]. Dur-
ing the dissociation process post binding, peptides on 
NP scaffolds express many re-binding sites, which can 
increase the retention time of target materials on the 
surface, known as the statistical re-binding mechanism 
(Fig.  2d) [20]. Furthermore, co-conjugation with differ-
ent types of peptides and/or other biological/non-bio-
logical materials offers additional functionalities for the 
hybrid materials, such as immune response evasion [21], 
theranostics [22], stimulus-responsive property [23], and 
multi-target directed treatment with a single material 
[24]. Consequently, displayed on a nanostructure surface, 

Fig. 1 Discovery of artificial bioactive peptides and their conjugation with nanoparticles for biomedical applications
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peptides can potentially compete with or outperform 
natural proteins despite their low individual affinity and 
selectivity [25, 26].

The non-biological characteristics of NPs introduce 
novel properties and functions that are otherwise not 
obtained to their PNCs. For instance, NPs absorbing and 
emitting near infrared (NIR, 700–1100  nm) light have 
been actively utilized in in vivo imaging due to the advan-
tages of deep imaging depth and high spatial resolution 
[27]. Some NPs produce reactive oxygen species (ROS) 
upon receiving the light energy, which can oxidize bio-
macromolecules and subsequently induce cell ablation 
(photodynamic therapy) [28]. In addition, the absorbed 
light energy can be converted to heat and sound energy 
using photothermal and photoacoustic effects of NPs, 
providing a non-invasive treatment option for diseases 
like cancer [29, 30]. Magnetic nanoparticles (MNPs) are 
another promising class enabling the remote and active 
treatment of diseases. Responding to external magnetic 
stimuli, MNPs can be selectively accumulated at a target 
site in biological systems and release guest molecules in a 
dosage-controlled fashion [31, 32]. Several in vitro stud-
ies have shown that MNPs, displaying multiple binding 
ligands, effectively discriminate target biomaterials from 
a mixture solution [33]. Furthermore, upon exposure to 
the magnetic field, the arrangement of MNPs on a sur-
face can be controlled in various ways, resulting in the 

use of the MNPs for the development of novel cell culture 
scaffold [34].

3  Targeted drug delivery
Selective delivery of pharmaceutical agents to target sites 
in the body remains a major challenge. Peptides have 
recently emerged as a powerful arsenal that may provide 
modular selectivity to drug delivery systems, warrant-
ing enhanced performance for the potential treatment of 
many serious health problems, such as cancer and brain 
diseases [35, 36]. Peptides specifically interact with dif-
ferent types of biological systems, allowing them to be 
applied in a multitude of scenarios for effective results 
[37]. However, the short in  vivo half-life time and sub-
optimal biodistribution and pharmacokinetics of pep-
tides have hindered their widespread applications in drug 
delivery [38].

A simple approach to overcoming the problems of the 
current peptide-based delivery system is to combine 
them with NPs. Upon functionalization with peptides 
as targeting agents, NPs can be engineered to selec-
tively deliver the drugs to the target tissue, in addition 
to their capability to encapsulate and protect therapeu-
tic agents, increasing the plasma circulation time. As 
a result, researchers have conjugated different target-
ing peptides on different types of NPs to provide more 
efficient and adaptable drug delivery systems (Table  1). 

Fig. 2 a Comparison between monovalent‑ and multivalent interactions. b Selectivity in multivalent interactions. c Multidirectional ligand display 
and d statistical rebinding on a multivalent object
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One of the specific applications of peptide-mediated 
targeting is the delivery of cargo to the nucleus of cells. 
Delivery to the nucleus is particularly difficult due to 
the many barriers that must be overcome once inside 
the cell, let alone targeting to the correct cell in the first 
place. Most particles enter the cell via endocytosis and 
are thus encapsulated in large vesicles, headed towards a 
lysosome for degradation. They must have some means 
of endosomal escape to avoid being destroyed before 
they can reach the nucleus [39]. Once this is achieved, 
the particle must bypass the protections afforded to the 
nucleus. The nucleus is protected by a double phospho-
lipid membrane, accessible mainly through nuclear pore 
complexes (NPCs), which have varied diameters ranging 
from approximately 20 to 150  nm [40]. Not only must 
the particle be small enough to make it through, it must 
also have a corresponding nuclear localization signal 
(NLS), which acts a key card to allow access through the 
NPC. Pan et  al. developed a solution to these problems 
in  vitro by utilizing mesoporous silica NPs conjugated 
with TAT peptide for the delivery of doxorubicin (DOX) 
to the nucleus of HeLa cells [41]. Their results show that 
particles smaller than 50  nm were able to achieve TAT 
peptide-mediated nuclear uptake and continuous release 
of DOX into the nucleus over a 24-h incubation period. 
A different approach was taken by Tkachenko et al., who 
employed a multi-peptide conjugated gold NP (AuNP)-
based system for this purpose [42]. They reported that 
the use of two short peptides that are introduced for cel-
lular endocytosis and for nuclear targeting of the particle 
is more effective than attempting to use a single lengthy 
sequence. The 25 nm AuNP was able to enter the nucleus 
in 80% of HepG2 cells when incubated for 2 h at 37  °C. 
Li et  al. similarly utilized a 13  nm AuNP-based system 
conjugated with an NLS peptide although their aim was 
to deliver siRNA for gene silencing [43]. They reported 
that their complex was able to successfully hinder TK1 
protein and TK1 mRNA prevalence in vitro and reduce 
tumor growth by 250% when compared to a control for 
an in vivo mouse model.

Another interesting application for NPCs involves 
transdermal delivery for the treatment of melanoma. 
The main barrier preventing delivery for this application 
is the stratum corneum, the outermost layer of skin. Niu 
et al. designed a AuNP-based system that employed con-
jugated TAT peptides for the delivery of plasmid DNA 
(pDNA) [44]. Their results confirmed that TAT peptides 
boost skin infiltration and gene transfection of NPs for 
an effective topological delivery system. Patlolla et  al. 
also took advantage of the skin permeation capabilities 
of TAT peptides by conjugating them to nano lipid crys-
tal NPs (NLCNs) with 180 nm in size [45]. They reported 
that their complexes penetrated up to 120  µm into an 

in  vitro rat skin, with higher concentrations of particles 
accumulated in both the stratum corneum and epidermal 
layers, when compared to other complexes tested. Zou 
et al. tackled this problem in a different manner, choos-
ing to use a liposome NP conjugated with TD peptide 
for the delivery of Vemurafenib [46]. Their data indicates 
TD peptides’ capacity to open the paracellular path-
ways of the stratum corneum for transdermal delivery to 
melanoma.

Peptides have been also found to be useful for assist-
ing NPs across other physiological barriers, including the 
blood brain barrier (BBB) that represents a major hur-
dle for effective delivery of pharmaceutical agents to the 
brain. The BBB acts as a shield surrounding blood vessels 
with access to the brain; its main purpose is to prevent 
non-essential substances from reaching the delicate sys-
tem behind it [47]. Researchers have been using peptides 
to help NPs transport across the BBB. For instance, Geor-
gieva et  al. used G23 peptide-conjugated polymersomes 
for both in vitro and in vivo delivery of drugs across the 
BBB [48]. The 165  nm NPs utilized G23 peptide to tar-
get ganglioside GM1 and GT1b receptors expressed on 
hCMEC/D3 cells (human BBB model), enabling four 
times greater transcytotic capacity over polymersomes 
without G23 peptide. Another group, Yao et al., reported 
their use of a dendrigraft poly-l-lysines (DGL) NP conju-
gated with poly(ethylene glycol) (PEG) and a LIM Kinase 
2 derived cell-penetrating peptide (LNP) for the deliv-
ery of pDNA across the BBB [49]. Their novel system 
took advantage of LNP that facilitates cellular uptake by 
peripheral cells present in the BBB.

The PNC-based approaches have demonstrated a num-
ber of successful examples that have achieved efficient 
targeting to diseased cells and permeation across physi-
ological barriers. However, there are many challenges 
that need to be overcome for ultimate translation of this 
approach, such as immunogenicity, long-term toxicity, 
and off-targeting potential. Upon addressing those con-
cerns, it is foreseeable that the PNC approach will pro-
vide a powerful method for efficient drug delivery with 
high therapeutic index.

4  Pathogenic Protein Interaction Inhibition
Drugging the ‘undruggable’ targets is one of the key chal-
lenges in pharmacological studies [50]. Approximately 
80% of proteins that involved in human diseases lack 
binding sites for small molecule ligands [51]. One poten-
tial strategy to address this issue is to implement protein-
based pharmaceuticals. However, low thermal stability 
and difficulty in preparation of such proteins have hin-
dered their widespread application [52].

PNCs provide a new insight to tackle these formidable 
challenges. For instance, the Lim group demonstrated 
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inorganic NPs that serve as a scaffold for stabilizing pep-
tide folding structures, which can eventually enhance 
both target affinity and selectivity [53]. Figure  3a illus-
trates α-helical structure stabilized by reduced confor-
mational entropy cost achieved through the use of cyclic 
peptides and interaction with inorganic surface [54]. 
Based on this principle, bioactive α-helical p53 pep-
tides stabilized on AuNP surfaces effectively recognized 
their target protein, MDM2, which is known to suppress 
the p53-mediated apoptotic pathway. The therapeutic 
potential of the cyclic peptide–nanomaterial conjugate 
system was also demonstrated by inhibiting the α-helix-
mediated interaction between Rev protein and Rev 
response element (RRE) RNA, which regulates HIV-1 
gene expression [24, 55].

The multivalent property of PNCs is a powerful tool for 
controlling polyvalent macromolecular associations that 
frequently occur in nature. Chaiken et  al. reported that 
AuNP–peptide triazole conjugates inactivates HIV-1 by 
disrupting the interactions between host receptor pro-
teins and trimeric envelope glycoprotein (Env) spikes of 
the virus [56, 57]. As AuNP diameter and peptide valency 
increase, the antiviral potency of the PNCs is greatly 
enhanced. This implies that a sufficient quantity of pep-
tide triazoles over a large area is required for effective 
interaction with the multiple spikes on the viral surface 
(Fig.  3b). Protein-misfolding diseases including Alzhei-
mer’s disease (AD) are also difficult to target with con-
ventional therapeutics [58]. Xiong et al. decorated AuNPs 
with peptides including two inhibitory peptide sequences 

Fig. 3 a Molecular models depicting gold nanoparticle binding‑induced stabilization of α‑helical structure. b Interactions of free peptides and 
peptide–nanoparticle conjugates with HIV‑1 spike proteins. c Peptide hybrid‑functionalized gold nanoparticles inhibiting amyloid‑β aggregation
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for Aβ aggregation, VVIA and LPFFD, in order to develop 
a multivalent inhibitor for the aggregation of amyloid-β 
(Αβ) proteins [59–61]. The two peptide sequences were 
conjugated onto the AuNP surfaces and ordered/oriented 
in optimal conformation to effectively inhibit Aβ aggre-
gation. Utilizing the two different peptides on a single NP 
was highly synergistic, preventing Aβ aggregation more 
strongly with less cytotoxicity, compared to the free pep-
tides (Fig. 3c).

In some applications, PNC functionality can be sig-
nificantly improved by precisely controlling the peptide 
valency. NPs that are covered with peptides at a higher 
density typically exhibit increased binding affinity [62]; 
however, precisely engineered binding modules that have 
a specific spacing or certain ligand density have been 
shown to further enhance the interaction with target 
molecules in a controlled manner [63, 64]. One approach 
to controlling the ligand valency is to use dendrimers. 
Dendrimers are hyper-branched polymers that have 
precisely controlled size, surface property, composition, 
and density of functional groups through relatively sim-
ple chemical reactions [65, 66]. In a recent study, Lauster 
et  al. showed that polyglycerol dendrimers decorated 
with peptides targeting hemagglutinin (HA) can inhibit 
the infection of influenza A virus (IAV) [25], which uses 
multiple HAs for enhanced binding to the host cell sur-
face [67]. Interestingly, despite the improved antiviral 
activity of the PNC utilizing the multivalent binding of 
the HA targeting peptides, the inhibitory capacity was 
not proportionally increased with an increase of the 
peptide density. Instead, higher valency reduced the 
inhibitory activity when it exceeded a certain threshold, 
indicating that optimization of the surface engineering is 
required.

Another advantage of PNCs is that they can utilize 
multiple therapeutic pathways by incorporating different 
types of molecules in a single nanoformulation system 
[68]. Recently, Blancafort et  al. conjugated poly(glycidyl 
methacrylate) NPs with peptides targeting Engrailed 1 
(EN1), an undruggable transcription factor associated 
with cell proliferation, metastasis, and chemoresistance 
of basal-like breast cancer [69]. An anticancer agent, 
docetaxel (DTX), was encapsulated in the internal void 
of this NP. Both in  vitro and in  vivo studies revealed 
that the combination of peptidic- and chemotherapeutic 
agents via PNC induced more apoptosis on cancer cells, 
compared with using either DTX or EN1 peptide alone. 
Alternatively, Jeong et al. demonstrated that conjugation 
of different types of peptides onto a nanomaterial is an 
effective way to maximize therapeutic effect [24]. In their 
study, two different peptides were conjugated on car-
bon nanotubes to inhibit Rev/RRE RNA and Rev/CRM1 
interactions, resulting in 150-fold enhanced HIV-1 

inhibition, compared to leptomycin B, a commonly used 
HIV-1 inhibitor [70].

As described above, peptides have shown great poten-
tial to overcome their intrinsic limitations when conju-
gated onto NP surfaces. It has been reported that PNCs 
could outperform single peptides and even proteins, 
showing higher binding affinity, selectivity, and, in turn, 
therapeutic effect. This PNC approach has been also 
proven useful in other applications, such as molecular 
imaging and diagnostic/prognostic applications, includ-
ing liquid biopsy, which will be discussed in the following 
sections.

5  Molecular imaging
Molecular imaging provides visual information on bio-
logical processes at high resolution [71]. It enables 
detection of pathological cells and tissue, helping both 
pre-clinical researchers and clinicians understand the 
status of diseases in terms of their progression and 
responsiveness to treatments [72]. Recent advances in 
nanobiotechnology further accelerated the development 
of molecular imaging by enhancing the targeting effi-
ciency of imaging probes [73]. Among many agents that 
have been used to provide selectivity, peptides have been 
successfully employed as novel nanoprobes due to their 
long-term stability, target-specificity, and rapid clearance 
from the blood stream [37, 74]. The modular nature of 
such peptides allows to be integrated with a variety imag-
ing modalities, resulting in remarkable outcomes in ani-
mal models and preclinical studies.

Despite their advantages, peptides often suffer from 
weak binding affinity, metabolic instability, and fast renal 
clearance due to their small size [75]. These problems can 
be addressed by conjugating them to NPs, which have 
been frequently utilized to improve the pharmacokinetics 
of the targeting peptides [37]. NPs can be selected to fit 
a variety of target sites and imaging modalities, making 
them an ideal delivery platform. A major advantage that 
peptide/NP complexes provide is their ability to enhance 
the target-to-background signal. This could be accom-
plished by conjugation of multiple imaging probes onto a 
NP’s surface or by an increased surface density of specific 
peptides [76]. Conjugation of different types of peptides, 
along with therapeutic agents, would enable PNCs to be 
applied for multitarget-directed nanotherapeutics. This 
section summarizes recent advances achieved through 
the use of PNCs as imaging nanoprobes for different 
applications, including near-infrared (NIR) fluorescence 
imaging, computed tomography (CT), positron emission 
tomography (PET), magnetic resonance imaging (MRI), 
and multi-modal imaging (Table 2).

NIR fluorescence imaging utilizes imaging agents with 
emission spectra in between 700 and 1100 nm [77]. NIR 
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light penetrates deeper into the tissue than the visible 
light, allowing enhanced tissue imaging [77, 78]. Recently, 
PNCs have been applied for NIR imaging, allowing sen-
sitive detection of abnormal tissue with high specificity 
[79, 80]. Fan et al. developed fluorescent NPs consisting 
of cyclic peptides that were co-assembled with  Zn2+ ions 
to generate strong NIR fluorescent signals [81, 82]. This 
imaging agent was further modified with αvβ3 integrin-
specific RGD peptides to selectively image the tumor site. 
This tumor-specific imaging agent was highly photosta-
ble and showed a narrow emission spectrum, resulting 
in clear NIR fluorescent signals from the target tissue. 
Benzo-bis(1,2,5-thiadiazole) fluorophores have also been 
exploited for NIR imaging [83]. The fluorophores were 
coupled with peptides that are specific to gastrin-releas-
ing peptide receptor (GRPR). Both in  vitro and in  vivo 
data demonstrated that these conjugates effectively accu-
mulate at a target tissue with high target-to-background 
signals.

CT scans rely on multiple X-ray beams, generating 
cross-sectional images of bones, blood vessels, and soft 
tissues inside the body. AuNPs are one of the most com-
monly used imaging agents for CT scans, due to their 
high X-ray attenuation capability. Their biocompatibil-
ity, stability, and versatility enable AuNPs to be utilized 
in a wide range of applications [37]. Conjugated with 
peptides, AuNPs have been employed as selective CT 
contrast agents. Zhu et  al. decorated AuNP-entrapped 
dendrimers (AuDENPs) with RGD peptides and applied 
these nanoprobes for CT tumor imaging [84]. X-ray 
attenuation of AuDENPs was superior to that of Omni-
paque™, a commonly used CT imaging agent. Recently, 
Hao et  al. developed a core–shell structured NP com-
posed of poly(lactic-co-glycolic acid) (PLGA)-AuNP [85]. 
This NP was conjugated with Angiopep-2, a glioma tar-
geting peptide, that enhanced selective cellular uptake of 
PLGA–AuNPs, resulting in increased tumor recognition 
and improved resolution of CT images. The PNC-based 
approach has been also applied for visualizing cerebral 
cerebrovascular thrombi. Glycol-chitosan-coated AuNPs 
(GC-AuNPs) were incorporated with fibrin-specific pep-
tides for direct CT-based imaging of cerebrovascular 
thrombi [86, 87]. This novel imaging agent selectively 
accumulated to the target site and were retained in the 
site for a longer period of time (up to 3 weeks), compared 
to GC-AuNPs without the peptide. The improved selec-
tivity and longer imaging capability would allow this sys-
tem to detect short-term recurrence without additional 
injections.

PET is accepted as an excellent, non-destructive imag-
ing tool for screening various diseases. Incorporation 
of target-specific peptides and positron emitters to NPs 
enables highly specific detection of abnormal tissues 

[88]. CLPFFD peptides targeting β-Amyloid fibers were 
conjugated with 18F-labeled AuNPs to image the biodis-
tribution of the targeted NPs [89, 90]. In another study, 
Cheng et  al. modified the surface of Au-tripod with 
RGD peptides and 64Cu (64Cu-RGD-Au-tripods) to pro-
vide dual functionalities of integrin-specific targeting 
and PET imaging, respectively [91]. The administration 
of this novel PNCs in tumor bearing mouse models led 
to a threefold enhancement in photoacoustic imaging 
(PAI) contrasts compared to the PNCs co-injected with 
free RGD peptides. The PET images also revealed that 
approximately 8% injected dose of the NPs accumulated 
and remained in the target site, even after 24  h post 
injection. Biodegradable dendritic PET nanoprobes with 
RGD peptides have also demonstrated great potential for 
screening angiogenesis [92]. The binding affinity of the 
nanoprobe–peptide conjugates was 50 times higher than 
that of monovalent peptides due to multivalent interac-
tions. The study was extended to both in vitro and in vivo 
PET imaging after labelling the conjugates with 125I and 
76Br, respectively, demonstrating that the targeted nano-
probes exhibit enhanced cellular uptake, compared to 
non-targeted counterparts.

MRI generates high-resolution three-dimensional 
images of organs and tissues using radio waves and 
magnetic fields [93]. Magnetic NPs (MNPs) have been 
utilized as MR contrast agents, and their complexation 
with targeting peptides has been used to image spe-
cific organs. Xie et  al. showed that MNPs conjugated 
with RGD peptides selectively targeted cells that highly 
expressed αvβ3 integrin [94]. Their in  vivo MRI results 
confirmed that the selectivity of the conjugates were 
maintained in U87MG tumor-bearing mice. MNPs have 
been also conjugated with polymers for enhanced target-
ing and prolonged detection. For example, RGD peptide-
conjugated superparamagnetic polymeric micelle (SPPM) 
nanoprobes have been used for selective detection of 
integrin overexpressing cells [95, 96]. These nanoprobes 
were found to selectively accumulate into the tumor site, 
resulting in detection of the MRI signals from the brain, 
lung, and breast tumor bearing mice within 5  min post 
injection. Alternatively, Simberg et  al. conjugated the 
fibrin-specific, tumor-homing CREKA peptide to amino 
dextran-coated supraparamagentic iron oxides (SPIOs) 
for targeted imaging and therapy [97]. These conjugates 
accumulated at the tumor site, self-amplified, and ena-
bled effective MR imaging with high selectivity.

Although PNCs have significantly improved the 
image quality of various modalities, more accurate and 
higher resolution imaging is necessary for early diagno-
sis and effective treatment. Multimodal contrast agents 
have been recently developed to help researchers and 
clinicians visualize two or more imaging modalities 
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simultaneously. For example, 64Cu-labelled hollow gold 
nanospheres (64Cu-HAuNSs) were engineered to inte-
grate CT and MRI capabilities into a single NP system 
[98]. The RGD peptides were then immobilized onto 
the surface of 64Cu-HAuNSs to achieve selective target-
ing and increased cellular uptake of the NPs, resulting 
in highly selective dual imaging agent for both CT and 
MRI. Another common strategy involves the combina-
tion of fluorescence and MR imaging. Dendritic hybrid 
NPs, functionalized with activatable cell penetrating 
peptides (ACPPs) on their branches, were labeled with 
both Cy5 and Gd for fluorescence and MRI, respectively 
[99]. ACPPs enhanced cellular uptake of the NPs by up to 
15-fold, demonstrating the potential of this system to be 
used for sensitive detection of tumors via NIR and MR 
integrated imaging.

The examples described above clearly indicate the 
potential of PNCs as imaging contrast agents for a vari-
ety of modalities. Various peptides have been success-
fully employed for site-specific targeting in the field of 
biomedical imaging, which could be further improved 
using multivalent interaction of PNCs, providing high 
quality images of specific tissues and organs. Although 
their potential toxicity and biological instability need to 
be addressed for the successful clinical translation, PNC-
based molecular imaging holds great promise to innovate 
current diagnostic and therapeutic platforms.

6  Liquid biopsy
Liquid biopsy is of high potential significance as a novel 
tool for diagnosis and prognosis of human diseases 
[100]. It refers to any techniques that examine, detect, 
and analyze disease biomarkers in bodily fluids, most 
notably blood [101]. Given its less invasive nature unlike 
conventional solid biopsy, liquid biopsy would substan-
tially decrease the chance to cause complications while 
increasing patients’ compliance, allowing more frequent 
screening, early detection capability, and more accu-
rate monitoring of diseases [102]. As a result, liquid 
biopsy provides more comprehensive information from 
a disease across multiple time points, enabling rapid and 
effective treatment.

Circulating tumor cells (CTCs) [101], exosomes [103], 
cell-free DNAs (cfDNAs) [104], and circulating microR-
NAs (miRNAs) [105] have emerged as potential biomark-
ers for monitoring human diseases. A number of studies 
have reported that the genomic or proteomic profiling 
of these biomarkers is associated with progression, pro-
liferation, recurrence, chemo-sensitivity, and metastatic 
potential of the disease [106, 107]. However, accurate 
analysis and sensitive detection still remain a challenge 
due to the low concentration of liquid biopsy biomark-
ers in human bodily fluids [108]. Moreover, molecular 

heterogeneity among the biomarkers, coupled with phe-
notypic changes that frequently occur during therapeu-
tic treatment and disease progression, makes separation 
of the biomarker difficult, limiting further downstream 
analysis [109].

This section summarizes several new technologies that 
use PNCs to detect liquid biopsy biomarkers with high 
sensitivity and specificity (Table 3). Antibodies are one of 
the most extensively used capture agents for separation 
of disease-related biomarkers, due to their high selectiv-
ity and strong binding affinity to specific surface recep-
tors [102, 110]. Recent studies suggest that antibodies 
could be spliced into shorter peptides that still recog-
nize specific surface receptors [111, 112]. As molecules 
that are small, stable, and easy to synthesize, compared 
to antibodies, peptides provide an opportunity to poten-
tially replace the whole antibodies by addressing the 
reproducibility and productivity issues that current anti-
body-based approaches typically have [74]. Despite these 
advantages, the low binding affinity to specific target tis-
sues are the major drawbacks of peptides. However, these 
concerns could be potentially addressed through the 
PNC approaches. For example, the multivalent binding 
effect, as described above, could be easily incorporated to 
various PNCs, which would improve biomarker separa-
tion based on the peptide binding to target biomarkers 
[37, 47].

The Yang and Wang groups utilized peptides that rec-
ognize epithelial cell adhesion molecule (EpCAM) and 
human epidermal growth factor receptor 2 (HER2) for 
CTC isolation [111, 112]. These peptides were conju-
gated to iron oxide magnetic NPs for immunomagnetic 
separation. Although peptides themselves displayed 
lower binding affinity relative to antibodies, the PNC-
based approach demonstrated over 90% and 70–80% of 
EpCAM-positive and HER2-positive cancer cell cap-
ture efficiencies, respectively, likely due to multivalent 
interactions. The epidermal growth factor receptor 
(EGFR) is another well-recognized tumor-specific anti-
gen capable of targeting EpCAM-negative CTCs [113]. 
Ding et  al. prepared nanovesicles with EGFR-targeting 
GE11 peptides distributed on their bilayers and mag-
netic NPs embedded into the vesicles using reverse phase 
evaporation [114]. The EGFR peptide magnetic vesicles 
(EPMVs) were able to bind to a hepatoma cancer cell line, 
SMMC-7221, showing a capture yield of 90%. EPMVs 
subsequently showed significant improvement in CTC 
isolation from the blood of lung cancer patients, outper-
forming both the CellSearch system and EpCAM-based 
immunomagnetic separation. The EGFR peptides were 
also conjugated with surface-enhanced Raman scattering 
(SERS) AuNPs to identify and characterize CTCs [115]. 
The in vitro results indicated over 90% cancer cell capture 
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efficiency and  104:1 detection specificity. Further clini-
cal pilot studies revealed that the EGFR-specific PNCs 
detected up to 720 CTCs/mL from head and neck cancer 
patients’ samples.

Exosomes are endosomally derived extracellular vesi-
cles (EVs) that play a major role in in intercellular signal-
ing [103, 116]. It has been well established that exosomes 
carry proteins and genomic information of their parental 
cells [117]. Thus, great efforts have been made to isolate 
tumor-associated exosomes from various EVs in human 
bodily fluid. Tetraspanin CD63, a surface protein over-
expressed in human exosomes, has been widely used to 
capture these vesicles [103]. Gao et al. recently reported 
a novel NP that has CD63-targeting peptides coated on 
its surface [118]. This exosome-targeting NP achieved a 
54% capture rate when compared to the ultracentrifuga-
tion method. Clinical trials using human serum samples 
have demonstrated overexpression of tumor-related pro-
teins, AFP and GPC-1, on the captured EVs, which are 
well-defined indicators of hepatic and pancreatic tumor, 
respectively. Other tumor-specific receptors have also 
been targeted to identify EVs secreted from tumors. Heat 
shock protein 70 (Hsp70), which acts as molecular chap-
erone, is highly expressed on majority of tumor cells [119, 
120]. Ghosh et al. employed Vn96, a Hsp70-specific pep-
tide, to isolate EVs derived from cancerous cells [121]. 
Vn96 peptides were densely coated on nanospheres 
and incubated with lysates obtained from MCF-7, a 
Hsp70-positive cancer cell line. The peptide–NP conju-
gates successfully isolated Hsp70-presenting EVs from 
human serum, showing comparable capture efficiency to 
ultracentrifugation.

Circulating nucleic acids are another biomarker of 
interest, encompassing cfDNAs and miRNAs. The utility 
of circulating nucleic acids (NAs) has been investigated 
for several decades because the NA fragments that are 
released from the tumor may possess the entire genomic 
information of heterogeneous tumor cells [122]. Pep-
tide nucleic acids (PNAs) have recently been utilized by 
numerous research groups for detecting specific muta-
tions in circulating NAs. PNAs are artificially synthesized 
NA analogues, that have increased long-term stability 
and enhanced binding with complementary sequences 
compared to natural NAs [123]. Combinations of PNA 
probes with NPs enable sensitive and selective quantifi-
cation of circulating NAs. PNA probes have been cou-
pled with various NPs, including nano metal–organic 
frameworks (NMOFs) [124], nano-sized graphene oxides 
(NGOs) [125], or AuNPs [126, 127], depending on how 
they quantify NAs. The most well-established approach 
measures changes in fluorescent signals. For exam-
ple, tight binding between NMOF or NGO with PNA 
probes results in fluorescence quenching, which can 

be recovered when PNA probes are released from the 
complex via hybridization with specific miRNA [124, 
125]. Using this methodology, both NMOF- and NGO-
conjugated NPs can successfully detect targeted miR-
NAs, even at concentrations below 10  pM. AuNPs are 
also frequently conjugated with PNA probes. miRNA or 
ctDNA adsorption on the surface of PNA–AuNP con-
jugates subsequently alters the electrical, optical, and 
plasmonic properties of the conjugates. Nguyen et  al. 
applied peptides conjugated to AuNPs for the detection 
of tumor-specific mutations E542K, E545K, and methyla-
tion of PIK3CA gene [127]. Adsorption of ctDNA onto 
PNA–AuNP conjugates shifted the localized surface 
plasmon resonance (LSPR) peak from 4.3 to 11.4  nm, 
showing 107% LSPR peak-shift compared to the primary 
response. This novel strategy allowed the detection of 
ctDNAs down to 50 fM.

Despite lower binding affinity of free peptides, multiva-
lent binding effect of the PNCs allows these short chain 
amino acid compounds to be utilized as capture agents 
for liquid biopsy with comparable capture efficiency to 
the devices using antibodies. However, the majority of 
PNC-based liquid biopsy platforms are still in the early 
stage of development; only a limited number of such 
devices have demonstrated clinical utilities. Further 
downstream analysis of the captured biomarkers, includ-
ing molecular characterization and functional assays, 
would potentially enhance clinical applicability of the 
PNC-based liquid biopsy platforms.

7  Summary and outlook
Molecularly poised between proteins and small molecu-
lar compounds, peptides can potentially exploit struc-
tural and functional advantages of the two major 
materials in pharmacological research. As summarized 
above, a number of peptides, combined with NPs, have 
shown that their promising potential in the area of drug 
delivery, inhibition of pathogenic biomolecular interac-
tions, molecular imaging, and liquid biopsy. Despite the 
potential, clinical translation of PNCs still remains elu-
sive due to the following reasons. First, the PNC behav-
iors in physiological conditions, such as bloodstream 
and intracellular space, have not been fully understood. 
Second, peptides are still vulnerable to enzymatic deg-
radation even on nanomaterial surfaces [128], requiring 
additional protection strategies to maintain their func-
tions without increasing the structural and compositional 
complexity of the conjugates. Third, the potential immu-
nogenicity of the engineered PNCs should be addressed, 
which is a common obstacle for in vivo and clinical appli-
cation [129]. Lastly, covalent conjugation with NPs or 
other functional moieties often results in the loss of the 
biological functions of the peptides.
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Upon addressing those concerns, it is certain that the 
PNC systems would provide a novel class of materi-
als that potentially fill the gap in current biomedical 
areas, such as drugging ‘undruggable’ targets, combating 
against multidrug resistant pathogens, isolating rare bio-
markers from human body fluids, and utilizing as submi-
cron-molecular imaging agents. Particularly along with 
the rapid advances in nanotechnology, the PNCs will 
likely become a new platform that can be used in main-
stream therapeutic and diagnostic systems.

Authors’ contributions
W‑JJ, JB, YSK, and SH perceived the concept and structure of the manuscript. 
W‑JJ, JB, LJK, SC, and SH wrote the manuscript. All authors participated in 
designing the figure sets and analyzing the literature. SH supervised the 
overall progress of this manuscript preparation. All authors read and approved 
the final manuscript.

Authors’ information
Dr. Woo‑jin Jeong is a postdoctoral researcher in the Prof. Seungpyo Hong’s 
laboratory in the School of Pharmacy at the University of Wisconsin‑Madison. 
He received his Ph.D. degree in the Department of Materials Science and 
Engineering at Yonsei University. His research interests include the develop‑
ment of peptide‑based nano‑ and micromaterials for cancer therapeutics and 
diagnostics.

Dr. Jiyoon Bu is a Postdoctoral Researcher in the Hong lab in School of 
Pharmacy at the University of Wisconsin‑Madison. He received his Ph.D. in Bio 
& Brain Engineering from the Korea Advanced Institute of Science and Tech‑
nology (KAIST) in 2017. His research focus is on developing novel biomedical 
devices for cancer diagnostics and therapeutics, based on biomimetics, micro‑
fluidics, and nanoengineering. More specifically, he is involved in developing 
highly‑sensitive liquid biopsy platforms and engineering target‑specific immu‑
nomodulatory nanoparticles.

Luke J. Kubiatowicz is an undergraduate in the Department of Engineering 
Physics at the University of Wisconsin‑Madison. He works as a researcher in Dr. 
Seungpyo Hong’s laboratory within the Wisconsin Center for NanoBioSystems. 
His research area of interest is the utilization of nanotechnology for biomedi‑
cal applications.

Stephanie S. Chen is an undergraduate student in the College of Agricul‑
tural and Life Sciences at the University of Wisconsin‑Madison. Her research 
interests include the development of peptide‑dendrimer conjugates for drug 
transportation.

Prof. YoungSoo Kim is an assistant professor in Integrated Science and 
Engineering Division and Department of Pharmacy at Yonsei University, 
Republic of Korea. He earned his bachelor degree in biochemistry at New York 
University in 2001 and his Ph.D. degree in chemistry at The Scripps Research 
Institute in 2006. Then, Kim joined the Brain Science Institute at Korea Institute 
of Science and Technology as a principal investigator and, in 2017, moved to 
Yonsei University. His work focuses on therapeutics and diagnostics of Alzhei‑
mer’s disease by utilizing chemical biology as a research tool.

Prof. Seungpyo Hong is Professor in Pharmaceutical Sciences Division, 
School of Pharmacy at University of Wisconsin‑Madison. He received his Ph.D. 
from the University of Michigan in 2006, followed by a postdoctoral training in 
the Langer lab at MIT. From 2008 to 2016, he was Assistant/Associate Professor 
in the College of Pharmacy at the University of Illinois at Chicago (UIC), and 
subsequently joined the UW‑Madison faculty as full Professor in 2016. To date, 
Prof. Hong’s research has culminated in over 75 peer‑reviewed articles that 
have a combined total citation number of over 11,000 times.

Author details
1 Pharmaceutical Sciences Division, School of Pharmacy, The University 
of Wisconsin‑Madison, 777 Highland Ave., Madison, WI 53705, USA. 2 Inte‑
grated Science and Engineering Division, Department of Pharmacy, Yonsei 
Institute of Pharmaceutical Sciences, Yonsei University, Incheon 21983, Repub‑
lic of Korea. 3 Yonsei Frontier Lab, Department of Pharmacy, Yonsei University, 
Seoul 03722, Republic of Korea. 

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The review is based on the published data and sources of data upon which 
conclusions have been drawn can be found in the reference list.

Funding
This work was partially supported by National Science Foundation (NSF) 
under Grant # DMR‑1409161/1709173 and DMR‑1808251. SH also acknowl‑
edges the partial support from the Wisconsin Head & Neck Cancer SPORE 
(P50DE026787).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Received: 22 November 2018   Accepted: 2 December 2018

References
 1. P. Vanhee, A.M. van der Sloot, E. Verschueren, L. Serrano, F. Rousseau, 

J. Schymkowitz, Computational design of peptide ligands. Trends 
Biotechnol. 29(5), 231–239 (2011)

 2. S.H. Wang, J. Yu, Structure‑based design for binding peptides in anti‑
cancer therapy. Biomaterials 156, 1–15 (2018)

 3. D. Marasco, G. Perretta, M. Sabatella, M. Ruvo, Past and future per‑
spectives of synthetic peptide libraries. Curr. Protein Pept. Sci. 9(5), 
447–467 (2008)

 4. A. Ryvkin, H. Ashkenazy, Y. Weiss‑Ottolenghi, C. Piller, T. Pupko, J.M. 
Gershoni, Phage display peptide libraries: deviations from random‑
ness and correctives. Nucleic Acids Res. 46(9), e52 (2018)

 5. A. Henninot, J.C. Collins, J.M. Nuss, The current state of peptide drug 
discovery: back to the future? J. Med. Chem. 61(4), 1382–1414 (2018)

 6. J.L. Lau, M.K. Dunn, Therapeutic peptides: historical perspectives, 
current development trends, and future directions. Bioorgan. Med. 
Chem. 26(10), 2700–2707 (2018)

 7. M.T. Weinstock, J.N. Francis, J.S. Redman, M.S. Kay, Protease‑resistant 
peptide design‑empowering nature’s fragile warriors against HIV. 
Biopolymers 98(5), 431–442 (2012)

 8. J.E. Talmadge, Pharmacodynamic aspects of peptide administration 
biological response modifiers. Adv. Drug Deliv. Rev. 33(3), 241–252 
(1998)

 9. M. Klein, Stabilized helical peptides: overview of the technologies 
and its impact on drug discovery. Expert Opin. Drug Discov. 12(11), 
1117–1125 (2017)

 10. J.Y. Shu, B. Panganiban, T. Xu, Peptide–polymer conjugates: from fun‑
damental science to application. Annu. Rev. Phys. Chem. 64, 631–657 
(2013)

 11. Y. Xiao, L.A. Reis, N. Feric, E.J. Knee, J. Gu, S. Cao, C. Laschinger, C. 
Londono, J. Antolovich, A.P. McGuigan, M. Radisic, Diabetic wound 
regeneration using peptide‑modified hydrogels to target re‑epitheli‑
alization. Proc. Natl. Acad. Sci. USA. 113(40), E5792–E5801 (2016)

 12. S.A.A. Rizvi, A.M. Saleh, Applications of nanoparticle systems in drug 
delivery technology. Saudi Pharm. J. 26(1), 64–70 (2018)

 13. N. Habibi, N. Kamaly, A. Memic, H. Shafiee, Self‑assembled peptide‑
based nanostructures: smart nanomaterials toward targeted drug 
delivery. Nano Today 11(1), 41–60 (2016)

 14. W.J. Jeong, S.H. Kwon, Y.B. Lim, Modular self‑assembling peptide 
platform with a tunable thermoresponsiveness via a single amino 
acid substitution. Adv. Funct. Mater. 28, 35 (2018)

 15. P.I. Kitov, D.R. Bundle, On the nature of the multivalency effect: a ther‑
modynamic model. J. Am. Chem. Soc. 125(52), 16271–16284 (2003)

 16. J.M. Gargano, T. Ngo, J.Y. Kim, D.W.K. Acheson, W.J. Lees, Multivalent 
inhibition of AB(5) toxins. J. Am. Chem. Soc. 123(51), 12909–12910 
(2001)



Page 16 of 18Jeong et al. Nano Convergence            (2018) 5:38 

 17. S. Hong, P.R. Leroueil, I.J. Majoros, B.G. Orr, J.R. Baker Jr., M.M. Banaszak 
Holl, The binding avidity of a nanoparticle‑based multivalent targeted 
drug delivery platform. Chem. Biol. 14(1), 107–115 (2007)

 18. F.J. Martinez‑Veracoechea, D. Frenkel, Designing super selectivity in 
multivalent nano‑particle binding. Proc. Natl. Acad. Sci. USA. 108(27), 
10963–10968 (2011)

 19. W.J. Jeong, S.H. Choi, K.S. Jin, Y.B. Lim, Tuning oligovalent biomacro‑
molecular interfaces using double‑layered alpha‑helical coiled‑coil 
nanoassemblies from lariat‑type building blocks. Acs. Macro Lett. 5(12), 
1406–1410 (2016)

 20. G. Vauquelin, S.J. Charlton, Long‑lasting target binding and rebinding 
as mechanisms to prolong in vivo drug action. Br. J. Pharmacol. 161(3), 
488–508 (2010)

 21. G. Osman, J. Rodriguez, S.Y. Chan, J. Chisholm, G. Duncan, N. Kim, A.L. 
Tatler, K.M. Shakesheff, J. Hanes, J.S. Suk, J.E. Dixon, PEGylated enhanced 
cell penetrating peptide nanoparticles for lung gene therapy. J. Con‑
trolled Release 285, 35–45 (2018)

 22. C. Fang, M. Zhang, Nanoparticle‑based theragnostics: integrating 
diagnostic and therapeutic potentials in nanomedicine. J. Controlled 
Release 146(1), 2–5 (2010)

 23. J. Borglin, R. Selegard, D. Aili, M.B. Ericson, Peptide functionalized gold 
nanoparticles as a stimuli responsive contrast medium in multiphoton 
microscopy. Nano Lett. 17(3), 2102–2108 (2017)

 24. W.J. Jeong, M. Kye, S.H. Han, J.S. Choi, Y.B. Lim, Inhibition of multimolec‑
ular RNA–protein interactions using multitarget‑directed nanohybrid 
system. ACS Appl. Mater. Interfaces. 9(13), 11537–11545 (2017)

 25. D. Lauster, M. Glanz, M. Bardua, K. Ludwig, M. Hellmund, U. Hoffmann, A. 
Hamann, C. Bottcher, R. Haag, C.P.R. Hackenberger, A. Herrmann, Multi‑
valent peptide–nanoparticle conjugates for influenza‑virus inhibition. 
Angew. Chem. Int. Edit. 56(21), 5931–5936 (2017)

 26. J.W. Chan, D.R. Lewis, L.K. Petersen, P.V. Moghe, K.E. Uhrich, Amphiphilic 
macromolecule nanoassemblies suppress smooth muscle cell prolifera‑
tion and platelet adhesion. Biomaterials 84, 219–229 (2016)

 27. T.M. Liu, J. Conde, T. Lipinski, A. Bednarkiewicz, C.C. Huang, Revisiting 
the classification of NIR‑absorbing/emitting nanomaterials for in vivo 
bioapplications. Npg Asia Mater. 8, e295 (2016)

 28. S.S. Lucky, K.C. Soo, Y. Zhang, Nanoparticles in photodynamic therapy. 
Chem. Rev. 115(4), 1990–2042 (2015)

 29. S.Y. Emelianov, P.C. Li, M. Odonnell, Photoacoustics for molecular imag‑
ing and therapy. Phys. Today 62(5), 34–39 (2009)

 30. Y. Liu, P. Bhattarai, Z. Dai, X. Chen, Photothermal therapy and photoa‑
coustic imaging via nanotheranostics in fighting cancer. Chem. Soc. 
Rev. (2018). https ://doi.org/10.1039/c8cs0 0618k .

 31. J. Kudr, Y. Haddad, L. Richtera, Z. Heger, M. Cernak, V. Adam, O. Zitka, 
Magnetic nanoparticles: from design and synthesis to real world appli‑
cations. Nanomaterials 7, 9 (2017)

 32. S.C. McBain, H.H.P. Yiu, J. Dobson, Magnetic nanoparticles for gene and 
drug delivery. Int. J. Nanomed. 3(2), 169–180 (2008)

 33. S.L. Zhou, J. Li, G.B. Hong, C.T. Chang, Dendrimer modified magnetic 
nanoparticles as adsorbents for removal of dyes. J. Nanosci. Nanotech‑
nol. 13(10), 6814–6819 (2013)

 34. H.M. Yun, S.J. Ahn, K.R. Park, M.J. Kim, J.J. Kim, G.Z. Jin, H.W. Kim, E.C. Kim, 
Magnetic nanocomposite scaffolds combined with static magnetic 
field in the stimulation of osteoblastic differentiation and bone forma‑
tion. Biomaterials 85, 88–98 (2016)

 35. D.A. Modi, S. Sunoqrot, J. Bugno, D.D. Lantvit, S. Hong, J.E. Burdette, Tar‑
geting of follicle stimulating hormone peptide‑conjugated dendrimers 
to ovarian cancer cells. Nanoscale 6(5), 2812–2820 (2014)

 36. X. Jiang, J. Bugno, C. Hu, Y. Yang, T. Herold, J. Qi, P. Chen, S. Gurbuxani, S. 
Arnovitz, B. Ulrich, H.Y. Weng, Y.G. Wang, H. Huang, S.L. Li, J. Strong, M.B. 
Neilly, R.A. Larson, M.M. Le Beau, S.K. Bohlander, J. Jin, Z.J. Li, J.E. Bradner, 
S. Hong, J.J. Chen, Targeted treatment of FLT3‑overexpressing acute 
myeloid leukemia with MiR‑150 nanoparticles guided by conjugated 
FLT3 ligand peptides. Blood 126, 23 (2015)

 37. C.D. Spicer, C. Jumeaux, B. Gupta, M.M. Stevens, Peptide and protein 
nanoparticle conjugates: versatile platforms for biomedical applica‑
tions. Chem. Soc. Rev. 47(10), 3574–3620 (2018)

 38. A. Patel, M. Patel, X. Yang, A.K. Mitra, Recent advances in protein and 
peptide drug delivery: a special emphasis on polymeric nanoparticles. 
Protein Pept. Lett. 21(11), 1102–1120 (2014)

 39. N.J. Yang, M.J. Hinner, Getting across the cell membrane: an overview 
for small molecules, peptides, and proteins. Methods Mol. Biol. 1266, 
29–53 (2015)

 40. S.R. Wente, M.P. Rout, The nuclear pore complex and nuclear transport. 
Cold Spring Harb. Perspect. Biol. 2(10), a000562 (2010)

 41. L. Pan, Q. He, J. Liu, Y. Chen, M. Ma, L. Zhang, J. Shi, Nuclear‑targeted 
drug delivery of TAT peptide‑conjugated monodisperse mesoporous 
silica nanoparticles. J. Am. Chem. Soc. 134(13), 5722–5725 (2012)

 42. A.G. Tkachenko, H. Xie, D. Coleman, W. Glomm, J. Ryan, M.F. Anderson, 
S. Franzen, D.L. Feldheim, Multifunctional gold nanoparticle‑peptide 
complexes for nuclear targeting. J. Am. Chem. Soc. 125(16), 4700–4701 
(2003)

 43. N. Li, H. Yang, Z. Yu, Y. Li, W. Pan, H. Wang, B. Tang, Nuclear‑targeted 
siRNA delivery for long‑term gene silencing. Chem. Sci. 8(4), 2816–2822 
(2017)

 44. J. Niu, Y. Chu, Y.F. Huang, Y.S. Chong, Z.H. Jiang, Z.W. Mao, L.H. Peng, 
J.Q. Gao, Transdermal gene delivery by functional peptide‑conjugated 
cationic gold nanoparticle reverses the progression and metastasis of 
cutaneous melanoma. ACS Appl. Mater. Interfaces. 9(11), 9388–9401 
(2017)

 45. R.R. Patlolla, P.R. Desai, K. Belay, M.S. Singh, Translocation of cell pen‑
etrating peptide engrafted nanoparticles across skin layers. Biomaterials 
31(21), 5598–5607 (2010)

 46. L. Zou, W. Ding, Y. Zhang, S. Cheng, F. Li, R. Ruan, P. Wei, B. Qiu, Peptide‑
modified vemurafenib‑loaded liposomes for targeted inhibition of 
melanoma via the skin. Biomaterials 182, 1–12 (2018)

 47. M.J. Poellmann, J. Bu, S. Hong, Would antioxidant‑loaded nanoparticles 
present an effective treatment for ischemic stroke? Nanomedicine 13, 
2327–2340 (2018)

 48. J.V. Georgieva, R.P. Brinkhuis, K. Stojanov, C.A.G.M. Weijers, H. Zuilhof, 
F.P.J.T. Rutjes, D. Hoekstra, J.C.M. van Hest, I.S. Zuhorn, Peptide‑mediated 
blood–brain barrier transport of polymersomes. Angewandte Chemie 
Int. Ed. 51(33), 8339–8342 (2012)

 49. H. Yao, K. Wang, Y. Wang, S. Wang, J. Li, J. Lou, L. Ye, X. Yan, W. Lu, R. 
Huang, Enhanced blood–brain barrier penetration and glioma therapy 
mediated by a new peptide modified gene delivery system. Biomateri‑
als 37, 345–352 (2015)

 50. C.V. Dang, E.P. Reddy, K.M. Shokat, L. Soucek, Drugging the ‘undrugga‑
ble’ cancer targets. Nat. Rev. Cancer 17(8), 502–508 (2017)

 51. C.M. Crews, Targeting the undruggable proteome: the small molecules 
of my dreams. Chem. Biol. 17(6), 551–555 (2010)

 52. B. Leader, Q.J. Baca, D.E. Golan, Protein therapeutics: a summary and 
pharmacological classification. Nat. Rev. Drug Discov. 7(1), 21–39 (2008)

 53. V. Azzarito, K. Long, N.S. Murphy, A.J. Wilson, Inhibition of alpha‑helix‑
mediated protein–protein interactions using designed molecules. Nat. 
Chem. 5(3), 161–173 (2013)

 54. B. Kim, S.J. Choi, S.H. Han, K.Y. Choi, Y.B. Lim, Stabilization of alpha‑
helices by the self‑assembly of macrocyclic peptides on the surface of 
gold nanoparticles for molecular recognition. Chem. Commun. 49(69), 
7617–7619 (2013)

 55. W.J. Jeong, S.J. Choi, J.S. Choi, Y.B. Lim, Chameleon‑like self‑assembling 
peptides for adaptable biorecognition nanohybrids. ACS Nano. 7(8), 
6850–6857 (2013)

 56. A. Emileh, F. Tuzer, H. Yeh, M. Umashankara, D.R. Moreira, J.M. Lalonde, 
C.A. Bewley, C.F. Abrams, I.M. Chaiken, A model of peptide triazole entry 
inhibitor binding to HIV‑1 gp120 and the mechanism of bridging sheet 
disruption. Biochemistry 52(13), 2245–2261 (2013)

 57. A.R. Bastian, A. Nangarlia, L.D. Bailey, A. Holmes, R.V.K. Sundaram, C. Ang, 
D.R.M. Moreira, K. Freedman, C. Duffy, M. Contarino, C. Abrams, M. Root, 
I. Chaiken, Mechanism of multivalent nanoparticle encounter with 
HIV‑1 for potency enhancement of peptide triazole virus inactivation. J. 
Biol. Chem. 290(1), 529–543 (2015)

 58. F.U. Hartl, Protein Misfolding Diseases. Annu. Rev. Biochem. 86, 21–26 
(2017)

 59. N. Xiong, Y.J. Zhao, X.Y. Dong, J. Zheng, Y. Sun, Design of a molecular 
hybrid of dual peptide inhibitors coupled on AuNPs for enhanced 
inhibition of amyloid beta‑protein aggregation and cytotoxicity. Small 
13, 13 (2017)

 60. C. Soto, E.M. Sigurdsson, L. Morelli, R.A. Kumar, E.M. Castano, B. 
Frangione, Beta‑sheet breaker peptides inhibit fibrillogenesis in a rat 

https://doi.org/10.1039/c8cs00618k.


Page 17 of 18Jeong et al. Nano Convergence            (2018) 5:38 

brain model of amyloidosis: implications for Alzheimer’s therapy. Nat. 
Med. 4(7), 822–826 (1998)

 61. E.A. Fradinger, B.H. Monien, B. Urbanc, A. Lomakin, M. Tan, H. Li, 
S.M. Spring, M.M. Condron, L. Cruz, C.W. Xie, G.B. Benedek, G. Bitan, 
C‑terminal peptides coassemble into Abeta42 oligomers and protect 
neurons against Abeta42‑induced neurotoxicity. Proc. Natl. Acad. Sci. 
USA. 105(37), 14175–14180 (2008)

 62. M. Mammen, S.K. Choi, G.M. Whitesides, Polyvalent interactions in 
biological systems: implications for design and use of multivalent 
ligands and inhibitors. Angew. Chem. Int. Edit. 37(20), 2755–2794 
(1998)

 63. S.J. Kwon, D.H. Na, J.H. Kwak, M. Douaisi, F. Zhang, E.J. Park, J.H. Park, 
H. Youn, C.S. Song, R.S. Kane, J.S. Dordick, K.B. Lee, R.J. Linhardt, 
Nanostructured glycan architecture is important in the inhibition of 
influenza A virus infection. Nat. Nanotechnol. 12(1), 48–54 (2017)

 64. H.W. Kim, K. Yang, W.J. Jeong, S.J. Choi, J.S. Lee, A.N. Cho, G.E. Chang, 
E. Cheong, S.W. Cho, Y.B. Lim, Photoactivation of noncovalently 
assembled peptide ligands on carbon nanotubes enables the 
dynamic regulation of stem cell differentiation. ACS Appl. Mater. 
Interfaces 8(40), 26470–26481 (2016)

 65. J. Bugno, H.J. Hsu, R.M. Pearson, H. Noh, S. Hong, Size and surface 
charge of engineered poly(amidoamine) Dendrimers Modulate 
Tumor accumulation and penetration: a model study using multicel‑
lular tumor spheroids. Mol. Pharm. 13(7), 2155–2163 (2016)

 66. Y. Yang, S. Sunoqrot, C. Stowell, J.L. Ji, C.W. Lee, J.W. Kim, S.A. Khan, 
S. Hong, Effect of size, surface charge, and hydrophobicity of 
poly(amidoamine) dendrimers on their skin penetration. Biomacro‑
molecules 13(7), 2154–2162 (2012)

 67. R.J. Russell, P.S. Kerry, D.J. Stevens, D.A. Steinhauer, S.R. Martin, S.J. 
Gamblin, J.J. Skehel, Structure of influenza hemagglutinin in complex 
with an inhibitor of membrane fusion. Proc. Natl. Acad. Sci. USA. 
105(46), 17736–17741 (2008)

 68. A. Sorolla, D. Ho, E. Wang, C.W. Evans, C.F.G. Ormonde, R. Rashwan, 
R. Singh, K.S. Iyer, P. Blancafort, Sensitizing basal‑like breast cancer 
to chemotherapy using nanoparticles conjugated with interference 
peptide. Nanoscale 8(17), 9343–9353 (2016)

 69. A.S. Beltran, L.M. Graves, P. Blancafort, Novel role of Engrailed 1 as 
a prosurvival transcription factor in basal‑like breast cancer and 
engineering of interference peptides block its oncogenic function. 
Oncogene 33(39), 4767–4777 (2014)

 70. B. Wolff, J.J. Sanglier, Y. Wang, Leptomycin B is an inhibitor of nuclear 
export: inhibition of nucleo‑cytoplasmic translocation of the human 
immunodeficiency virus type 1 (HIV‑1) Rev protein and Rev‑depend‑
ent mRNA. Chem. Biol. 4(2), 139–147 (1997)

 71. P.J. Cassidy, G.K. Radda, Molecular imaging perspectives. J. R. Soc. 
Interface 2(3), 133–144 (2005)

 72. D.L. Morse, R.J. Gillies, Molecular imaging and targeted therapies. 
Biochem. Pharmacol. 80(5), 731–738 (2010)

 73. D. Kim, J. Kim, Y.I. Park, N. Lee, T. Hyeon, Recent development of 
inorganic nanoparticles for biomedical imaging. ACS Cent. Sci. 4(3), 
324–336 (2018)

 74. P. Zhang, Y. Cui, C.F. Anderson, C. Zhang, Y. Li, R. Wang, H. Cui, Peptide‑
based nanoprobes for molecular imaging and disease diagnostics. 
Chem. Soc. Rev. 47(10), 3490–3529 (2018)

 75. L. An, M.R. Shah Gilani, G. Liang, Peptide‑based nanostructures for 
cancer diagnosis and therapy. Curr. Med. Chem. 21(21), 2453–2466 
(2014)

 76. S. Chapman, M. Dobrovolskaia, K. Farahani, A. Goodwin, A. Joshi, H. 
Lee, T. Meade, M. Pomper, K. Ptak, J. Rao, R. Singh, S. Sridhar, S. Stern, A. 
Wang, J.B. Weaver, G. Woloschak, L. Yang, Nanoparticles for cancer imag‑
ing: the good, the bad, and the promise. Nano Today 8(5), 454–460 
(2013)

 77. Eİ. Altınoğlu, J.H. Adair, Near infrared imaging with nanoparticles. 
Nanomed. Nanobiotechnol. 2(5), 461–477 (2010)

 78. E.A. Owens, M. Henary, G. El Fakhri, H.S. Choi, Tissue‑specific near‑infra‑
red fluorescence imaging. Acc. Chem. Res. 49(9), 1731–1740 (2016)

 79. S. Grahame, Cancer drug discovery and development: in vivo imaging 
of cancer therapy. J. Med. Imaging Radiat. Sci. 39(2), 105 (2008)

 80. C.Y. Cao, Y. Chen, F.Z. Wu, Y. Deng, G.L. Liang, Caspase‑3 controlled 
assembly of nanoparticles for fluorescence turn on. Chem. Commun. 
47(37), 10320–10322 (2011)

 81. Z. Fan, Y. Chang, C. Cui, L. Sun, D.H. Wang, Z. Pan, M. Zhang, Near 
infrared fluorescent peptide nanoparticles for enhancing esophageal 
cancer therapeutic efficacy. Nat. Commun. 9(1), 2605 (2018)

 82. Z. Fan, L. Sun, Y. Huang, Y. Wang, M. Zhang, Bioinspired fluorescent 
dipeptide nanoparticles for targeted cancer cell imaging and real‑time 
monitoring of drug release. Nat. Nanotechnol. 11(4), 388–394 (2016)

 83. Y. Sun, C. Qu, H. Chen, M. He, C. Tang, K. Shou, S. Hong, M. Yang, Y. Jiang, 
B. Ding, Y. Xiao, L. Xing, X. Hong, Z. Cheng, Novel benzo‑bis(1,2,5‑thiadi‑
azole) fluorophores for in vivo NIR‑II imaging of cancer. Chem. Sci. 7(9), 
6203–6207 (2016)

 84. J. Zhu, F. Fu, Z. Xiong, M. Shen, X. Shi, Dendrimer‑entrapped gold nano‑
particles modified with RGD peptide and alpha‑tocopheryl succinate 
enable targeted theranostics of cancer cells. Colloids Surf. B Biointer‑
faces 133, 36–42 (2015)

 85. Y. Hao, B. Zhang, C. Zheng, R. Ji, X. Ren, F. Guo, S. Sun, J. Shi, H. Zhang, 
Z. Zhang, L. Wang, Y. Zhang, The tumor‑targeting core‑shell structured 
DTX‑loaded PLGA@Au nanoparticles for chemo‑photothermal therapy 
and X‑ray imaging. J. Controlled Release 220(Pt A), 545–555 (2015)

 86. S.P. Kwon, S. Jeon, S.H. Lee, H.Y. Yoon, J.H. Ryu, D. Choi, J.Y. Kim, J. Kim, 
J.H. Park, D.E. Kim, I.C. Kwon, K. Kim, C.H. Ahn, Thrombin‑activatable 
fluorescent peptide incorporated gold nanoparticles for dual optical/
computed tomography thrombus imaging. Biomaterials 150, 125–136 
(2018)

 87. J.Y. Kim, J.H. Ryu, D. Schellingerhout, I.C. Sun, S.K. Lee, S. Jeon, J. Kim, I.C. 
Kwon, M. Nahrendorf, C.H. Ahn, K. Kim, D.E. Kim, Direct imaging of cer‑
ebral thromboemboli using computed tomography and fibrin‑targeted 
gold nanoparticles. Theranostics 5(10), 1098–1114 (2015)

 88. K. Stockhofe, J.M. Postema, H. Schieferstein, T.L. Ross, Radiolabeling of 
nanoparticles and polymers for PET imaging. Pharmaceuticals (Basel) 
7(4), 392–418 (2014)

 89. S. Guerrero, E. Araya, J.L. Fiedler, J.I. Arias, C. Adura, F. Albericio, E. Giralt, 
J.L. Arias, M.S. Fernández, M.J. Kogan, Improving the brain delivery 
of gold nanoparticles by conjugation with an amphipathic peptide. 
Nanomedicine (Lond) 5(6), 897–913 (2010)

 90. S. Guerrero, J.R. Herance, S. Rojas, J.F. Mena, J.D. Gispert, G.A. Acosta, F. 
Albericio, M.J. Kogan, Synthesis and in vivo evaluation of the biodis‑
tribution of a 18F‑labeled conjugate gold‑nanoparticle‑peptide with 
potential biomedical application. Bioconjug. Chem. 23(3), 399–408 
(2012)

 91. K. Cheng, S.R. Kothapalli, H. Liu, A.L. Koh, J.V. Jokerst, H. Jiang, M. Yang, 
J. Li, J. Levi, J.C. Wu, S.S. Gambhir, Z. Cheng, Construction and validation 
of nano gold tripods for molecular imaging of living subjects. J. Am. 
Chem. Soc. 136(9), 3560–3571 (2014)

 92. A. Almutairi, R. Rossin, M. Shokeen, A. Hagooly, A. Ananth, B. Capoc‑
cia, S. Guillaudeu, D. Abendschein, C.J. Anderson, M.J. Welch, J.M. 
Fréchet, Biodegradable dendritic positron‑emitting nanoprobes for the 
noninvasive imaging of angiogenesis. Proc. Natl. Acad. Sci. USA. 106(3), 
685–690 (2009)

 93. D.E. Sosnovik, R. Weissleder, Emerging concepts in molecular MRI. Curr. 
Opin. Biotechnol. 18(1), 4–10 (2007)

 94. J. Xie, K. Chen, H.‑Y. Lee, C. Xu, A.R. Hsu, S. Peng, X. Chen, S. Sun, Ultras‑
mall c(RGDyK)‑coated Fe(3)O(4) nanoparticles and their specific target‑
ing to integrin α(v)β(3)‑rich tumor cells. J. Am. Chem. Soc. 130(24), 
7542–7543 (2008)

 95. C. Khemtong, C.W. Kessinger, J. Ren, E.A. Bey, S.‑G. Yang, J.S. Guthi, D.A. 
Boothman, A.D. Sherry, J. Gao, In vivo off‑resonance saturation magnetic 
resonance imaging of αvβ3‑targeted superparamagnetic nanoparticles. 
Can. Res. 69(4), 1651 (2009)

 96. C.W. Kessinger, O. Togao, C. Khemtong, G. Huang, M. Takahashi, J. Gao, 
Investigation of in vivo targeting kinetics of α(v)β(3)‑specific superpara‑
magnetic nanoprobes by time‑resolved MRI. Theranostics 1, 263–273 
(2011)

 97. D. Simberg, T. Duza, J.H. Park, M. Essler, J. Pilch, L. Zhang, A.M. Derfus, 
M. Yang, R.M. Hoffman, S. Bhatia, M.J. Sailor, E. Ruoslahti, Biomimetic 
amplification of nanoparticle homing to tumors. Proc. Natl. Acad. Sci. 
USA. 104(3), 932–936 (2007)

 98. M. Tian, W. Lu, R. Zhang, C. Xiong, J. Ensor, J. Nazario, J. Jackson, C. Shaw, 
K.A. Dixon, J. Miller, K. Wright, C. Li, S. Gupta, Tumor uptake of hollow 
gold nanospheres after intravenous and intra‑arterial injection: pET/
CT study in a rabbit VX2 liver cancer model. Mol. Imaging Biol. 15(5), 
614–624 (2013)



Page 18 of 18Jeong et al. Nano Convergence            (2018) 5:38 

 99. E.S. Olson, T. Jiang, T.A. Aguilera, Q.T. Nguyen, L.G. Ellies, M. Scadeng, R.Y. 
Tsien, Activatable cell penetrating peptides linked to nanoparticles as 
dual probes for in vivo fluorescence and MR imaging of proteases. Proc. 
Natl. Acad. Sci. USA. 107(9), 4311–4316 (2010)

 100. G. Siravegna, S. Marsoni, S. Siena, A. Bardelli, Integrating liquid biopsies 
into the management of cancer. Nat. Rev. Clin. Oncol. 14(9), 531–548 
(2017)

 101. S. Hong, A.Z. Wang, Nanotechnology enabling the use of circulating 
tumor cells (CTCs) as reliable cancer biomarkers. Adv. Drug Deliv. Rev. 
125, 1–2 (2018)

 102. J. Bu, Y.J. Kim, Y.T. Kang, T.H. Lee, J. Kim, Y.H. Cho, S.W. Han, Polyester 
fabric sheet layers functionalized with graphene oxide for sensitive 
isolation of circulating tumor cells. Biomaterials 125, 1–11 (2017)

 103. P. Li, M. Kaslan, S.H. Lee, J. Yao, Z. Gao, Progress in exosome isolation 
techniques. Theranostics 7(3), 789–804 (2017)

 104. S. Volik, M. Alcaide, R.D. Morin, C. Collins, Cell‑free DNA (cfDNA): clinical 
significance and utility in cancer shaped by emerging technologies. 
Mol. Cancer Res. 14(10), 898–908 (2016)

 105. E. Endzeliņš, A. Berger, V. Melne, C. Bajo‑Santos, K. Soboļevska, A. Ābols, 
M. Rodriguez, D. Šantare, A. Rudņickiha, V. Lietuvietis, A. Llorente, A. Linē, 
Detection of circulating miRNAs: comparative analysis of extracellular 
vesicle‑incorporated miRNAs and cell‑free miRNAs in whole plasma of 
prostate cancer patients. BMC Cancer 17(1), 730 (2017)

 106. J. Bu, Y.T. Kang, Y.S. Lee, J. Kim, Y.H. Cho, B.I. Moon, Lab on a fabric: mass 
producible and low‑cost fabric filters for the high‑throughput viable 
isolation of circulating tumor cells. Biosens. Bioelectron. 91, 747–755 
(2017)

 107. D.H. Suh, M. Kim, J.Y. Choi, J. Bu, Y.T. Kang, B.S. Kwon, B. Lee, K. Kim, J.H. 
No, Y.B. Kim, Y.H. Cho, Circulating tumor cells in the differential diagnosis 
of adnexal masses. Oncotarget 8(44), 77195–77206 (2017)

 108. V. Murlidhar, L. Rivera‑Báez, S. Nagrath, Affinity versus label‑free isolation 
of circulating tumor cells: who wins? Small 12(33), 4450–4463 (2016)

 109. J. Bu, Y.‑H. Cho, S.‑W. Han, Enhancement of isolation sensitivity for the 
viable heterogeneous circulating tumor cells swelled by hypo‑osmotic 
pressure. RSC Adv. 7(78), 49684–49693 (2017)

 110. S. Nagrath, L.V. Sequist, S. Maheswaran, D.W. Bell, D. Irimia, L. Ulkus, M.R. 
Smith, E.L. Kwak, S. Digumarthy, A. Muzikansky, P. Ryan, U.J. Balis, R.G. 
Tompkins, D.A. Haber, M. Toner, Isolation of rare circulating tumour 
cells in cancer patients by microchip technology. Nature 450(7173), 
1235–1239 (2007)

 111. L. Bai, Y. Du, J. Peng, Y. Liu, Y. Wang, Y. Yang, C. Wang, Peptide‑based 
isolation of circulating tumor cells by magnetic nanoparticles. J. Mater. 
Chem. B 2(26), 4080–4088 (2014)

 112. J. Peng, Q. Zhao, W. Zheng, W. Li, P. Li, L. Zhu, X. Liu, B. Shao, H. Li, C. 
Wang, Y. Yang, Peptide‑functionalized nanomaterials for the efficient 
isolation of HER2‑positive circulating tumor cells. ACS Appl. Mater. 
Interfaces. 9(22), 18423–18428 (2017)

 113. W.T. Kuo, W.C. Lin, K.C. Chang, J.Y. Huang, K.C. Yen, I.C. Young, Y.J. Sun, 
F.H. Lin, Quantitative analysis of ligand–EGFR interactions: a platform for 
screening targeting molecules. PLoS ONE 10(2), e0116610 (2015)

 114. J. Ding, K. Wang, W.J. Tang, D. Li, Y.Z. Wei, Y. Lu, Z.H. Li, X.F. Liang, 
Construction of epidermal growth factor receptor peptide magnetic 
nanovesicles with lipid bilayers for enhanced capture of liver cancer 
circulating tumor cells. Anal. Chem. 88(18), 8997–9003 (2016)

 115. X. Wang, X. Qian, J.J. Beitler, Z.G. Chen, F.R. Khuri, M.M. Lewis, H.J. Shin, S. 
Nie, D.M. Shin, Detection of circulating tumor cells in human peripheral 
blood using surface‑enhanced Raman scattering nanoparticles. Cancer 
Res. 71(5), 1526–1532 (2011)

 116. Y.T. Kang, Y.J. Kim, J. Bu, Y.H. Cho, S.W. Han, B.I. Moon, High‑purity 
capture and release of circulating exosomes using an exosome‑specific 
dual‑patterned immunofiltration (ExoDIF) device. Nanoscale 9(36), 
13495–13505 (2017)

 117. X. Luan, K. Sansanaphongpricha, I. Myers, H. Chen, H. Yuan, D. Sun, 
Engineering exosomes as refined biological nanoplatforms for drug 
delivery. Acta Pharmacol. Sin. 38(6), 754–763 (2017)

 118. X. Gao, N. Ran, X. Dong, B. Zuo, R. Yang, Q. Zhou, H.M. Moulton, Y. Seow, 
H. Yin, Anchor peptide captures, targets, and loads exosomes of diverse 
origins for diagnostics and therapy. Sci. Transl. Med. 10, 444 (2018)

 119. J. Bu, T.H. Lee, I.S. Kim, Y.‑H. Cho, Microfluidic‑based mechanical phe‑
notyping of cells for the validation of epithelial‑to‑mesenchymal‑like 
transition caused by insufficient heat treatment. Sens. Actuat. 244, 
591–598 (2017)

 120. M.P. Mayer, B. Bukau, Hsp70 chaperones: cellular functions and molecu‑
lar mechanism. Cell. Mol. Life Sci. 62(6), 670–684 (2005)

 121. A. Ghosh, M. Davey, I.C. Chute, S.G. Griffiths, S. Lewis, S. Chacko, D. 
Barnett, N. Crapoulet, S. Fournier, A. Joy, M.C. Caissie, A.D. Ferguson, M. 
Daigle, M.V. Meli, S.M. Lewis, R.J. Ouellette, Rapid isolation of extracel‑
lular vesicles from cell culture and biological fluids using a synthetic 
peptide with specific affinity for heat shock proteins. PLoS ONE 9(10), 
e110443 (2014)

 122. J.C.M. Wan, C. Massie, J. Garcia‑Corbacho, F. Mouliere, J.D. Brenton, C. 
Caldas, S. Pacey, R. Baird, N. Rosenfeld, Liquid biopsies come of age: 
towards implementation of circulating tumour DNA. Nat. Rev. Cancer 
17(4), 223–238 (2017)

 123. E. Uhlmann, A. Peyman, G. Breipohl, D.W. Will, PNA: synthetic polyamide 
nucleic acids with unusual binding properties. Angew. Chem. Int. Ed. 
Engl. 37(20), 2796–2823 (1998)

 124. Y. Wu, J. Han, P. Xue, R. Xu, Y. Kang, Nano metal‑organic framework 
(NMOF)‑based strategies for multiplexed microRNA detection in solu‑
tion and living cancer cells. Nanoscale 7(5), 1753–1759 (2015)

 125. S.R. Ryoo, J. Lee, J. Yeo, H.K. Na, Y.K. Kim, H. Jang, J.H. Lee, S.W. Han, Y. Lee, 
V.N. Kim, D.H. Min, Quantitative and multiplexed microRNA sensing in 
living cells based on peptide nucleic acid and nano graphene oxide 
(PANGO). ACS Nano 7(7), 5882–5891 (2013)

 126. B. Cai, L. Huang, H. Zhang, Z. Sun, Z. Zhang, G.J. Zhang, Gold nanoparti‑
cles‑decorated graphene field‑effect transistor biosensor for femtomo‑
lar MicroRNA detection. Biosens. Bioelectron. 74, 329–334 (2015)

 127. A.H. Nguyen, S.J. Sim, Nanoplasmonic biosensor: detection and 
amplification of dual bio‑signatures of circulating tumor DNA. Biosens. 
Bioelectron. 67, 443–449 (2015)

 128. W.J. Jeong, M.S. Lee, Y.B. Lim, Helix stabilized, thermostable, and 
protease‑resistant self‑assembled peptide nanostructures as potential 
inhibitors of protein–protein interactions. Biomacromol 14(8), 
2684–2689 (2013)

 129. M. Deehan, S. Garces, D. Kramer, M.P. Baker, D. Rat, Y. Roettger, A. Krom‑
minga, Managing unwanted immunogenicity of biologicals. Autoim‑
mun. Rev. 14(7), 569–574 (2015)


	Peptide–nanoparticle conjugates: a next generation of diagnostic and therapeutic platforms?
	Abstract 
	1 Introduction
	2 The peptide–NP conjugation
	3 Targeted drug delivery
	4 Pathogenic Protein Interaction Inhibition
	5 Molecular imaging
	6 Liquid biopsy
	7 Summary and outlook
	Authors’ contributions
	References




