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in biosensing development.[2] In the early 
twentieth century, the first report of bioassay 
based on AuNPs for diagnosis of syphilis was 
presented,[3] though there was an obvious 
lack of selectivity due to the use of unmodi-
fied AuNPs. As the technology and knowl-
edge of surface chemistry/biology developed 
over the years, AuNPs were modified with 
antibodies providing improved selectivity for 
a series of sensing/diagnostic applications 
(e.g., home pregnancy test).[4–6] However, 
at that time, AuNPs were employed only 
as colorimetric labels. The relatively large 
size of the antibody prevented the observa-
tion of sufficiently optical shifts resulting 
from AuNP aggregation. In 1996, Mirkin 
and colleagues reported on the use of func-
tionalized AuNPs for the detection of target 
nuclei acids,[7] which was an important mile-
stone in the era of AuNP-based biosensing. 
Novel functionalized AuNPs with relevant 
biomolecules have since then enabled a vast 
number of strategies targeting metal ions, 

organic molecules, oligonucleotides, and proteins.[8] Peptide as a 
newly realized bio-functional candidate has played an important 
role in recent years for targeting numerous biological and chem-
ical molecules. The pros and cons derived from the intrinsic prop-
erties of peptide–AuNP conjugates, which are employed by most 
of the applications, are summarized in Table 1.

Several excellent reviews have thoroughly described AuNP-
based biosensors categorized either by their targets or detec-
tion methods.[1,8] There is, however, a few that reviews the 
peptide–gold hybrid nanomaterial as an interactive biotechno-
logical tool.[9] Hence in this review, we focus on works based 
on peptide–gold (mainly AuNPs) hybrid nanomaterials from 
the aspect of peptide functionalities and discuss their bio-
applications, including biosensing, cell targeting, and imaging 
as well as antimicrobial and antifouling coating development 
(Figure  1). In order to chronologically illustrate the develop-
ment of peptide–gold based applications over the last 25 years, 
important remarks have been highlighted in Figure  2. After 
almost one decade since the well-known DNA-AuNPs assem-
bling[7] (1996, purple broken frame, Figure 2), peptides designed 
for molecular recognition[10] and assembled with AuNPs were 
intensively studied[11,12] and applied to various approaches 
such as in vitro enzymatic assays[13,14] (2002–2006, blue-green 
frames, Figure  2). Cellular targeting related assays such as 
cellular imaging,[15] cell binding,[16,17] penetration and nuclear 
targeting,[18] brain–blood barrier (BBB) translocation,[19] and 
cancer therapies[20] were then developed in the following decade 

Gold nanoparticles (AuNPs) have been extensively used for decades in 
biosensing-related development due to outstanding optical properties. Pep-
tides, as newly realized functional biomolecules, are promising candidates of 
replacing antibodies, receptors, and substrates for specific molecular interac-
tions. Both peptides and AuNPs are robust and easily synthesized at relatively 
low cost. Hence, peptide-AuNP-based bio-nano-technological approaches have 
drawn increasing interest, especially in the field of molecular targeting, cell 
imaging, drug delivery, and therapy. Many excellent works in these areas have 
been reported: demonstrating novel ideas, exploring new targets, and facili-
tating advanced diagnostic and therapeutic technologies. Importantly, some of 
them also have been employed to address real practical problems, especially 
in remote and less privileged areas. This contribution focuses on the applica-
tion of peptide–gold hybrid nanomaterials for various molecular interactions, 
especially in biosensing/diagnostics and cell targeting/imaging, as well as for 
the development of highly active antimicrobial/antifouling coating strategies. 
Rationally designed peptide–gold nanomaterials with functional properties are 
discussed along with future challenges and opportunities.

1. Introduction

Although gold nanoparticles (AuNPs) have been scientifically 
utilized over one century,[1] it is not until the last two decades 
that we have seen a dramatic increase in applications of AuNP 
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and are still attractive (2009–2016, light green-dark red frame, 
Figure  2). Most recently, emerging functions/applications of 
peptide-AuNPs were presented such as catalysts,[21] antimicro-
bial,[22] assisting multi-photonic microscopy,[23] and formation 
of chiral AuNPs structures,[24] which offered new directions of 
this subject (2012–2018, circles, Figure 2).

2. Interactive Peptide and AuNP Conjugates
2.1. Functional Synthetic Peptide

Peptide is one of the most important and basic materials 
that bridges chemistry and biology, influencing important 
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Table 1.  Pros and cons of peptide and gold nanoparticles for bio-applications.

Peptide AuNPs

Pros:

Relatively small and robust Chemically inert

Excellent biocompatibility High surface to volume ratio

Minimal antigenicity Great optical properties

Easy to chemically synthesize and modify Strong gold-sulfur linkages for 
functionalization

Potential high-affinity to target molecules Excellent microscopic probes

Chromatographic purity Plasmonic interactive nanomaterial

Cons:

Lack of complimentary components  
(vs nucleic acids)

Lack of fluorescence [vs quantum dots 
(QDs), etc.]

Low binding affinity generally  
(vs antibody)

Lack of energy conversion ability  
(vs QD, graphene, etc.)

Fast digestion rate in vivo (vs protein) Not porous normally  
(vs Metal organic frameworks)

Possible self-aggregation Possible steric hindrance

Figure 1.  Schematic illustration of the structure of this review.
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physiological functions. They are known to influence the cell–
cell communication by receptor bindings and are involved in 
many biochemical processes such as metabolism, pain, and 
reproduction.[25] Besides the physiological functions of natural 
peptides, rationally designed synthetic peptides or screened 
peptide libraries are becoming extremely useful as recognition 
entities,[26–28] in self-assembling nanostructures[29–34] and other 
hybrid materials.[12,35–37] The major advantages of considering 
peptides as potential candidates for designing novel recognition 
entities or receptors are summarized below.

First, theoretically there is nearly an infinite number of 
chemical combinations leading to a large number of unique 
peptides. It provides a gigantic peptidyl-reservoir for design 
and selection of functional peptides. This has paved the way for 
the development of random combinatorial methods which are 
based on functional selection via binding affinity.[38–40] In one of 
the representative methods, phage display, foreign cDNA library 
coding a vast polypeptide pool is fused with phage genomes of 
capsid proteins, followed by the expression of various polypep-
tides on phage surface. The subsequent screening of peptide of 
interest is done by cycles of binding (to bait molecule), elution, 
and amplification (Figure 3A).[38,40]

Second, functional peptides can be designed and synthesized 
to mimic protein substrates with specific binding site, taking 
advantages of natural selection (Figure  3B). The synthesis of 
peptide has been greatly accelerated by Merrifield’s pioneering 
work on solid phase peptide synthesis,[41] as large amounts of 
highly pure peptides since then can be automatically synthe-
sized at a relatively low cost. Additionally, chemical synthesis 
of peptides also offers opportunities to incorporate an extended 
spectrum of non-proteinogenic amino acids as well as other 
building blocks, thus providing a much higher flexibility in 
obtaining synthetic peptides with unique biological activity 
and/or structural preference.[26]

Third, further modification of a selected peptide with small 
ligands offers a strategy to boost binding affinity between 
designed peptide receptor and its target.[10,42] Besides small 
ligands, discontinuous peptide chains derived from the same 
binding pocket can be chemically combined through a scaffold 

molecule to spatially mimic the 3D-structure for a better inter-
action against the target protein (Figure 3B).[43]

Fourth, computational tools have greatly facilitated the 
rational design of functional peptides by providing key insights 
toward not only the target-peptide interactions, such as protein-
peptide docking methods,[44] but also surface-peptide interac-
tions when incorporated with nanomaterials (Figure  3C).[45–50]  
For instance, peptide/nanowire materials have been designed for 
the specific recognition of vapors of acetic acid and ammonia.[47] 
The mechanism of the binding specificity between acetic acid and 
its recognition peptide (RVNEWVID) and ammonia with its cor-
responding recognition peptide (DLESFLD) was investigated the-
oretically by Becke–Lee–Yang–Parr 3 parameter density functional 
theory. The calculations revealed that acid/base binding equilibria 
between the peptides and vapor compounds were significant fac-
tors contributing to selectivity. In addition, the secondary struc-
ture was important even in these relatively short-chain sequences. 
Other important interactions, including ionic attraction, also was 
identified for the acetic binding peptide because of its glutamic 
acid (Glu) 4-arginine (Arg) 1 “salt-bridge.” The binding energy 
calculations confirm that the reaction of the acetic acid analyte 
with the peptide is exothermic (−5.5  kcal  mol−1 of energy) and 
preferentially bind acetic acid to the Arg1 N-terminus. While for 
the ammonia-binding peptide, the ammonia reacts favorably 
(−7.4 kcal mol−1) with the N-terminal aspartic acid residue to form 
a unique hydrogen-bond center at the terminal acid and amine 
groups. Upon exposure to target acetic acid and ammonia, the 
hybrid peptide/nanowire materials demonstrate the ability to 
orthogonally sense at low concentration (≈100 ppm) based on the 
nanowire resistance changes. The advanced molecular dynamics 
simulations based on reactive force-field (ReaxFF)[48] or Chemistry 
at Harvard Macromolecular Mechanics[50] have been also reported 
to study the peptide absorption/adaptation on gold surface as well 
as the peptide effect on nanoparticle motions and interparticle 
interactions. In these studies, experimental findings have been 
confirmed and explained in details, providing insights for future 
design of novel functional peptide-gold nanomaterials.

Fifth, the intrinsic thermal stability of peptides is generally 
higher as compared to antibodies,[51,52] which in particular is 

Figure 2.  Important remarks in developing applications based on peptide-gold nanoparticles over the last 25 years. (Note that the timeline involves 
only those representative works to the best of our knowledge, and some might not be included).
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important for detection kits with longer shelf-life and minimal 
storage requirement. It thus opens up field testing in remote 
areas where the temperature can be high and standard lab 
infrastructure such as refrigeration is rare.

2.2. Stabilization of AuNPs by Peptide

There are numerous (bio-)molecules/polymers that can be 
directly immobilized onto the surface of AuNPs without jeop-
ardizing the colloidal stability which enables further usages 
with highly specific receptors.[2] Indirect immobilization can be 
achieved as well by forming self-assembled monolayer (SAM) 
which stabilizes the colloidal suspension and facilitates further 
immobilization. Particularly with peptides, the most common 
method involves introduction of a terminal cysteine (Cys) 
whose thiol group on the side chain binds to gold surface via 
covalent manner[53,54] leading to an “end-point” anchored pep-
tide on the AuNP surface. This attachment between cysteine 
and gold surface also has been studied in detail via classical 

molecular dynamics simulations such as reactive force fields, 
ReaxFF.[48,55] However, due to the chemical versatility of the 
peptides, the accessibility of the end-point attached peptide 
might be affected due to multi-point anchoring sites. This is 
common when using peptides containing positively charged 
residues [lysine (Lys) and Arg] that are prone to electrostatically 
interact with the negatively charged citrate-capped AuNP sur-
face, resulting in the colloidal gold suspension collapses. Other 
methods for the modification of AuNPs with peptides include 
ligand exchange, chemical reduction, and chemical conjuga-
tions such as metal/oxide-binding, the amino-carboxyl cou-
pling, metal coordination, and so forth.[2,9]

Stable peptide–AuNP conjugation requires optimization of 
both peptide (e.g., charges, hydrophobicity, length, etc.) and sur-
rounding buffer (e.g., pH, ionic strength, buffer type, etc.).[11,56] 
For citrate capped AuNPs, it is crucial to keep the peptide 
negatively charged or neutral, or at least carrying a minimum 
of positive charged residues (see discussion about multipoint 
binding above). Moreover, the curvature of nanoparticles 
influences surface coverage conformation and accessibility 

Figure 3.  A) Schematic illustration of phage display starting with a phage library (different colors of polypeptides on phages surface). The followed peptide 
selection is done by cycles of binding (blue), elution (blue and non-specific orange), and amplification. The bait molecule immobilized represents the 
target. The non-specific peptide (orange) is marginalized by multiple cycles of selection. Reproduced with permission.[38] Copyright 2009, Springer-Verlag. 
B) Upper: Peptide design with single continuous sequence (pink) in the binding site as an epitope. Lower: Peptide design with three peptide fragments 
(yellow, green, and red) in the binding pocket linked by a molecular scaffold to mimic the 3D structure of natural protein. Reproduced with permission.[26] 
Copyright 2016, Frontiers Media S.A. C) Molecular dynamics simulations for peptide structure prediction upon binding onto single-wall carbon nanotube 
(SWNT). Starting with initial parallel configuration (upper), an equilibrated configuration with a β-sheet structure was obtained, suggesting tryptophan 
(Trp)-5 as a key player for the adsorption of peptide to SWNT. Reproduced with permission.[46] Copyright 2010, American Chemical Society.
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of the immobilized peptides. An excellent example of peptide 
which offers high stability upon decoration on AuNPs has been 
reported by Lévy et  al. using a pentapeptide (CALNN).[11] This 
peptide was selected out of 58 various peptides giving rise to 
extraordinary colloidal stability when immobilized on AuNPs 
(i.e., it was found to be stable in 1 m NaCl or in acidic buffer 
pH = 4). First of all, the N-terminal Cys residue enabled end-
point anchoring of peptide onto the gold surface. The following 
two hydrophobic residues alanine (Ala) and leucine (Leu) facili-
tated the monolayer formation via lateral inter-molecular hydro-
phobic interaction. Last but not least, two asparginine (Asn) res-
idues at un-capped C-terminal provided additional monolayer 
stability via lateral hydrogen bond interaction and colloidal sta-
bility because of negative charges on outer layer at neutral pHs. 
In addition, the gradually increasing size of side chains on Ala, 
Leu, and Asn ensured an effective and dense coverage of the 
curved AuNP surface. As shown in Figure  4A, the proposed 
pentapeptide CALNN and the hexapeptide CCVVVT provided 
excellent protection and dispersion of AuNPs mainly due to the 
outer layer charges whereas CALSR resulted in aggregation.

2.3. Controlled Interactions of Peptide-AuNP Conjugates

Opposite to protection, peptide folding may dramatically 
decrease the stability of gold colloid suspensions.[57] In the 
belt and brace model, three pieces of peptide of the coiled-coil 
Leu zipper was employed. Half fragments were first immobi-
lized on AuNPs that would trigger aggregation upon addition 

of a third peptide due to coil–coil folding. Another example of 
folding induced functionalized AuNPs assembly was demon-
strated by Aili et al. employing a complementary pair of de novo 
designed 42-mer polypeptides which favored heterodimeriza-
tion to form anti-parallel helix bundles and subsequent aggre-
gation of AuNPs (Figure  4B).[58] Interestingly, the assembly/
aggregation of AuNPs conversely could induce the folding of 
peptide. The glutamic acid (Glu)-rich polypeptide of the same 
complementary peptide pair functionalized AuNPs were able to 
induce the homodimerization of peptides on adjacent particles 
resulting in the well-structured helix bundles (Figure  4C).[59] 
The colloidal stability of the so-formed peptide-AuNP conju-
gates was controlled by tuning the buffer pH around the calcu-
lated pI of the polypeptide (pI ≈ 4.5) due to the loss of charge 
repulsion. In Rotello’s group, pre-structured synthetic peptides 
were found folding gradually into alpha-helices upon binding 
to AuNP receptors. It was argued to be due to a surface tem-
plating process in which the positively charged surface of the 
modified AuNPs, as a template, guided and stabilized the pep-
tides folding through noncovalent binding (Figure 4D).[60,61]

In a summary, peptides can be selected or rationally 
designed, synthesized, and immobilized on AuNPs directly 
by terminal cysteine to form interactive conjugates despite 
many other immobilization methods. However, the stability  
of colloidal nanoparticles must not be jeopardized during 
the process. Usually, peptides with negative charges and only 
one cysteine anchor do not induce any significant change of 
the colloidal stability. Taking the curvature of nanoparticle 
surface into consideration, it is better for peptides to have a 

Figure 4.  A) The selection of protecting pentapeptide (CALNN) which upon immobilization features extraordinary stability of AuNPs, as compared 
to two other peptides. Reproduced with permission.[11] Copyright 2004, American Chemical Society. B) AuNP aggregation induced by folding of com-
plementary peptides: hetero-dimerization. Reproduced with permission.[58] Copyright 2008, American Chemical Society. C) Peptide folding induced 
by AuNP aggregation: homo-dimerization. Reproduced with permission.[59] Copyright 2006, American Chemical Society. D) Functionalized AuNP as 
template for folding of synthetic peptides into alpha-helices. Reproduced with permission.[60] Copyright 2007, The Royal Society of Chemistry.
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conical-like shape to ensure a full coverage of AuNP surface 
area and hence a better stability of the system. Peptide folding 
may induce controlled aggregation of AuNPs, providing a 
promising avenue for the development of colorimetric sensing 
platforms. Notably, all the activities regarding to peptide–gold 
nanomaterials such as design of peptide,[44] preparation/sta-
bility of peptide–gold hybrid, and interaction among nanocon-
jugates can be studied by advanced simulation methods for 
revealing underneath theoretical details and further improve-
ments.[55,62,63] The stable and interactive peptide–AuNP 
conjugates mentioned in this section provides the basis for bio-
applications and other functional interaction studies.

3. Targeting Molecules via Peptide–Gold Hybrid 
Nanomaterials
Novel assembly-folding interactive peptide–gold hybrid nano-
materials have been extensively applied in molecular targeting 
and biosensing such as medical diagnostics, therapeutics, and 
environmental monitoring. The peptides are usually designed 
with specific functionalities such as enzymatically active 
sites for hydrolytic reactions and phosphorylation reactions  
(Section  3.1), and peptide binders with specific affinity to bio-
molecules and targets/receptors on (sub)cellular membranes 
(Section 3.2).

3.1. Peptide–Gold Substrates for Enzymatic Analysis

It is essential to maintain the physiological homeostasis by opti-
mizing the intrinsic enzyme activities for all beings. In other 
words, disruptions of any enzymatic reaction will lead to poten-
tial pathological outcomes. It is therefore important to mon-
itor (sense) the activities under physiological conditions with/
without the presence of either inhibitors or activators. In the 
sensing process, synthetic peptides are able to mimic natural 
proteins as substrates for activity detection of various enzymes 
including hydrolases, transferases, and lyases. Those peptides 
are usually designed on the basis of known biochemical reac-
tions with functional motifs. By using AuNPs as the sensing 
platform, numerous assays have been developed over the last 
decade.[64,65]

3.1.1. Hydrolytic Reactions

Proteases: Proteases are the most important hydrolases. They 
hydrolyze the amide bond that links two neighboring amino 
acids in proteins or peptide substrates. The high specificity is 
ensured by a particular sequence that the protease recognizes. 
Proteases play a key role in many physiological processes, 
including cellular activities such as division, differentiation, 
migration, aging, death, thermal shock, and morphogen-
esis, and tissue/system activities such as reorganization of 
tissues, angiogenesis, immunity, hemostasis, wound healing, 
ovulation, and fertilization.[66,67]

Various detection approaches targeting proteases have been 
developed based on peptide–AuNPs, among which colorimetric 
assays are the most convenient ones. One of such remark-

able colorimetric assays for the detection of protease thrombin 
was reported by Scrimin et  al.,[13] illustrating the basic detec-
tion principle. They employed free peptide substrate (i.e., 
non-immobilized peptide substrate) that could cross-link bare 
AuNPs resulting in aggregation. A peptide containing specific 
recognition sequence was suitable for thrombin cleavage. As 
both ends were terminated by Cys, addition of the specific pep-
tide induced immediate aggregation of AuNPs. In the presence 
of the corresponding protease thrombin, the peptide substrate 
was cleaved by the target so that it reduced the propensity of 
aggregation in a concentration-dependent way (Figure  5A). 
Moreover, a peptide with six positively charged arginine (Arg6) 
triggered the aggregation of negatively charged citrate-capped 
AuNPs due to electrostatic interactions, which resulted in a 
red-shift of the plasmon absorption peak. However, in the pres-
ence of trypsin, the Arg6 were hydrolyzed into fragments, the 
electrostatic interactions between AuNPs and arginine residues 
were weakened, and therefore, no AuNPs aggregation was 
observed. This feature was used to develop a label-free detec-
tion of trypsin with limit of detection 1.6 ng mL−1 and screening 
inhibitors of trypsin.[68]

However, the unprotected AuNPs were fragile to other de-
stabilizing molecules that unfortunately lead to aggregation 
and many false negatives. Recently, matrix metalloproteinase-7 
(MMP-7) was detected in Kim’s group by employing free pep-
tide substrate in a similar way, but with carboxyl-protected 
AuNPs (Figure  5B). In their case, the presence of metal ions 
could coordinate histidine (His)-tagged peptide to AuNPs and 
induced the aggregation,[69] whereas the protease MMP halved 
the peptides resulting in no significant color changes upon 
mixing (Figure 5C).

Oppositely, a novel colorimetric assay which employed the 
re-dispersion of pre-aggregated AuNPs was presented by Ste-
vens and her co-workers (Figure 5D).[70] The particles were first 
aggregated by immobilization of Cys-containing peptide with 
Fmoc-protecting groups due to the π–π interactions of aromatic 
rings (Peptide 1 in Figure 5E). When the target thermolysin was 
present, the peptide substrates would be cleaved (Peptide 2 in 
Figure 5E) and the AuNPs re-dispersed with color changing from 
purple to red in just a one-step process (Figure 5F). The re-dis-
persion rate of pre-aggregated AuNPs was dependent on the 
concentrations of thermolysin as indicated in Figure 5G, where 
250 ng mL−1 showed an obvious faster rate than 43 ng mL−1. The 
limit of detection (LOD) was extremely low (90 zg mL−1) due to 
the fast-catalytic event. The strategy was further developed by 
redesigning the peptide substrate into a prostate-specific antigen 
(PSA) biosensor, which demonstrated the versatility. One of the 
several concerns that must be solved in this case was the issue of 
steric hindrance that could turn peptide substrates inaccessible to 
proteases leading to a potential failure of hydrolysis.[71,72]

More recently Chen et  al. utilized the aforementioned pep-
tide-functionalized AuNPs and developed a colorimetric assay 
for the detection of MMP-7 (Figure 6A).[73] By spiking MMP-7 
into the peptide-AuNPs system, the protease degraded the pep-
tides immobilized on AuNPs, which was proved by ellipsometric 
contrast images (Figure 6B). As a result, the surface truncated 
peptides lost too many negative charges leading to the aggre-
gation of AuNPs. The catalytic process was very rapid allowing 
near real-time detection in minutes with an LOD of 5 nm. On 
the other hand, from a biologically mimicking point of view, 
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Liu et  al. had reported novel biotinylated peptide substrates to 
mimic synaptosomal-associated protein-25 which were utilized 
in AuNP-based assays for colorimetric detection of botulinum 
neurotoxin serotype A light chain (BoLcA).[72] Two different 
assay strategies were described in Figure  6C. In these pro-
teolytic assays, biotinylated peptides served as triggers for the 

aggregation of AuNPs, while the cleavage of these peptides by 
BoLcA prevented nanoparticles from aggregation (Figure 6D,E). 
It demonstrated LODs ranging from 0.1 to 5 nm of BoLcA with 
an overall assay time of 4 h. These hybrid enzyme-responsive 
nanomaterials provided rapid and sensitive detection for one of 
the most toxic substances known to human.

Figure 5.  A) Outline of colorimetric protease sensing process by using designed peptides and AuNPs. Reproduced with permission.[13]  
Copyright 2006, National Academy of Sciences. B) Schematic illustration of carboxy-protected AuNP-based colorimetric assay for proteases by 
using designed His6-ended peptides and metal ions. C) Photograph of the carboxy AuNPs in solution with different peptides in the presence 
or absence of nickel ions after 60 min incubation (1: AuNP, 2: AuNP/His6-pep, 3: AuNP/His6-pep/Ni2+, 4: AuNP/His6-pep-His6, 5: AuNP/His6-
pep-His6/Ni2+). Reproduced with permission.[69] Copyright 2013, Elsevier B.V. D) Schematic illustration and corresponding TEM images of the 
re-dispersion of aggregated AuNPs modified with protease-cleavable Fmoc remaining peptides due to proteolytic removal of terminal hydrophobic 
groups. E) Designed peptide structures: 1, intact peptide substrate for thermolysin; 2, after cleavage. F) UV–vis spectra of 1-AuNPs before (solid 
line) and after addition of enzyme for 6 h incubation (dotted line). G) Re-dispersion levels of pre-aggregated 1-AuNPs (indicated by Δ ratio A/D) 
at 5 min intervals for 250 and 45 ng mL−1 thermolysin. Reproduced with permission.[70] Copyright 2007, American Chemical Society.

Adv. Mater. 2020, 2000866
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Similar sensing concept has also been applied with Förster 
resonance energy transfer (FRET)for the achievement of higher 
sensitivity. In this kind of assays, the fluorescence probe typi-
cally modified at one end of peptides is generally quenched 
by the AuNPs upon the other end of peptides anchoring on 
the particle surface (Figure  7A). Once the linker peptide is 
cleaved by the protease, the dye is released from the vicinity 
of AuNP surface and regains its fluorescence. Following this 
strategy, Wang and his colleagues utilized designed peptide 
substrate and small mono-maleimide AuNP conjugates as the 
linker and quencher.[71] With the help of fluorescence-labeled 
streptavidin, various concentrations of BoLcA and trypsin were 
probed in a time-dependent manner (Figure  7B,C). The LOD 
of BoLcA detection was estimated as low as 1 pm (Figure 7D). 
Multi-detection of various proteases was also realized by incor-
porating several recognition sites into one labeled peptide 
substrate so that the existence of any protease would result in 
reduced quenching effect by AuNPs.[74] However, the specificity 
had to be compromised since it was not possible to distinguish 
the proteases from single signal response. This problem was 
finely addressed by introducing quantum dots-peptide-AuNP. 
Quantum dots (QDs) instead of dyes were quenched by AuNPs 
through the peptide linkers (Figure  7E).[75,76] By conjugating 
different peptide substrates of the proteases to different QDs 
with specific emission wavelengths, the multiplexed assay was 
achieved. Individual protease was detected simultaneously 
according to their corresponding color outputs (Figure 7F).[76]

More recently, several peptide substrate-AuNP based 
approaches have been reported for different proteases such as 
HIV 1 protease,[77] thrombin,[78] caspases,[79–82] urokinase-type plas-
minogen activator[83] β-secretase,[84,85] MMPs,[86–90] collagenase,[91] 
and for PSA.[92,93] The strategies involve extended detection 
methods like electrochemistry, voltammetry, and localized sur-
face plasmon resonance (LSPR) using various nano-complexes. 
For example, an amazingly low LOD (0.8 pm) has been achieved 
by introducing the peptide/single walled carbon nanotube/AuNP 
structure on electrode for detection of HIV 1 protease.[77]

The protease reaction involving peptide–gold nanomaterials 
has recently been further developed to address the following prob-
lems such as diagnostic field tests, cellular and in vivo detection/
imaging, and drug delivery. One novel work of live cell imaging 
was done by Alivisatos and his colleagues who employed label-free 
“plasmon ruler” for the detection of caspase-3 at single molecule 
level.[15] The plasmon ruler was composed of a central avidin–
AuNP crowned by peptide substrate functionalized AuNPs, which 
could be disassociated upon caspase-3 cleavage (Figure 8A,B). The 
particle assembly scattered light efficiently but it gradually faded 
out in the presence of caspase-3, which was recorded under simple 
light-scattering microscopy and further analyzed by spectrometry 
(Figure 8C,D). The intensity decreased after the activation of cas-
pase-3 step-wisely indicating the occurrence of single cleavage 
event (Figure 8E). In live cell imaging, an additional cell penetra-
tion peptide threonine (Thr)-Ala-Thr (TAT) was conjugated on the 
crown particles and helped the cellular internalization. Figure 8F 

Figure 6.  A) Schematic illustration of aggregation process induced by MMP-7 that cleaves substrate peptides on AuNPs. B) Ellipsometric contrast 
image of patterned peptide substrates on gold surfaces before (+, black) and after (−, red) digestion by MMP-7 protease with the corresponding height 
profile. Reproduced with permission.[73] Copyright 2013, The Royal Society of Chemistry. C) Mixing and bridging assays for detection of BoLcA using 
two peptide designs (1 and 2) and biofunctionalized AuNPs. Normalized extinction spectra of the mixture solution of navi-AuNPs and 1-AuNPs which 
was preincubated D) with 100 nm BoLcA and E) without BoLcA (as control). Insets are photographs of the corresponding AuNP solutions showing the 
color change. Reproduced with permission.[72] Copyright 2014, American Chemical Society.
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showed the successful delivery of the particle assembly in HeLa 
cells and colon cancer cells (SW620) denoted by the bright spots. 
For imaging the caspase-3 activation process by using the plasmon 
ruler in the live SW620 cells, the particle-loaded cells started with 
introducing the apoptosis inducers which subsequently activated 
caspase-3, resulting in gradual dimming of bright spots in contin-
uous imaging recording and confirmed by controls (Figure 8G). 
In relation to nanomedicine, a potential drug delivery system was 
suggested targeting cancer cells due to overexpression of proteases 
which deviated from healthy cells and facilitated the hydrolytic 
release of cargo drugs.[94]

Phosphatases and Others: Other hydrolases than proteases 
are also of great interest for biosensors based on peptide sub-
strates, such as phosphatase and deacetylase that play impor-
tant physiological roles in the cells. Phosphatase hydrolyses a 
pre-phosphorylated peptide substrate at the phosphoric acid 
monoester by splitting it into free phosphate and hydroxyl 
group on serine, Thr, or tyrosine (Tyr), which functions oppo-

sitely to kinase but works cooperatively, especially in cell sign-
aling.[95] The signaling pathways regulated closely by them are 
involved in almost all types of cancers, and thus make them 
major clinical-therapeutic targets.[96,97]

In the pioneering work by Tung et al., they demonstrated the 
detection of alkaline phosphatase (ALP) utilizing AuNP aggrega-
tion.[98] The short phosphorylated peptide, Cys-Tyr(PO3

2−)-Arg, 
was prohibited to aggregate negatively charged AuNPs due to 
the phosphate group. After the cleavage by ALP at Tyr, the pep-
tide bridged AuNPs by thiol of Cys and the positive charge of 
Arg resulting in the colorimetric change (Figure 9A,B). Based 
on the same colorimetric sensing platform, an inhibition assay 
of ALP also was performed by introducing an ALP inhibitor 
molecule, p-BO (Figure 9C). Another work for the detection of 
ALP was reported using a similar principle years later, but with 
a novel assay procedure.[99] The color development during syn-
thesis of AuNPs was utilized as an indicator of ALP with its 
substrate. In the presence of ALP, massively aggregated AuNPs 

Figure 7.  A) General scheme of quenched probe used in FRET consisted fluorescent dye labeled peptide substrate and surface reactive AuNPs.  
B) Schematic illustration of the energy transfer between the peptide-functionalized AuNP and streptavidin–Alexa488 (SA488) before (quenching) and 
after (recovery) catalytic cleavage by BoLcA. C) The time-dependent fluorescence intensity changes ΔF of SA488 on 1.4 nm AuNP–pep pretreated with 
different concentrations of BoLcA (1 pm, 10 pm, 100 pm, 1 nm, 3 nm, and 10 nm) and trypsin (10 pm and 1 nm). D) The calibration curve for the detection 
of BoLcA corresponding to the response at 2 h reaction time in (C). Reproduced with permission.[71] Copyright 2014, The Royal Society of Chemistry.  
E) Schematic illustration of protease detection principle and inhibitor screening by using AuNP-peptide-QD conjugates on glass. F) Schematic illustra-
tion of multiplexed proteases assay by using various QDs conjugated to AuNPs with protease-specific peptide substrates, showing their corresponding 
colors on glass (green: MMP-7, red: caspase-3, orange: thrombin). Reproduced with permission.[76] Copyright 2008, American Chemical Society.
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were synthesized due to positively charged dephosphorylated 
peptide instead of violet well-dispersed AuNPs (Figure 9D,E).

Lately, another hydrolase histone deacetylase (HDAC), 
which regulates the genetic transcription process, was detected 
based on an immunoassay using antibody-coated AuNPs and 
labeled acetylated peptide substrates.[100] The antibody specifi-
cally targeted the acetyl group of peptide substrate leading to 
quenching, whereas in the presence of HDAC, antibody would 
no longer recognize or bind to the labeled peptide thus resulting 
in a recovery of fluorescence. The histone demethylase (LSD1) 
has a similar biological function as HDAC, though it does not 
belong to hydrolase but to oxidoreductase. The colorimetric 
detection of LSD1 was reported based on a dimethylated pep-
tide substrate which also was biotinylated to enable binding to 
avidin.[101] The dimethyl-antibody blocked the peptide substrate 

from aggregating avidin-AuNPs unless LSD1 removed the 
dimethyl group and inhibited the antibody binding to peptides 
that eventually induced the massive aggregation (Figure 9F).

3.1.2. Phosphorylation Reactions

Transferases are involved in many regulatory processes from 
genetic expression to carbohydrate metabolism. One of the 
most well studied and important enzymes within the trans-
ferase family is protein kinase which coordinates the phospho-
rylation from a high-energy donor (i.e., ATP) to specific protein 
substrates/residues. As mentioned in the last section, they 
together with phosphatases mediate most of the signal trans-
duction in and among the eukaryotic cells, to directly/indirectly 

Figure 8.  A) Schematic illustration of crown nanoparticle probes composed of a neutravidin-coated AuNP as the core and biotinylated peptide-AuNP as 
satellites. The designed peptide substrate containing a specific caspase-3 cleavage sequence (DEVD). The crown structure was observed by TEM images.  
B) Schematic illustration of caspase-3-mediated cleavage of crown nanoparticle probes. Caspase-3 cleavage caused the disassembly process of crown 
nanoparticle probes shown in C) scattering images: red to yellow to dim green spots, and in D) spectra: blue shift initially from 654 nm (red). E) Step-wise 
intensity drop indicating single satellite nanoparticle cleavage. F) Bright and red spots in microscopic images showed cellular delivery of crown nanoparticle 
probes into HeLa and SW620 with the help of cell penetration peptide (Thr-Ala-Thr). G) Caspase-3 activity in cells was observed as the red spots gradually 
turned into dim red/green ones upon addition of apoptosis inducers (TNF-α and CHX), while in cells either without the apoptosis inducers or with an addi-
tional caspase-3 inhibitor (z-DEVD-fmk), no signal change was observed. Reproduced with permission.[15] Copyright 2009, National Academy of Sciences.
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control the cellular processes and intercellular system functions 
such as transcription, cell cycle progression, metabolism, physi-
ological responses, homeostasis, and so forth.[95,97,102] It is there-
fore of great interest to develop assays capable of monitoring 
the kinase activity based on peptide substrate and AuNPs.

The first demonstration was reported by Brust et  al.[14] 
In their assay, the phosphorylation donor molecule was 
γ-biotin-ATP instead of ATP, which successfully combined the 
phosphorylation process with biotinylation of peptide substrate 
on AuNPs in the presence of kinase. The biotinylated peptide–
AuNPs aggregate accordingly upon the addition of avidin-coated 
AuNPs, whereas no aggregation was observed in the pres-
ence of inhibitor (Figure 10A). Right after this, Katayama and  
co-workers measured the activity of several kinases and the 
effect of inhibitor H-89 based on the negatively charged AuNP 
aggregation triggered by the positively charged peptide sub-
strates,[103] whereas after reaction with the protein kinase A 
(PKA), the peptide can no longer induce AuNP aggregation due 
to loss of positive charges (Figure  10B,C). The same approach 
was applied for a deeper understanding of the non-crosslinking 
aggregation behavior of AuNPs as well as developing a 

high-throughput method for screening inhibitors and cancer 
diagnosis.[104–107] For example, the elevated level of activated 
protein kinase C alpha associated with cancer cells was corre-
lated to the color change of AuNPs, which was further applied 
to human breast cancer samples showing a potential way of 
cancer diagnosis.[106] As a more direct approach, an immuno-
aggregation of peptide–AuNP conjugates facilitated by anti-
phosphate antibody-AuNPs was illustrated for the detection of 
Src-kinase with an LOD of sub-nm (Figure 10D,E).[108]

Besides colorimetric assays, other optical methods have been 
intensively employed for the detection and inhibitor screening 
of kinases based on peptide–AuNPs. For instance of using 
scattering light, Wang et  al. employed a peptide-coated micro-
array, biotin-ATP, and avidin-AuNPs for the detection of kinase 
activity with resonance scattering light (RLS).[109–112] In the pres-
ence of kinase, the biotin-phosphate was added to the peptide 
substrates on the microarray which resulted in the binding of 
avidin–AuNPs to the peptides. The RLS signal of the AuNPs 
was further amplified by silver disposition to achieve high sen-
sitivity for the detection of PKA and its inhibitor (Figure 11A). 
Furthermore, on chip phosphorylated peptides were applied 

Figure 9.  A) Schematic illustration of colorimetric ALP assay based on designed peptide substrates and AuNPs, where the negative charges of 
phosphotyrosine in the peptides prevented AuNP aggregation until ALP removed the phosphate group on the peptides, resulting in peptide-bridging 
AuNP aggregation followed by color changing. B) Colorimetric assay of ALP showing the color gradually change as time elapse at a dose-dependent 
rate. C) Absorbance intensity at 650 nm versus an ALP inhibitor (p-BO) concentrations showing the kinetic profile in the ALP inhibition assay based 
on the same colorimetric system. Reproduced with permission.[98] Copyright 2007, Wiley-VCH. D) Schematic illustration of colorimetric ALP assay 
based on synthesis of AuNPs in the presence of phosphorylated dipeptide. The de-phosphorylation by ALP caused ill-synthesized aggregated AuNPs. 
E) Photographs showed the color differences of synthesized AuNPs with series of peptide concentrations in the presence (+) and absence (−) of ALP 
pre-treatments. Reproduced with permission.[99] Copyright 2010, The Royal Society of Chemistry. F) Schematic illustration of colorimetric LSD1 assay 
based on designed biotinylated-dimethylated peptide substrates and avidin-coated AuNPs with the help of anti-dimethyl antibody. Reproduced with 
permission.[101] Copyright 2012, The Royal Society of Chemistry.
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for the detection and quantification of PKA based on surface 
plasmon resonance imaging (SPRi) techniques.[113] The array of 
peptide probes immobilized on SPR sensor chips was phospho-
rylated in the presence of PKA, which was detected and quanti-
fied by SPRi based on the signal amplification with biotinylated 
zinc(II) complex, streptavidin, and anti-streptavidin antibody.

Fluorescent methods also have been developed. Jiang’s 
group prepared high fluorescent gold nanoclusters with 
different peptide templates using NaBH4 as the reduction 
agent and 3-mercaptopropionic acid as the auxiliary ligand.[114] 
They employed this gold nanocluster-peptide as an enzyme-

responsive fluorescent nanocluster beacon that was highly 
sensitive and selective for label-free quantification of pro-
tein post-translational modification (PTM) enzymes such as 
PKA and HDAC-1. The modifications of peptide templates 
(i.e., phosphorylation by PKA or de-acetylation by HDAC-1) 
resulted in the quenching of fluorescent nanocluster beacon 
(Figure  11B). Quantitative detection of tested enzymes could 
be done by measuring the quenched fluorescent intensity 
(Figure  11C). With similar fluorescent strategy but opposite 
response, Qiu et al. had developed a green and simple one-step 
bio-mineralization method for synthesizing peptide-templated 

Figure 10.  A) Schematic illustration of biotinylation paired with phosphorylation of substrate peptides modified on AuNPs by kinase resulting in sub-
sequent aggregation (color changes) upon adding of avidin-coated AuNPs, whereas in the presence of kinase inhibitors no aggregation was observed 
(red color remains). Reproduced with permission.[14] Copyright 2006, American Chemical Society. B) Colorimetric kinase activity assay based on AuNP 
aggregation: Positively charged peptide substrates induce AuNP aggregation (color change) without kinase, whereas after PKA kinase reaction the 
peptide can no longer induce AuNP aggregation due to positive charge loss. C) Inhibition assay of PKA activity by inhibitor H-89. Insets showing the 
color difference of AuNPs: red, no inhibitor; blue, 30 µm of H-89. Reproduced with permission.[103] Copyright 2007, Wiley-VCH. D) Schematic illustra-
tion of colorimetric kinases assay based on designed peptide functionalized AuNPs and anti-phosphate antibody-AuNPs: peptide phosphorylation by 
kinases resulting in AuNP mixture aggregation. E) UV–vis spectra of the mixed AuNPs solution in the absence of kinases (broken line) and presence of 
v-Src-kinase (solid line). Insets: TEM images showing the corresponding AuNPs solutions. Reproduced with permission.[108] Copyright 2010, Wiley-VCH.
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nanoclusters as the fluorescence probe.[115] In the presence of 
a carboxypeptidase, the peptide-nanoclusters always would be 
digested and disassembled, leading to loss of fluorescence, 
while the phosphorylation of peptide by PKA inhibited the 
digestion and thus retained the fluorescence. This technology 
was used for the detection of protein kinase and could be 
applied to screen inhibitors in human serum samples. Alter-
native chemiluminescent[116–118] approaches for detecting the 
activity of kinases with extremely low LOD also have been 
reported, which are included in Table 2.

There are some other interesting works based on electro-
chemical,[119,120] surface potential,[121] and mass spectrometry.[122] 
As an example, Yi et al. presented a method for homogeneous 
detection of protein kinase activity and screening of inhibitor 
by measuring surface charge changes with zeta potential ana-
lyzer on the peptide-modified AuNPs (Figure  11D).[121] In this 
assay, the presence of Abl kinase and ATP increased the sur-
face negative charges significantly due to phosphorylation 
of the peptide-modified AuNPs in a concentration-depended 
manner (Figure  11E). Kim et  al. reported a label-free assay of 

Figure 11.  A) Schematic illustration of PKA and its inhibition assay based on RLS: biotinylation and phosphorylation of designed peptide substrates 
in the presence of PKA leading to attachment of avidin coated AuNPs followed by silver deposition for enhanced RLS signals. Reproduced with per-
mission.[112] Copyright 2013, American Chemical Society. B) Schematic illustration of fluorescent PTM enzymes assay based on the designed peptide-
templated gold nanoclusters. PTM-modified peptide substrates quenched the fluorescent conjugated nanomaterials. C) Fluorescence emission spectra 
dropped gradually corresponding to increasing concentration of HDAC-1. Reproduced with permission.[114] Copyright 2013, American Chemical Society. 
D) Schematic illustration of kinase activity assay based on surface charge detection by using designed peptides functionalized AuNPs. E) Calibration 
curve of surface zeta potential of AuNPs and AbI1 kinase concentrations. Reproduced with permission.[121] Copyright 2018, American Chemical Society. 
F) Time-of-flight secondary-ion mass spectrometry showed a direct increase of molecular mass of peptide substrate which was equivalent to HPO3 
after the kinase reaction accompanied by the intensity decrease of the original signal. Reproduced with permission.[122] Copyright 2007, Wiley-VCH.
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Table 2.  Works that involve peptide functioning as substrate of enzymatic reactions in biosensing.

Targets Peptide sequences Binding strategy Methods LODs (assay times)/
[dynamic ranges]

Highlights Refs.

Proteases

Thrombin Ac-C(Ac)GFDPRGC-Ac (FD: 
d-phenylalanine)

Thiol-gold Colorimetric Less than 5 nm 
(90 min)/[low 

nanomolar range]

Cleavage of free peptides func-
tioning as crosslinkers for bare 

AuNPs aggregation

[13]

Thrombin GLACSGFPRGRW Thiol-gold Spectrofluoro-
metric method

0.1 nm (40 min)/
[100–2 nm]

Cleaved tryptophan W residue from 
AuNP surface as the reporter for 

detection

[78]

Metalloproteinase-7 
(MMP-7)

HHHHHHGPLGMRGLHHHHHH Metal 
coordination

Colorimetric 10 nm (less than 1 h)/
[100–1 nm]

Metal ions coordinating functioning 
free peptides and carboxyl-protected 

AuNPs

[69]

MMP-7 NAADLEKAIEALEKHLEAKG-
PCDAAQLEKQLEQAFEAFERAG

Thiol-gold Colorimetric 5 nm (4 min)/ 
[101–2 nm]

Aggregation of AuNPs induced by 
reducing the negative charges on 

peptide

[73]

MMP-7 Tamra-GPLGMRGLHHHHHH Metal 
coordination

Förster resonance 
energy transfer 

(FRET)

10 ng mL−1 (2 h)/
[100–2 ng mL−1]

Simple one-pot fluorogenic detec-
tion of MMP-7 activity

[87]

Thermolysin 
and nonbinding 
R1-antichymotrypsin 
prostate specific 
antigen

Fmoc-GFC-NH2;
Fmoc-SSFYSGGGC-NH2

Thiol-gold Colorimetric 90 zg mL−1 (2 h)/ 
[within 102–14 zg mL−1];
10 ag mL−1 (less than 

30 min)

Redispersion of pre-aggregated 
AuNPs

[70]

Trypsin, chymo-
trypsin, proteinase K 
and thermolysin

FITC-PEG2-ALNNGGGG
HAKRRLIFGGGC 

(multiple cleavage sites)

Thiol-gold FRET 0.7 nm (4.7 nm in urine) 
trypsin, 0.4 nm chymo-
trypsin, 0.05 nm pro-
teinase K, and 0.5 nm 
thermolysin (less than 

10 min)/[10−1–1 nm]

Multi-detection realized by one 
peptide substrate containing 

multiple cleavage sites in a “add-
mix-measure” form

[74]

MMP-7, caspase-3, 
and thrombin

For MMP-7: CRPLALWRSK-biotin;
For caspase-3: 

biotin-GRRGDEVDGGRRC-NH2;
For thrombin: 

biotin-GKGGLVPRGSGC-NH2

Thiol-gold FRET 10 ng mL−1 MMP-7, 
20 ng mL−1 caspase-3 

and 1 U mL−1 thrombin 
(2 h)/[101–4 ng mL−1 

MMP-7, 101–3 ng mL−1 
caspase-3, 100–2 U mL−1 

thrombin]

Multiplexed assay on chip with 
different colored quantum dot-

peptide-AuNP conjugates

[76]

Botox A light chain 
(BoLcA)

Pep1: 
C-PEG11-SNKTRIDEANQRATKXL-biotin;
Pep2: biotin-KTRIDEANQRATK(biotin)

X (X:norleucine)

Thiol-gold;
Biotin-

streptavidin

Colorimetric 0.1 nm (4 h)/ 
[10−1–1 nm]

Designed peptide substrates for 
biomimicking SNAP-25 protein

[72]

BoLcA C-PEG11-SNKTRIDEANQRATKXL-biotin 
(X:norleucine)

Thiol-gold FRET 1 pm (2–3 h)/ 
[100–4 pm]

Fluorophore quenched by various 
sized AuNPs and biomimicking 

peptide substrate

[71]

Prostate-specific 
antigen (PSA)

CCCCCCGLXAAGGHSSKLQGK-FITC  
(X: α-isobutyric acid)

Thiol-gold FRET Less than 10 pm in both 
PBS and human serum 

(1 h)/[101–5 pm]

Suitable detection limit and 
dynamic range for clinical 

considerations

[92]

Caspase-3 FITC-DEVDC Thiol-gold FRET N.A. FITC–DEVD–nanogel–GNP nano-
probe for real-time monitoring and 

early response to cancer therapy 
by sensing activated caspase-3 in 

apoptosis cells

[79]

Caspase-3 Ac-GDEVDCCR-NH2 Thiol-gold Colorimetric 5 ng mL−1 (30 min)/
[100–2 ng mL−1]

Colorimetric detection of apoptosis 
based on caspase-3 activity through 

peptide substrates

[80]

Caspase-3 CALNNDEVDGK(biotin)G Thiol-gold Chemilumines-
cence resonance 
energy transfer

N.A. AuNP–peptide–biotin–streptavidin–
HRP complexes as the main func-
tion unit for detection of caspase-3 
activity, referring to cell apoptosis 

status

[81]
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Targets Peptide sequences Binding strategy Methods LODs (assay times)/
[dynamic ranges]

Highlights Refs.

Caspase-3 Biotin-GDGDEVDGC Thiol-gold Square wave 
voltammetry

5 fm [101–7 fm] Peptide-AuNPs functionalized 
silica-based mesoporous  

materials

[82]

Urokinase-type plas-
minogen activator

thiol-(CH2)2-GGRGGG-Cypate Thiol-gold FRET N.A. Peptide-AuNPs conjugates as a tool 
for conditional fluorescent study

[83]

β-secretase (BACE1) CLXGGEVNLDAEFGGXLHHHHHH  
(X: α-isobutyric acid)

Thiol-gold FRET 0.15 µm (1 h)/ 
[10−1–0 µm]

Automated cell-based assay  
using fluorogenic QD-AuNP  
probes for screening BACE1 

inhibitors

[84]

Matriptases FITC-GRQSRAGC-NH2 Thiol-gold FRET N.A. Detection of over-expression of 
matriptase on tumor cells both in 

vitro and in vivo

[89]

Membrane 
type-1 matrix 
metalloproteinase

FITC-GPLPLRSWGLK Catechol-gold Nanosurface 
energy transfer

N.A. Peptide-AuNPs enabling the activity 
detection of target on invasive 

cancer cells

[90]

Membrane 
type-1 matrix 
metalloproteinase

Unrevealed N.A. Localized surface 
plasmon reso-
nance (LSPR)

Less than 1 nm  
(less than 1 h)/

[100–2 nm]

On-substrate LSPR detection  
for target activity from buffer  

and whole cell lysate

[90]

PSA HSSKLQK Thiol-gold Electrochemical 27 pg mL−1 
[10−1–0 ng mL−1]

The amount of peptide-AuNPs 
attached on the microplate 

decreased due to the peptide 
cleavage by PSA

[93]

PSA CHSSKLQK Thiol-gold FRET 0.3 pg mL−1 [101–3 
pg mL−1]

Peptides modified on the Fe3O4@
SiO2-Au nanoparticles were cleaved 
by PSA, leading to the fluorescence 

recovery

[124]

Collagenase P1 containing a terminal Cys. Thiol-gold QCM 0.96 ng mL−1 Peptide-AuNPs immobilized on 
QCM chips were cleaved at the 

presence of collagenase

[91]

Dipeptidyl pepti-
dase-IV (DDP-IV)

RPRPPPPC Thiol-gold Colorimetric, 
electrochemical

70 µU mL−1, 0.55 
µU mL−1

Determination of DDP-IV  
activity and screening  

of its inhibitor using AuNP  
as the probe

[125]

Phosphatases

Alkaline phospha-
tase (ALP)

CXR (X: phosphotyrosine) Thiol-gold Colorimetric Less than 0.3 µm 
(4 min)/[10−1–1 µm]

Removal of negatively charged 
phosphate group of peptide sub-

strate which induces  
AuNPs aggregation by peptide 

crosslinking

[98]

ALP XR (X: phosphotyrosine) Electrostatic Colorimetric 0.01 U mL−1 (30 min)/
[10−3 to −1 U mL−1]

Outcome of AuNP synthesis (by 
HEPES buffer) determined by pep-
tide substrate de-phosphorylation 
status thus sensing the presence 

of ALP

[99]

Deacetylase

Histone deacetylase 
sirtuin 2

SGRGKGGK GLGKGGAK(Ac)
RHRKK-FAM

Electrostatic and 
hydrophobic

FRET 11.9 nm (2 h)/[101–3 nm] Immunoassay for binding  
of acetyl group on peptide 

substrate.

[100]

(FAM: carboxyfluorescein)

Demethylase

Lysine-specific 
demethylase 1

ARTK(dimethyl)
QTARKSTGGKAPRKQLAGGK-biotin

Biotin-avidin Colorimetric 13 pm (1 h)/ 
[101–5 pm]

Immunoassay for binding of methyl 
group on peptide substrate so that 

sterically blocking AuNPs from 
aggregation

[101]

Table 2. Continued.
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Targets Peptide sequences Binding strategy Methods LODs (assay times)/
[dynamic ranges]

Highlights Refs.

Kinases

Protein kinase A 
(PKA)

CALNNAALRRASLG Thiol-gold Colorimetric N.A. Simultaneous phosphorylation and 
biotinylation of peptide inducing 

aggregation of avidin coated AuNPs 
for inhibitors screening

[14]

Calmodulin- 
dependent kinase II

CALNNAAKKLNRTLSVA Thiol-gold Colorimetric

Several kinases For PKA: CXXALRRASLGW-NH2;
For PKCα: CXXFKKQGSFAKKK-NH2;

For MAPKAPK-2: 
CGGKKLNRSLSVAGW-NH2;

For c-Src: GGIYGEFDKKKK-NH2

(X: 8-amino-3,6-dioxaoctanoic acid)

Thiol-gold;
Electrostatic

Colorimetric Less than 5.9 U mL−1 
PKA; less than 

0.05 µg mL−1 PKCα; 
less than 0.25 µg mL−1 
MAPKAPK-2; less than 
100 U mL−1 c-Src (1 h)

Colorimetric measurement  
of kinase activities for  

understanding non-crosslinking 
aggregation of AuNPs, screening 

kinases inhibitors and cancer 
diagnosis

[103,104, 
106,107]

PKA LRRASLG
CGGALRRASLGRRASPP

Thiol-gold Resonance light 
scattering and 

SERS

N.A. (2 h) Peptide substrate coated microarray 
for detecting PKA activity from 
cell lysate and screening inhibi-
tors of PKA facilitated by AuNPs 
attachment and silver deposition 

enhancement

[109–112]

PKA LRRASLG Thiol-gold Electrogenerated 
chemiluminescent 

assay

0.07 U mL−1 (1.5 h)/
[10−1–2 U mL−1]

Thiophosphorylated peptide bound 
AuNPs amplifying the signal 

significantly

[116]

PKA CLRRASLG Thiol-gold Electrogenerated 
chemiluminescent 

assay

0.09 U mL−1 (>2 h)/
[10−1–1 U mL−1]

Multiple signal amplification steps 
by xanthine oxidase-DNA-AuNPs 

conjugates

[117]

PKA CCLRRASLG Thiol-gold Fluorescence 0.0004 U mL−1 (45 min)/
[10−3–1 U mL−1]

Fluorescent peptide-gold nano-
clusters for detection of real-time 

reaction of PKA

[114]

PKA CCYLRRASLG Thiol-gold Fluorescence 0.004 U mL−1  
[10−2–1 U mL−1]

Carboxypeptidase Y facilitating  
the fluorescent turn-on assay  

in the presence of PKA, in which 
peptide substrates playing  

a central role

[115]

Casein kinase II and 
PKA

For casein kinase II: 
CRRRADDSDDDDD
For PKA: CLRRASLG

Thiol-gold Electrogenerated 
chemiluminescent 

assay

0.008 U mL−1 casein 
kinase II; 0.005 U mL−1 

PKA (>2 h)/ 
[10−2–0 U mL−1]

Thiophosphorylation of 
peptide substrates enabling 

coupling of tris(2,2′-bipyridine) 
dichlororuthenium(II)-function-
alized AuNPs and subsequent 

response

[118]

p60c-Src kinase and 
PKA

For p60c-Src kinase: 
KKKGPWLEEEEEAYGWLDF;

For PKA: LRRASLG

Biotin-strepta-
vidin

Electrochemical 
assays

5 U mL−1 p60c-Src kinase; 
10 U mL−1 PKA (1.5 h)/

[101–2 U/mL]

Electrochemical method for 
detection and inhibitor screening 
of kinases through attachment of 

AuNPs induced by phosphorylation 
of peptides

[119]

Protein tyrosine 
kinase Abl-T315I

Biotin-EGIYDVP Thiol-gold Electrochemical 
assays

10 ng mL−1 (2.5 h)/
[101–2 ng mL−1]

Thiophosphorylation of peptide 
substrate enabling the attachment 

of bare AuNPs and subsequent 
measurements

[120]

AbI EAIYAAPFAKKK Thiol-gold Zeta potential 
analyzer

1 nm Surface charge increases upon the 
presence of AbI kinase and ATP 

due to phosphorylation of peptide-
modified AuNPs

[121]

v-Src Ac-IYGEFKKKC Thiol-gold Colorimetric Low nm (4.5 h)/
[100–1 nm]

Immunoaggregation of peptide-
AuNP conjugates facilitated by 

antibody-AuNPs

[108]

Table 2. Continued.
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protein kinase on peptide-AuNPs by using secondary-ion mass 
spectrometric imaging.[122] In this assay, the peptide substrate 
for Abl kinase with surface orientation, two cysteine-termi-
nated peptides with different lengths (Ac-IYAAAPKK(G)4C; 
IYAAAPKKC), were conjugated to AuNPs. The Abl kinase 
reaction with the peptide resulted in an additional positive ion 
signal shifted by a mass equivalent to that of HPO3 (80  Da), 
thereby causing a decrease in the original un-phosphorylated 
signal intensity (Figure 11F). Based on the signal intensity ratio 
measurement, they found the longer peptide gives higher phos-
phorylation efficiency (70%) than the shorter one (29%) due to 
the different accessibility of the enzyme to the peptides.

One excellent review has been published years earlier 
regarding to AuNP-based enzymatic assays by Hutter and May-
singer, mainly focusing on various assay methods.[123] Instead, 
works reviewed in this section are categorized by different func-
tions of designed peptides, thereby putting more emphasis 
on the interactions between target enzymes and their peptide 
substrates. A list of works is summarized in Table 2, including 
those works not mentioned in detail above due to the limited 
space.

3.2. Peptide Binder for Biosensing and Cell Targeting

Peptide binders are promising candidates for replacing anti-
bodies for molecular recognition. They can be rationally 
designed or randomly selected from a library. As the under-
standing of the biochemical interactions beneath biological 
processes steadily increases, it is becoming relatively easier 
to obtain peptide binders for various bio-relevant target mole-
cules.[126] These synthetic peptides with certain binding motifs, 
selected either by direct rational design or random phage dis-
play, have been used to target a wide spectrum of analytes, 
including ions,[127–129] small molecules,[130–134] large biomol-
ecules,[135–140] and whole cells.[141,142]

3.2.1. For Biosensing

Metal Ions and Small Molecules: In the human body, especially 
in the fluids, metal ions like sodium, potassium, calcium, mag-
nesium, and others take part in many important chemical pro-
cesses, together with biological molecules such as nucleic acids, 
proteins, peptides, and enzymes. For example, DNA replication 
is carried out using enzymes such as DNA polymerase, which 
essentially requires magnesium to function properly.[143] Metals 
can serve as cofactors to assist in binding and localization of 
substrate with respect to functional groups of biomolecules in 
the active site.[144]

The interaction between metal ions with specific peptides 
may trigger their folding or conformational changes, thus pro-
viding an avenue for ion analysis and diagnosis. For instance, 
Aili et al. developed a novel competitive assay where Zn2+-trig-
gered folding of peptides immobilized on AuNPs was prevented 
by specific binding of human carbonic anhydrase II (HCAII) to 
a ligand present on the same peptide motif (Figure 12A).[145,146] 
The peptides of JR2EC and KE2C were designed based on a 
42-amino-acid helix-loop-helix polypeptide that dimerized in 

solution and folds into an antiparallel four-helix bundle.[42] 
Folding is primarily driven by the formation of a hydrophobic 
core made up of the hydrophobic faces of the amphiphilic 
helices. Homo-dimerization and folding (between JR2EC pep-
tides immobilized on different AuNPs) occurred at pH < 6 or 
at pH 7 in the presence of Zn2+, which triggered the aggrega-
tion of the peptide-functionalized AuNPs (Figure 12B). In order 
to allow for specific binding of HCAII, the peptide KE2C was 
site specifically modified with a benzenesulphonamide deri-
vate at the lysine in position 34 using an orthogonal protec-
tion-group strategy to yield JKE2C-C6. Benzenesulphonamide 
(H2NO2SC6H5) is a commonly used inhibitor of HCAII with 
the dissociation constant (Kd) of their interaction 1.5 µm. There-
fore, the binding of HCAII to the peptide KE2C-C6 blocked the 
aggregation of peptide (JR2EC and JKE2C-C6)-modified AuNPs 
(Figure  12C). This method was also proposed as a generic 
sensing platform for the detection of HCAII with sensitivity 
down to 10  nm. The versatility of the technique was demon-
strated using another peptide (CRGTGSYNRSSFESSSGLV) 
derived from the tobacco mosaic virus coat protein which was 
co-immobilized with JR2EC on AuNPs to allow for the detec-
tion of recombinant antibody fragment (Fab57P) with detection 
limit down to 25 nm.

Similarly, Li et  al. reported an ultrasensitive assay for the 
detection of silver ion based on peptide-modified AuNPs. The 
peptide (RFRRGGDD) was folded in the presence of Ag+, which 
resulted in the aggregation of AuNPs (Figure 12D).[147] Instead 
of the peptide folding triggered by metal ions, the detection of 
ions also can be achieved through the binding of metal ions to 
the peptide ligand resulting in the aggregation of nanoparticles 
via bridging of neighboring nanoparticles or by affecting the 
charge distribution of the peptide coatings. Typically, charged, 
aromatic, and hydroxyl-containing amino acids are known to 
interact with metal ions via noncovalent interactions, and short 
polyacidic stretches have been shown to bind to metal ions.[148–151]  
Therefore, the modifications in the peptide sequences could 
affect the metal speciation and coordination geometry. Slocik 
et  al. designed a Flg-A3 peptide ligand (DYKDDDDKPAYSS-
GPAPPMPPF), which is overall negatively charged (pI = 3.9) 
and is modified on the AuNPs for metal ion detection.[152] The 
amino terminus of the peptide (DYKDDDDK) contains charged 
and aromatic residues that are known to be involved in the 
complexation of metal ions. The other peptide domains (AYSS-
GPAPPMPPF) are designed to bind to the gold surface. The 
addition of series metal ions such as Co2+, Hg2+, Pb2+, Pd4+, and 
Pt2+ to the peptide–AuNPs solution resulted in a rapid color 
change within 1 min (Figure 12E). Importantly, the colorimetric 
response and absorbance spectroscopy were distinct and repro-
ducible for a given metal ion species (Figure 12F). This peptide–
AuNP showed high sensitivity for the detection of metal ions as 
Hg2+ (26 nm) based on absorbance spectra measurement.

For the small molecular detection, such as 2,4,6-trini-
trotoluene (TNT), a peptide with specific affinity was devel-
oped,[153–155] and applied in electrochemiluminescent (ECL) 
assays. The specific designed peptide–AuNPs formed a com-
plex with the ruthenium (II)-modified graphene oxide (GO), 
which quenched the ECL emission of Ru complex due to 
the energy transfer from luminophore to the AuNPs. In the 
presence of TNT, the peptide–AuNPs were released from the 
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Ru-GO surface due to the peptide–TNT interaction, leading 
to ECL signal restoration.[134] Goldman et  al. selected phage-
displayed peptides that bind to a TNT derivative, 2,4,6-trini-
trobenzene in environmentally relevant artificial seawater, 
and integrated the selected phage for competitive detection of 
TNT. The best-binding phage shared the consensus sequence 
His, Arg, and Trp at position 2, 3, and 9 of the amino ter-
minals of the fused 12-mer peptide.[156] Kuang et  al. ration-
ally designed a peptide binder that is capable of spontane-
ously attaching to SWNT and TNT, and applied the peptides 
for SWNT field effect transistor detection of TNT.[46] Other 
peptides were also designed for the specific detection of 
acetic acid and ammonia vapors based on peptide/nanowire 
sensors.[47]

Proteins: Binding interactions among proteins/peptides are 
plentiful and fundamental in biological processes, not only 
because all aforementioned enzymatic reactions in Section 3.1 
involve first binding followed by catalysis, but also because 
there are many other non-enzymatic binding events occurring 
to support life forms. Therefore, they constitute an attractive 
source of inspiration for the design of peptide binders for appli-
cations in drug discovery and biomolecular detection. Recently, 
Liu et al. reported a direct binding induced AuNP aggregation 
assay for human cardiac troponin I (cTnI) protein.[157] The spe-
cific peptide binder (FYSHSFHENWPS) was adopted from 
previous study[158] and modified onto AuNP surface mixed with 
spacer peptide. Immediately after the addition of target protein, 
peptide-functionalized AuNP aggregated which resulted in a 

Figure 12.  A) Schematic illustration of detection principle for protein analytes based on designed peptide binder functionalized AuNPs. The folding of 
peptide induced by Zn2+ ions subsequently caused aggregation of AuNPs, whereas the binding of protein analytes such as HCAII precluded the folding 
of peptide and the following aggregation. UV–vis spectra recorded with 2-min intervals for 20 min after addition of 10 mm Zn2+ ions in the absence  
B) and in the presence C) of HCAII proteins. Insets showing the corresponding colors of the dried AuNPs solutions. Reproduced with permission.[145] 
Copyright 2009, Wiley-VCH. D) Schematic illustration of colorimetric detection of Ag+ based on peptide binder and AuNPs. The folding of peptide 
binders upon addition of Ag+ induced aggregation of AuNPs. Reproduced with permission.[147] Copyright 2016, Elsevier B.V. E) Schematic illustration 
of colorimetric detection of metal ions based on peptide functionalized AuNPs by complexation. F) Colorimetric responses of peptide functionalized 
AuNPs to various metal ions and their corresponding spectra. Reproduced with permission.[152] Copyright 2008, Wiley-VCH.
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concomitant UV–visible spectral peak-shift and color change 
(Figure 13A). In this case, the peptide ligand could bind to dif-
ferent binding sites on cTnI, which triggered the aggregation of 
AuNPs. In addition, they investigated different sizes of AuNPs 
and found that peak-shift increased with decreasing the total 
surface area of AuNPs (Figure 13B). Another colorimetric assay 
for the detection of vascular endothelial growth factor receptor 
1 (Flt-1) based on peptide-decorated AuNPs was recently devel-
oped.[159] The peptide (WHSDMEWWYLLG-GGGGC) was 
designed with Flt-1 binding motif (WHSDMEWWYLLG) at 
the N-terminus, hydrophobic spacing region (GGGG) in the 
middle to reduce the steric hindrance between protein mole-
cule and gold surface, and a cysteine residue to attach on the 
gold surface. In this strategy, cucurbit[8]uril molecule (CB[8]) 
was applied to trigger the aggregation of the peptide-AuNPs 
because two aromatic residues from the peptide can be selec-
tively accommodated in the CB[8] cavity. However, when the 

target protein Flt-1 is preincubated with the AuNPs and is then 
exposed to the CB[8], no aggregation occurred because the pep-
tide binding sites were occupied by Flt-1 which competed the 
interaction between the peptides and CB[8] (Figure 13C). Inter-
estingly, instead of 2 peptides reacting with one target protein, 
as mentioned previous for cTnI, this peptide reacted with Flt-1 
at 1 to 1 ratio. Therefore, rather than aggregation triggered by 
the target (cTnI), the presence of Flt-1 hindered the aggregation 
of AuNPs.

Alternatively, a colorimetric immunoassay had been devel-
oped by Stevens’ group who utilized peptidyl epitope tagged 
AuNPs for detecting the corresponding antiviral antibodies. A 
series of peptide epitopes were designed based on the Haemo-
philus influenzae hemagglutinin epitope YPYDVPDYA (HA), 
herpes simplex virus glycoprotein D epitope TQPELAPEDPED 
(HSV), and c-Myc protein epitope EEQKLISEEDLL (Myc), 
which were modified with linker amino acids terminated 

Figure 13.  A) Schematic illustration of detecting cTnI by using peptide binders functionalized AuNPs in different sizes and concentrations. Simple addi-
tion of target cTnI induced rapid aggregation in a concentration-dependent manner. B) Peak (centroid) shifts plotted versus different relative surface 
areas of AuNPs (four dilution factors in each size: 16 nm, black square; 25 nm, red circle; and 36 nm, blue triangle) in response to 100 ng mL−1 cTnI. 
Reproduced with permission.[157] Copyright 2016, American Chemical Society. C) Schematic illustration of colorimetric detection Flt-1 in the presence of 
CB[8] molecules based on peptide functionalized AuNPs. Reproduced with permission.[159] Copyright 2015, Elsevier B.V. D) Linear structures of designed 
peptides containing target virus epitopes, linkers (GGG) and a cysteine residue. E) UV–vis spectra recorded with 10-min intervals after addition of 
200 nm monoclonal antibodies in the corresponding peptidyl epitopes coated AuNPs solution, indicating the massive aggregation. Reproduced with 
permission.[160] Copyright 2014, American Chemical Society.
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with cystine to yield a fully dispersed suspension of AuNPs 
(Figure  13D).[160] These functionalized AuNPs aggregated in 
the presence of corresponding antiviral antibodies as demon-
strated with the changes of the absorbance spectra (Figure 13E). 
This immunoassay achieved low-nm range LOD of antibodies 
for potential applications in point-of-care diagnostics. A similar 
competitive fluorescence assay for multiple targets was demon-
strated involving antibody–peptide epitope conjugating pairs 
and AuNPs as the quencher.[161] The dye-labeled peptide anti-
gens were reacted with the antibody-conjugated AuNPs that 
induced the fluorescence quenching. While in the presence of 
target molecules, the dye-labeled peptides were blocked from 
binding to the antibodies resulting in free peptides in the solu-
tion with high fluorescence intensity. These methods were 
applied for multicolor detection of three different targets incor-
porated with their relevant antibodies and three peptide anti-
gens labeled with different fluorescent dyes.

Others biosensing assays based on the peptide binder include 
the inhibition assay. For instance, an human chorionic gonado-
tropin (hCG)-binding peptide that can trigger the aggregation 
of AuNPs in solution was modified on an electrode surface and 
resulted in the assembly of AuNPs on the electrode surface. The 
presence of hCG onto the electrode surface through the probe–
target interaction made the peptide incapable of triggering the 
formation of the AuNP aggregates on electrode surface, thus 
leading to an increased charge transfer resistance. This elec-
trochemical impedance technique allowed for the detection of 
hCG with an LOD of 0.6 mIU mL−1.[162] A similar method was 
carried out based on a kinase peptide binder for the detection 
of kinase with an LOD of 20 mU mL−1.[163]

Extracellular Vesicles: Intercompartmental transfer via extra-
cellular vesicles (EVs) has been discovered as a mechanism 
for intercellular communication that is of vital importance in 
multi-cellular organisms, allowing cells to exchange various 
cargos such as proteins and nucleic acids.[164–167] Generally, EVs 
can be divided into exosomes and microvesicles originating 
from endosomal and plasma membranes, respectively, with 
typical sizes ranging from 50 up to 500 nm.[164] EVs are involved 
in many physiological and pathological processes, which prove 
their significance for clinical applications.[164,166]

Since exosomes, as one major category of EVs, are present in 
many body fluids, carrying unique sets of functional biological 
molecules depending on their origin and status, they thus have 
been used as novel biomarkers for clinical diagnosis, especially 
in cancer diagnosis.[168–174] With the aforementioned proper-
ties of peptide and gold conjugates, novel assays involving 
such hybrid nanomaterials will be focused below. Recently, 
Packirisamy’s group utilized a synthetic peptide called vencer-
emin for specific targeting of tumor-derived exosomes via sur-
face over-expressed heat shock proteins.[175] LSPR responses of 
gold nanoislands provided a novel sensing platform for cancer 
diagnosis.[176–178] Using the same strategy of LSPR, Im et  al. 
reported a nanoplasmonic sensor (nPLEX) for detection of 
exosomes isolated from cancer cell lines.[179] The sensing chip 
was functionalized with PEG and specific antibodies for the 
capture of exosomes (Figure  14A). The sensitivity was amaz-
ingly higher than ELISA with the potential for further improve-
ment by applying secondary labeling of AuNPs (Figure  14B). 
More importantly, molecular profiling of exosomes also was 

done which enabled the investigators to distinguish ovarian 
cancer patients from noncancer ones. Other than LSPR, sur-
face-enhanced Raman scattering (SERS) was also used for 
selectively capturing exosomes secreted by cancer cells based 
on specific peptides and plasmonic nanoparticles.[180]

Bacteria and Virus: Bacterial infections remain one of the 
leading causes of death in developing nations,[181] The current 
detection methods rely on the antibodies as molecular recogni-
tion elements due to their highly specific targeting of antigenic 
sites. However, the stability of antibodies is limited for the 
detection of species in hash environments. Therefore, detec-
tion of bacteria with specific designed peptide ligands were 
intensively studied, especially antimicrobial peptides.[182–184] 
For instance, Mannoor et  al. employed an antimicrobial pep-
tide magainin I (GIGKFLHSAGKFGKAFVGEIMKS) as the 
recognition element to selectively bind the bacterial Escherichia 
coli O157:H7 (Figure 14C). After immobilization of the peptide 
on the gold microelectrode array, the selective binding of bac-
teria was monitored by impedance spectroscopy with the sen-
sitivity down to 1 bacterium per µL, a clinically relevant limit 
(Figure 14D).[185] In addition, Azmi et al. employed a synthetic 
peptide array library to screen short peptide fragments for high 
and specific binding to Listeria monocytogenes, one of the most 
common food pathogens.[186,187] The peptide fragments were 
derived from three potent anti-listerial peptides that belong to 
class IIa bacteriocins. The results showed that the fragment 
Leu-10 (GEAFSAGVHRLANG) possessed the highest binding 
affinity to several pathogenic Gam-positive bacteria. Further 
study using peptide-modified gold microcantilevers showed 
that the 14-residue peptide fragment offered the same sen-
sitivity for detection of Listeria as the 37-residue peptide, sug-
gesting that Leu-10 may possess a similar conformation and 
binding mechanism as that of full-length bacteriocins to the 
target bacteria.

Biosensor assays for the detection of virus also have been 
developed based on synthetic peptide binders.[188–190] For 
instance, Hwang et al. described a short linear peptide binder 
obtained through phage display specific for recombinant 
noroviral capsid protein with binding affinity of nanomolar 
range.[190] Later, they immobilized this peptide (QHKMHK-
PHKNTKGGGGSC) on gold surface for electrochemical detec-
tion of human norovirus with detection limit down to 7.8 copies 
per mL (Figure 14E).[189]

Besides all the examples discussed above, many other spe-
cific peptides[191] that function as peptide binders have been 
studied and utilized for various bioassay development against 
multiple targets such as TNT,[192] beta-amyloid oligomers,[193] 
as well as renin.[194] Table 3 lists presentative assays based on 
utilizing peptide as binders in conjunction with peptide–gold 
conjugates.

3.2.2. For Cell Targeting and Subsequent Applications

Peptide ligands labeled with AuNPs have been intensively used 
for cell targeting, subsequent imaging, cellular internalization, 
or therapy due to their relatively low toxicity and high perme-
ability. The underlying design principles are very similar to 
those employed in biosensing: peptide as a specific ligand for 
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binding to targets/receptors on (sub)cellular membranes. One 
of the pioneering works was published by Maus et  al., who 
reported a way to conjugate conantokin-G peptide (ConG) to 
PEG-passivated AuNPs for selective binding to N-methyl-d-as-
partate (NMDA) receptors recombinantly expressed on trans-
fected HEK 293 cell surface (Figure 15A,B).[17] The results also 
showed 103 times increase in binding affinity for the AuNP-
coupled peptide compared to the free peptide in solution due 
to the multivalency of these AuNPs,[200] indicating that even in 
the case of relatively weak ligand–receptor interaction, high-
affinity AuNP probes can be developed (Figure  15C). In addi-
tion, the peptide-functionalized AuNPs attached to the cell 
surface may also indicate the amount of target protein on the 
cell surface. Some specific membrane proteins, for instance in 
cancer cells, are over expressed and can be potentially evalu-
ated based on the amount of peptide-functionalized AuNPs 
attached on the cells. Gao et  al. reported peptide-conjugated 
gold nanoprobes for intrinsic nanozyme-linked immuno-
sorbent assay of integrin expression level on human erythro-
leukemia (HEL) cells as well as visualizing spatial positions of 

integrins by two-photon photoluminescence (Figure  15D).[201] 
Integrin is a cell membrane receptor whose expression level 
is closely related to platelet aggregation and cancer pathogen-
esis, including prostate cancer and HEL cells. In this work, they 
utilized the AuNPs’ enzyme-like catalysis property to amplify 
the colorimetric signal and quantified the expression level of 
integrin on HEL cells without cell lysis and protein extraction 
process. In addition, the unique nonlinear optical property of 
AuNPs allow the investigators to use two-photon photolumines-
cence for directly visualizing spatial position of the protein on 
cell membrane (Figure 15E). The absorbance intensity and the 
element Au content against the cell number shows a linearly 
increasing manner, indicating feasibility for the evaluation of 
integrin expression levels on cells (Figure 15F).

Tumor cells are considered the most concerned targets in 
cancer diagnosis and therapy.[19,20,202–204] Targeting of tumor 
cells via molecular interactions between the membrane pro-
tein/receptors on the cells and specific molecules such as 
antibodies, aptamers, and peptides have been frequently 
applied. For instance, in vivo tumor cell targeting and imaging 

Figure 14.  A) Representative LSPR spectra of bare gold (orange), after immobilizations of PEG layer (black) and antibody (green), and final detection 
of exosomes (red) with a simple schematic illustration aside. SEM image showed the binding of exosomes on gold nanoholes. B) Sensitivity com-
parison of nPLEX and ELISA, in which nPLEX showed a better result than ELISA by titrating various concentrations of exosomes. Reproduced with 
permission.[179] Copyright 2014, Nature Publishing Group. C) Schematic illustration of electrical detection of bacteria based on antimicrobial peptides, 
magainin I with its structure (colored α-helix), including immobilization on gold microelectrode array and binding of target bacteria. D) Impedance 
measurements at 10 Hz versus various concentrations of E. coli with an estimated LOD of 103 cfu mL−1 (≈1 bacterium per µL). Reproduced with per-
mission.[185] Copyright 2010, National Academy of Sciences. E) Schematic work flow of peptide-binder based electrochemical detection of norovirus 
including peptide selection by phage display technique (1), design and synthesis of peptide binder (1–2), immobilization (2–3), and test (3–4). Repro-
duced with permission.[189] Copyright 2017, Elsevier B.V.
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Table 3.  Works that involve peptide functioning as binder in biosensing.

Targets Peptide sequences Binding strategy Methods LODs (assay times)/
[dynamic ranges]

Highlights Ref.

Metal ions and small molecules

Ag+ RFRRGGDD Amine-gold Colorimetric 7.4 nm [101–3 nm] Peptide folding upon the  
presence of silver ion and  

resulted aggregation of  
AuNPs

[147]

Co2+, Hg2+, Pb2+,  
Pd4+, and Pt2+

DYKDDDDKPAYSSGPAPPMPPF Thiol-gold Colorimetric 190 nm Co2+, 26 nm 
Hg2+/[100–102 nm], 
242 nm Pb2+, 31 nm 
Pd4+, and 23 nm Pt2+ 

(1 min)

Metal ions crosslinking peptides  
via noncovalent binding  

and inducing the aggregation  
of AuNPs

[152]

Arsenic(III) TQSYKHGC Thiol-gold Colorimetric 54 nm Peptide–AuNPs aggregated at the 
presence of As(III)

[195]

2,4,6-trinitrotoluene 
(TNT)

WHWQRPLMPVSIKC Thiol-gold Electrochemilumi-
nescent

3.6 pg mL−1 
[10−2–2 ng mL−1]

Peptide as the binder for TNT  
which induced the release of  

peptide–AuNPs from graphene 
oxides surface

[134]

TNT WHWQRPLMPVSIK-cysteamine Thiol-gold Impedimetric assay 0.15 pm (70 min)/ 
[10−1–1 pm]

Peptide aptamers enabling  
electrochemical methods

[192]

Acetic acid RVNEWVID N.A. Field-effect tran-
sistor (FET)

100 ppm Peptide binder modified on FET 
sensor chips for direct detection 

of gas

[47]

Ammonia DLESFLD N.A. FET 100 ppm Peptide aptamers enabling  
electrochemical methods

[47]

Proteins and large molecules

Human carbonic  
anhydrase II

Ac-NAADLEAAIRHLAEKLAARG-
PCDAAQLAEQLAKXFEAFARAG

(X: benzenesulphonamide  
modified lysine)

Thiol-gold Colorimetric 10 nm (30 min)/
[101–2 nm]

Bound of analytes to peptide  
binder inhibiting immediate  
aggregation of AuNPs due to  

addition of zinc ions

[145]

Recombinant antibody 
fragment (Fab57P)

CRGTGSYNRSSFESSSGLV-NH2 Thiol-gold Colorimetric 25 nm (30 min)

Cardiac Troponin I 
(cTnI)

CALNN-PEG4-FYSHSFHENWPS Thiol-gold Colorimetric 0.2 ng mL−1 in diluted 
serum (10 min)/
[100–3 ng mL−1]

Achieving low detection limit of 
troponin I in diluted serum by  
using peptide functionalized  

AuNP

[157]

cTnI CFYSHSFHENWPS Thiol-gold Electrochemilumi-
nescent

0.5 pg mL−1  
[3–70 pg mL−1]

A sandwich assay based on  
peptide-AuNPs was employed  

on a gold electrode

[196]

Antiviral antibodies For anti-HA antibody: 
CGGEDEYPYDVPDYA-NH2; 
CGGEDEAYDPVDYPY-NH2

For anti-HSV antibody: 
CGGTQPELAPEDPED-NH2; 
CGGDEPDEPALEPQT-NH2

Thiol-gold Colorimetric Low nm (30 min)/
[100–2 nm]

Antiviral antibody detection  
using peptide epitopes and  

further investigation on  
mechanism of AuNP aggregation

[160]

Leucine–enkephalin 
(LE); prion protein  
(PP); cTnI

For LE: FITC–YGGFL;
For PP: Cy3-RESQAYYQRGASVIL;

For cTnI: 
Cy5-MADGSSDAAREPRPAC

Antigen-antibody FRET 5 pg mL−1 for LE,  
8 pg mL−1 for PP, and 
14 pg mL−1 for cTnI; 

less than 100 pg mL−1 
for all targets in diluted 
human serum (30 min)/

[101–4 pg mL−1]

Differently labeled peptides  
mimicking targets for competing 

multi-targets assay

[161]

HIV-1 protease pepstatin: XVVX′AX′
(X: Isovaleryl; X′: statine)

Thiol-gold Electrochemi-cal 
impedance spectros-

copy (EIS)

Less than 10 pm 
(60 min)

Peptide/single walled carbon 
nanotube/AuNP structure: for 

detecting and inhibitor screening

[77]
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Targets Peptide sequences Binding strategy Methods LODs (assay times)/
[dynamic ranges]

Highlights Ref.

Beta-amyloid oligomers 
(AβO)

THSQWNKPSKPKTNMK Electrostatic Colorimetric and 
fluorescence

0.2 nm (10 min)/
[100–2 nm]

Soluble peptide aptamer receptors 
for detecting presence of beta-amy-
loid oligomers, resulting in failure 

of triggering AuNP aggregation and 
subsequent fluorescence recovery of 

quantum dots

[193]

AβO CTHSQWNKPSKPKTNMK Thiol-gold EIS 45 pm Presence of AβO inhibited the 
formation of AuNP aggregates on 

the electrode surface

[162]

Renin IQRKRQGP N.A. Electrochemical 
assay

0.3 µg mL−1 (15 min)/
[10−1–2 µg mL−1]

Peptide aptamer screening for 
specific renin binders through cDNA 

display technology, followed by 
competitive electrochemical assays 

for renin detection facilitated by 
peptide-AuNPs

[194]

Human chorionic 
gonadotropin (hCG)

CPPLRINRHILTR Thiol-gold EIS 0.6 mIU mL−1 Presence of hCG inhibited the 
formation of peptide-AuNPs aggre-

gation on the electrode surface

[162]

hCG PPLRINRHILTR N.A. SPR 0.065 nm Direct detection of hCG with the 
peptide modified SPR chip.

[197]

PKA TTYADFIASGRTGRRNAIHD Electrostatic Colorimetric and 
Electrochemical 

assay

2 U mL−1 (15 min)/
[100–102 U mL−1] of 
colorimetric assay

0.02 U mL−1 (30 min)/
[10−2–100 U mL−1] of 

electrochemical assay

Peptide induced AuNP aggregation 
was prevented by peptide once 
binding to PKA; peptide binding 

of PKA inhibited further binding of 
AuNPs onto the electrode surface

[163]

Cholera toxin VQCRLGPPWCAK Thiol-gold LSPR/surface-
enhanced Raman 
scattering (SERS)

1.89 ng mL−1 by LSPR; 
3.51 pg mL−1 by SERS

Peptide modified on the sensor chip 
for the binding of cholera toxin

[198]

Lipopolysaccharides 
(LPS)

KKNYSSSISSIHC Thiol-gold SPR 32.5 ng mL−1 Peptide as the LPS receptor was 
immobilized on gold chips for the 

SPR sensors

[140]

Extracellular vesicles

Breast cancer cell 
derived exosomes  
MCF7

Venceremin  
(patented peptide)

Biotin-streptavidin LSPR Less than 2.66 ×  
108 particles per mL 
[108–1010 particles  

per mL]

Exosomes captured by peptide 
binder which was immobilized on 
gold nanoislands (LSPR response)

[177,178]

SKOV-3 ovarian tumor 
cells derived exosomes

LXY30: cyclic CdDdGX1GX2NCdR
X1: 3,5-difluorophenylalanine

X2: hydroxyproline

Thiol-gold SPR Less than 3.4 ×  
109 particles per mL

Self-assembled on-chip capture of 
tumor derived exosomes by modi-

fied peptide

[173,199]

SKOV-3 ovarian  
tumor cells derived 
exosomes

LXY30: cyclic CdDdGX1GX2NCdR
X1: 3,5-difluorophenylalanine

X2: hydroxyproline

Thiol-gold SERS — Peptide-exosome-particles complex 
used for SERS detection

[180]

Bacteria and virus

E. coli O157:H7 magainin I: 
CGIGKFLHSAGKFGKAFVGEIMKS

Thiol-gold EIS 103 cfu mL−1 (15 min)/
[103–107 cfu mL−1]

Electrical detection of bacteria  
based on antimicrobial peptide  
and further enabled real-time  

detection on microfluidic chips

[185]

Listeria. monocytogenes Leu10: GEAFSAGVHRLANG Thiol-gold Microcantilever Less than 105 cfu mL−1 
(20 min)

Screened peptide from a peptide 
library used in detection of several 
pathogenic Gram-positive bacteria

[187]

Norovirus QHKMHKPHKNTKGGGGSC Thiol-gold EIS 7.8 copies per mL Norovirus peptide binder 
immobilized on the electrode for  
the detection of human norovirus

[189]

Table 3. Continued.
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using peptide–AuNP conjugates were realized by Bhatia’s 
group using “click” chemistry.[205] The cyclic peptide LyP-1 
(CGNKRTRGC) targeting to p32-expressing tumor cells was 
synthesized to incorporate with pendent alkyne (i.e., propargyl-
glycine or 6-heptynoic acid) and a 5,6-carboxytetramethylrhoda-
mine fluorophore (Figure 16A). The “click” reaction took place 
between the pendent alkyne on the peptide and the azido-
PEG-AuNPs under copper catalysis for immobilization of pep-
tide on AuNPs (Figure  16B), and specific targeting of cancer 
cells with increased near-infrared fluorescence (Figure  16C). 
Further study of the Lyp-1-AuNPs injected intravenously into 
mice bearing human cancer xenografts showed the significant 
accumulation of Lyp-1-AuNPs in regions of high p32 expres-
sion. Later bombesin-AuNPs was demonstrated to have high 

affinity toward gastrin-releasing peptide receptors in vivo which 
were usually overexpressed in prostate, breast, and lung car-
cinoma.[16,206] Additionally, cyclic RGD peptide labeled AuNPs 
also displayed targeting capability to tumor cells via integrin 
αvβ3, which plays an important role in human tumor meta
stasis and tumor-induced angiogenesis and has a high affinity 
to ligands containing the RGD sequence.[207,208] Qian et  al. 
modified AuNPs with a single-chain variable fragment peptide 
(25  kDa) for in vitro and in vivo tumor targeting with SERS 
techniques.[209] This peptide ligands/fragments recognize the 
epidermal growth factor receptor that is overexpressed in many 
types of human malignant tumor cells. The results demon-
strated highly specific recognition and SERS detection of both 
human cancer cells and xenograft tumors in mice. With the 

Figure 15.  A) Bar chart showed the selective binding of peptide 5 (ConG sequence: GEXXLQXNQXLIRXKSNC, X: γ-carboxyglutamate, terminal C for 
immobilization) functionalized AuNPs (AuNP-5) onto HEK 293 cells with surface NMDA receptors. Peptide 6 was mock-peptide. Schematic draw-
ings of peptides-AuNP were shown on the right suggesting the full accessibility in Alkyl-PEG600 passivation system. B) SEM images of the selective 
binding of AuNP-5 to the transfected cells (left, many bright dots) compared to AuNP-6 treated cells (right, hardly found). C) Binding curve of AuNP-5 
to the transfected cells, indicating a thousand times increased binding affinity by calculation compared to free ConG due to multivalency. Reproduced 
with permission.[17] Copyright 2010, American Chemical Society. D) Schematic illustration of peptide functionalized AuNPs selectively targeting cel-
lular integrin GPIIb/IIIa for imaging (i) and quantitatively colorimetric sensing (ii). E) Bright field (first column) and two-photon photoluminescence 
(second column) images of cultured cells exposed to 120 nm peptide-AuNPs only (first row) and to disperse medium as negative control (second 
row), indicating the specificity of such nanoprobes. F) Linear fitting curves associated cell numbers with AuNPs concentrations (red) and colorimetric 
signals (blue), enabling to calculate the amount of integrin GPIIb/IIIa on each cell surface. Reproduced with permission.[201] Copyright 2015, American 
Chemical Society.
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SERS technique, the method was able to achieve >200 times 
brighter with the AuNPs than near-infrared-emitting quantum 
dots, and allowed spectroscopic detection of small tumors 
of 0.03 cm3 at a penetration depth of 1–2  cm. In combina-
tion with genetic, photo-thermo, and chemo-therapies, Artzi 
and her colleagues employed peptide–AuNP (rod and sphere) 
embedded hydrogel to treat colorectal cancer in mice and suc-
cessfully eliminated the tumor recurrence. Peptides involved in 
this work ensured the accurate delivery of nanoparticles to the 
tumor cells.[20]

Cellular internalization of peptide–AuNP conjugates required 
penetration of the cell membrane usually via receptor-mediated 
endocytosis (RME), followed by escape of endosomal vesicles 
and subcellular targeting. Some early work done by Franzen’s 

and Feldheim’s groups focused on nuclear targeting by multi-
functional peptide-AuNPs (i.e., containing both RME peptide to 
enter the cell and nuclear localization signal [NLS] peptide to 
interact with the nuclear pore complex) illustrating a potential 
delivery vehicle for genetic therapy (Figure 16D,E).[210–213] These 
peptides are from adenoviral RME (CKKKKKKSEDEYPYVPN) 
and NLS sequence (CGGFSTSLRARKA). The study on the 
targeting in HepG2 cells showed that the nanoparticles car-
rying both peptides displayed a greater propensity for nuclear 
targeting than any other single peptide, including the single 
full-length peptide containing both sequences. The other single 
peptide modified AuNPs either did not enter the cell (NLS pep-
tide), or entered the cell but remained trapped in endosomes 
and did not reach the nucleus (RME peptide).

Figure 16.  A) Chemical structure of native LyP-1 peptide which targeted p32-expressing MDA-MB-435 cells. B) Schematic illustration of the function-
alization of LyP-1 peptide (purple circle) onto azido-PEG coated AuNPs via click chemistry and targeting the receptor (red) expressing cancer cells in 
vitro and in vivo. C) Fluorescence images of LyP-1-AuNPs (right) targeting cancer cells showed increased near-infrared fluorescence (red), while no 
detectable signal was observed for azido-PEG-AuNPs as control (left). Reproduced with permission.[205] Copyright 2008, American Chemical Society. 
D) Schematic illustration of functionalization of AuNPs with specific nuclear-targeting peptide-bearing BSA proteins. According to more than 200 cells, 
it showed an estimated 80% targeting rate of nucleus. Representative overlapped image (E) of the cultured HepG2 cell was taken after 2-h incubation 
with the peptide-AuNPs. Reproduced with permission.[210,211] Copyright 2003 and 2004, American Chemical Society. F) Schematic illustration of the pH-
dependent pHLIP-EuL-AuNPs translocation into cells. The proposed mechanism was mainly due to the conformational change of pHLIP from random 
coil to helix at a lower pH. G) TEM images of human platelets untreated and H) treated with pHLIP-EuL-AuNPs. The latter showed nanoparticles 
penetrating into various platelet structures such as vesicles (v), open canalicular system (ocs), and cytoplasm (c). Reproduced with permission.[215] 
Copyright 2012, National Academy of Sciences.
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Replacement of the subcellular sorting peptides on AuNPs 
further enabled targeting the lysosome which enriched the 
strategy of treating lysosomal storage diseases.[214] However, 
the internalization was not exclusively mediated by RME, as 
reported recently by Davies et al. who showed a pH-controlled 
delivery of AuNPs into platelets.[215] It was proposed that the 
main functional component, the low pH insertion peptide, 
could adopt certain conformation and interact with lipid bilayer 
of platelets once pH < 6.5, followed by translocation into the 
cell (Figure  16F). Functionalized nanoparticles were observed 
penetrating into various platelet structures by SEM images 
with negative control (Figure 16G,H). Regardless of the various 
signal peptides, there are many other factors such as surface 
charges and particle sizes which would affect the internaliza-
tion process and closely relate to toxicity as well.[18,216,217]

It is well known that it is difficult to target the brain because 
of the presence of BBB which limits the development of 
treatment for many brain-related disorders like Alzheimer’s 
disease[218] and glioblastoma.[219,220] This obstacle has to be over-
come, requiring the so-called transcytosis. Surprisingly, using 
specific peptide conjugated AuNPs containing sequences that 
interacts with the transferrin receptor on the microvascular 
endothelial cell of BBB could significantly enhance the permea-
bility, thus enabling drug delivery (Figure 17A).[221] For example, 
the high permeability of THR-CLPFFD-AuNPs was proven by 
measuring the gold mass in the dry rat brain tissues and com-
paring it with various controls (Figure 17B).

On the other hand, if there is tumor developing in the brain, 
the BBB will be compromised because of the vascular leakiness 
as tumor cells develop, which offers an opportunity for func-
tionalized AuNPs to cross the BBB and accumulate in tumors 
via the “enhanced permeability and retention effect” (EPR 
effect).[222,223] Lesniak’s group has employed a trans-activator 
of transcription peptide-modified AuNP (TAT-AuNP) with a 
5 nm core size which was able to pass through the BBB effi-
ciently by EPR effect for delivery of the anticancer drug doxo-
rubicin (Dox) or Gd3+ contrast agents to brain tumor tissues 
for imaging (Figure  17C).[19] The clear localization of AuNPs 
in mouse brain tumor cells was observed by microscopic 
image after staining (Figure 17D). Furthermore, the difference  
of survival rate for tumor-bearing mice with or without Dox-
TAT-AuNP treatment indicated the successful delivery of Dox 
across BBB (Figure  17E). Meanwhile the Gd3+ contrast agent 
in Gd3+-TAT-AuNPs was also delivered into tumor tissues and 
enhanced the MRI results (Figure 17F), which was double con-
firmed by histological studies (Figure 17G,H).

Alternatively, Gao et al. employed a pair of AuNPs which were 
decorated with azide and alkyne, respectively, prior to coating with 
PEG and BBB-permeable angiopep2 peptides (Figure  17J).[219] 
After intravenous injection of the mixture of the two probes, they 
entered brain tumor by crossing the BBB via receptor-mediated 
transcytosis. These AuNPs were fully dispersed in a neutral envi-
ronment, but aggregated and trapped after entering the tumors 
with acidic environment allowing removal of the PEG shielding 
layer and exposure of the azide and alkyne functionalities where 
the click cycloaddition occurs (Figure 17J,L). These probes guided 
both MRI and surface-enhanced resonance Raman spectroscopy 
imaging, which were further supported by histological studies 
(Figure  17K,M). Interestingly, microscopy studies verify the 

precisely demarcated tumor margin marked by the assembled 
nanoprobes, which are considered as promising contract agents 
in improving brain-tumor surgical outcome with high specificity, 
safety, and universality. All related works discussed in this sec-
tion are summarized in Table 4.

4. Other Applications of Peptide–Gold Hybrid 
Nanomaterials
4.1. Antimicrobial Activities

The increase in antibiotic resistance has become a serious global 
health issue threatening the achievements of modern medi-
cine.[225] Antimicrobial peptides (AMPs), representing ancient 
host defence effector molecules, can combat drug-resistant bac-
teria mainly because their distinctive amino sequence can insert 
into and subsequently disintegrate bacterial cell surfaces.[226–228] 
These peptides typically contain positively charged cationic 
domains which interact with negatively charged lipoteichoic 
acid and phospholipids on the membrane of microorganisms. 
While for the normal mammalian cells, the negatively charged 
lipids face to the cytoplasm, which explains the poor binding of 
cationic peptides to mammalian cells and the selective binding 
to bacteria.[229] In addition, antimicrobial nanomaterials such as 
silver, copper oxide, zinc oxide, titanium dioxide, and gold nano-
particles have emerged as potential alternatives for the treatment 
of drug-resistant bacterial infections.[230–236] The nanomate-
rials with small sizes provide large contact area with bacteria 
and lead to the destruction of the permeability and respiration 
functions of bacterial membranes.[237] Among them, AuNPs 
are considered to be comparatively safer than other metallic 
nanoparticles because of the inert and non-toxic nature of gold. 
Moreover, the surface modification of AuNPs with cationic and 
hydrophobic groups has demonstrated effective resistance both 
to Gram-negative and Gram-positive uropathogens, including 
multi-drug resistant pathogens.[22] Therefore, immobilization of 
AMPs to AuNPs present a promising solution with enhanced 
antimicrobial activity compared to each component.[238,239] The 
AuNPs may also facilitate the interaction against lipopolysac-
charide and proteins in the outer membrane of bacteria and get 
deposited on the membrane with relatively higher concentration 
of the peptides at the site of action,[240–243] thus improving the 
permeability of the membrane through either porin channel[244] 
or diffusion through the phospholipid bilayer.[245] Some excellent 
works regarding peptide–AuNP conjugates discussed for anti-
microbial applications have been reported in a recent review.[246]

One of the earliest works on peptide-modified AuNPs for 
antibacterial was reported by Xu and co-workers who conju-
gated AuNPs with vancomycin (Van), a polypeptide antibiotic, 
via AuS bonds (Figure  18A).[247] The Au@Van nanoparticles 
showed an enhanced antibacterial activity against vancomycin-
resistant enterococci (VRE) with minimum inhibitory concen-
tration (MIC) of 2–4  µg  mL−1 vancomycin on AuNPs, which 
was much lower than that for free vancomycin (64  µg  mL−1). 
Alternatively, Chen and colleagues prepared vancomycin-
modified AuNPs via Au-O bonds through the direct reduction 
of gold ions by vancomycin in alkaline conditions (pH = 12)  
(Figure  18B).[248] The MICs of the vancomycin-capped AuNPs 
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Figure 17.  A) Schematic illustration of the design of peptide and the translocation of peptide-AuNPs from blood to brain via endocytic vesicles. The 
peptide contains THR sequence which recognizes the transferrin receptor, and LPFFD sequence which targets to Aβ aggregates in brain. B) The dif-
ferent gold contents in rat brain showed the highest amount of THR-CLPFFD-AuNPs was delivered across the blood–brain barrier compared to other 
controls. Reproduced with permission.[221] Copyright 2012, Elsevier B.V. C) Schematic illustration of the delivery of TAT-AuNPs into brain tumors for 
therapeutic and diagnostic purposes. A therapeutic drug (Dox) was attached to TAT-AuNPs through a pH-sensitive linker (upper left); An MRI contrast 
agent (Gd3+) was chelated on TAT-AuNPs and eventually accumulated in tumor cells (upper right). D) Microscopic image of mouse brain tissue stained 
by H&E (for tissue structures) and silver enhancement (for AuNPs) after Dox-TAT-AuNPs injection, showing the localization of nanoparticles on the 
tumor. E) Kaplan–Meier survival curves of intracranial tumor bearing mice after I.V. injected with Dox-TAT-AuNPs (red) comparing to other controls 
at the same dose of Dox. F) T2-weighted MRI horizontal section of an intracranial tumor bearing mouse after 24 h of Gd3+-TAT-AuNPs injection (red 
dashed circle: tumor tissue). G,H) Histological studies of the intracranial tumor-bearing mouse with the same treatment. The brain tissue was stained 
by H&E and silver enhancement (black dots: enhanced AuNPs). Reproduced with permission.[19] Copyright 2014, Wiley-VCH. J) Schematic illustration 
of the BBB-permeable angiopep2-peptides functionalized AuNPs that were acid-responsive. After de-coating of PEG layer triggered by physiological 
acidity, two kinds of nanoparticles (azido- and alkynyl-) aggregated via click chemistry, and eventually accumulated in brain tumor tissue. K) Brain 
T1-weighted MRI of a glioma xenograft bearing mouse before, at 1 h, and at 24 h after injection of the mixed functional AuNPs, showing the enhance-
ment of signal due to the accumulation of nanoparticles in the glioma margin (yellow arrow). Histological studies of the same brain tissue after H&E 
staining that verified the margin. L) Average density of the functional AuNPs at the tumor and normal brain tissue area, showing the greatly increased 
amount of nanoparticles accumulated in tumor. M) Histological and Raman spectroscopic images of glioma brain tissue at 24 h after injection of the 
mixed functional AuNPs: area above dashed line. Reproduced with permission.[219] Copyright 2017, Wiley-VCH.

Adv. Mater. 2020, 2000866



© 2020 Wiley-VCH GmbH2000866  (28 of 37)

www.advmat.dewww.advancedsciencenews.com

Table 4.  Works that involve peptide functioning for cellular targeting.

Target sites Peptide sequences Binding strategy Methods Highlights Refs.

Targeting

HEK293 cells;
Recombinant surface 
N-methyl-d-aspartate

Peptide-toxin conantokin-G: 
GEγγLQγNQγLIRγKSNC

γ:γ-carboxyglutamate

Thiol-gold Counting and SEM images Optimized alkyl-PEG600 passivation  
system for peptide-AuNP conjugation  

and cell surface receptor binding

[17]

Human erythroleukemia  
cell;
integrin GPIIb/IIIa

CCYKKKKQAGDV Thiol-gold Two-photon photolumi-
nescence and colorimetric 

enzyme-like catalysis

Functional membrane proteins analysis 
enabled by peptide-AuNP nanoprobes,  

which can be used in early cancer  
diagnosis and efficient treatment

[201]

MDA-MB-435 cancer cells;
P32 proteins  
(a mitochondrial proteins)

Cyclic LyP-1 peptide: 
CGNKRTRGC

Click chemistry Fluorescence microscopic 
images

“Click” chemistry involved in conjugation 
of peptide and AuNPs for in vivo tumor cell 

targeting via overexpressed p32 proteins

[205]

Human prostate cancer  
cells;
gastrin-releasing peptide 
receptors

Bombesin peptide 
binder: thioctic 

acid-QWAVGHLM-NH2

Thiol-gold Competitive cell-binding 
assay and CT Imaging

High binding affinity and selectivity  
exhibited by bombesin peptide-AuNPs  

in vivo studies

[16]

Internalization

HeLa cells;
gastrin-releasing peptide 
receptors

BN peptide analogue: 
Ac-CXQWAVGHLM-NH2

RAF peptide analogue: 
Ac-CXGISNGFGFK-NH2

X: aminohexanoic acid

Thiol-gold Confocal laser scanning 
microscopy

Specifically entering tumor cells with  
enhanced antitumor activity was  

achieved by multifunctional peptide-AuNPs 
with two functional peptides

[206]

U87MG glioma cell line;  
integrin αvβ3-receptor-
mediated endocytosis

Cyclic RGD peptide: 
Cyclo-RGDYDC

Thiol-gold In-vivo
SPECT/CT imaging

Highly specific and sensitive in vivo  
imaging of tumor cells with no cytotoxicity, 

achieved by peptide-AuNPs labeled with 
iodine-125

[208]

Human head-and-neck  
carcinoma cells (Tu686);  
epidermal growth factor 
receptors

Single-chain variable frag-
ment antibody

N.A. SERS SERS nanotags comprising single-chain  
variable fragment antibodies and AuNPs,  

for in vivo tumor cells targeting with better 
performance than quantum dots labeling

[209]

Human liver carcinoma  
cells (HepG2)

Adenovirus receptor-
mediated endocytosis: 

CGGFSTSLRARKA
adenovirus nuclear 
localization signal: 

CKKKKKKSEDEYPYVPN

Thiol-gold Differential interference 
contrast microscopy

Multifunctional peptide-AuNPs  
complexes with two different functional  

peptides for cell entry, nuclear  
targeting and nuclear delivery

[210–213]

Lysosomes in CHO cells Cell-penetrating peptides: 
CRQILIWFQNRRMKWKK; 

CYGRKKRRQRRR
Lysosomal sorting peptides: 

YQRLC; CNPGY

Thiol-gold Fluorescence microscopy Multifunctional peptide-AuNPs enabled cell 
penetration and entry of lysosomes

[214]

Human platelets pH low insertion peptide: 
AAEQNPIYWARYADWLFTT
PLLLLDLALLVDADEGTC(thi

opyridyl)-G

Thiol-gold Various imaging methods pH-controlled delivery of peptide-AuNPs  
into platelets by utilizing a pH low  

insertion peptide

[215]

Transport

Blood-brain-barrier  
(BBB) transferrin receptor

THRPPMWSPVWPCLPFFD Thiol-gold Confocal laser scanning 
microscopy and TEM

Delivery over BBB enabled by  
peptide-AuNP conjugates with specific  
transferrin receptor targeting peptide

[221]

Tumor cells in brain Transactivator of 
transcription peptide: 

YGRKKRRQRRR

Amino-carboxyl 
coupling

Confocal microscopy,  
histology study  

and MRI

Enhanced malignant brain tumor  
therapy and non-invasive imaging  

enabled by BBB permeable peptide-AuNPs

[19]

Tumor cells in brain Angiopep2 peptide: 
TFFYGGSRGKRNNFKTEEY

Click chemistry MRI and surface-enhanced 
resonance Raman 

spectroscopy

BBB permeable peptide-AuNP  
aggregation triggered by acidic brain  

tumor environment enhancing MR and  
SERRS signals, which could further guide 

tumor excision during surgery

[219,224]
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were significantly lower than the free vancomycin and 
showed excellent inhibition for the growth of vancomycin-
resistant strains, including VRE1 (Enterococcus faecalis), VRE4  
(E. faecium), methicillin-resistant Staphylococcus aureus (MRSA), 
and pandrug-resistant Acinetobacter baumannii. Similarly, Rai 
et  al. also demonstrated a one-pot synthesis of AuNPs in the 
presence of Cecropin melittin peptide (KWKLFKKIGAVLKVLC, 
CM-SH), which formed a gold core and a hydrophilic cationic 
peptide shell (Figure  18C).[249] This CM-SH-AuNP showed a 
higher antimicrobial activity accompanied with a higher sta-
bility in both serum and an animal model of systemic infec-
tion, compared to soluble CM-SH. This was attributed to the 
improved bacterial membrane permeability of the CM-SH-
AuNPs compared to free CM-SH. They also pointed out that 
simple conjugation of CM-SH onto AuNPs by ligand exchange 
was, however, not stable after 1 h.

AuNPs with smaller sizes and different surface chemistries 
were also reported for antimicrobial applications. For instance, 
gold nanodots with a diameter of 2.5  nm were coated by 
surfactin (SFT),[250] a cyclic lipopeptide with a sequence of ELL-
VDLL linked by a lactone bond to a C11-15 β-hydroxy fatty acid, 

providing antimicrobial and antiviral properties.[251] The peptide 
penetrated cellular membranes mainly because of its cation-car-
rier, pore-forming, and detergent-like properties.[252,253] Com-
pared to free SFT, the hybrid nanomaterials exhibited superior 
biocompatibility and significantly higher antimicrobial activity 
(>80-fold lower MIC) to both non-multi-drug-resistant bac-
teria and multi-drug-resistant bacteria, due to their synergistic 
effect on the disruption of the bacterial membrane.[250] More-
over, in vivo wound healing studies in rats suggested faster 
healing and better epithelialization when hybrid nanomate-
rials were used as a dressing material.[250] Wang and co-authors 
prepared antibacterial hybrid by covalent bond between gold 
nanoclusters (AuNCs) and daptomycin (Dap), a cyclic antimi-
crobial lipopeptide. Compared with the physically mixed AuNC 
and daptomycin, the synthesized Dap-AuNCs hybrid showed 
higher antibacterial activity against MRSA. The nanomaterials 
also showed significant fluorescence enhancement resulting 
from the aggregation-induced emission caused by Dap-AuNCs 
hybrid. In addition, the hybrid nanomaterials might also induce 
strong DNA destruction of bacteria due to localized high con-
centration of ROS generated by the localization of AuNCs.[254] 

Figure 18.  A) Illustration of the multivalent interaction between a vancomycin-conjugated AuNP and a VRE strain. Reproduced with permission.[247] 
Copyright 2003, American Chemical Society. B) The reaction mechanism of vancomycin-directed synthesis of AuNPs. Reproduced with permission.[248] 
Copyright 2015, American Chemical Society. C) The synthesis of AuNPs in the presence of CM-SH and CM peptide, under different experimental condi-
tions. Reproduced with permission.[249] Copyright 2016, Elsevier B.V. D) Conjugation of 1018K6 peptide to polymer-AuNPs via carbodiimide chemistry. 
Reproduced with permission.[255] Copyright 2018, American Chemical Society. E) Schematic illustration of the preparation of antimicrobial peptide 
conjugated cationic AuNPs and their interaction with pDNAs and cells. Reproduced with permission.[256] Copyright 2016, Elsevier B.V.
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Palmieri et  al. conjugated 1018K6 peptide (VRLIVKVRIWRR) 
to hybrid polymer coated AuNPs via carbodiimide chemistry 
(Figure 18D).[255] The 1018K6 peptide were designed by Palmieri 
with specific antibacterial activity against L. monocytogenes, one 
of the most common food pathogens.[186] The resulting nano-
materials showed an enhanced antibacterial activity with MICs 
at submicromolar (<100  nm) concentrations of peptide, which 
killed almost 100% of pathogen bacteria, such as Listeria and 
Salmonella genera. Such low concentration of this small pep-
tide, bioconjugated to AuNPs, paved the way for its large-scale 
production and usage at sustainable costs.[255]

Peptide–AuNPs can act as potential candidates for both 
antimicrobial and drug delivery. Peng et  al. modified AuNPs 
with AMP as non-viral vectors for gene delivery with anti-
bacterial activity (Figure  18E).[256] The peptide has sequence 
(CACWQVSRRRRG) from lactoferrin, which is an iron-binding 
protein from the innate immune system with anti-fungal and 
antibacterial properties. The hybrid nanomaterials exhibited 
excellent antibacterial activity for both Gram-positive and Gram-
negative bacteria. Moreover, it demonstrated efficient delivery 
of gene encoding VEGF into wounds in vivo, leading to suc-
cessful introduction of blood vessel formation.[256] Zhang and  
co-authors developed AuNP-stabilized liposomes in which van-
comycin was encapsulated and released in the presence of toxin 
from active bacteria, thus significantly inhibiting the bacterial 
growth.[257] Wang et  al. conjugated cationic AuNPs with AMP 
(LL37) and pro-angiogenic (VEGF) plasmids to form AuNPs@
LL37/pDNA hybrid nanomaterials, which showed significantly 
improved gene transfection efficiency in keratinocytes com-
pared with pristine AuNPs/pDNAs. Moreover, the hybrids dem-
onstrated higher antibacterial activity than the free peptides and 
AuNPs alone in vitro and in vivo, and improved the expression 
of VEGF and accelerated diabetic wound healing.[258]

Besides AuNPs, other nanomaterials conjugated with AMPs 
such as AgNPs[259–267] and magnetic nanoparticles[268,269] were 
also reported on improving the antimicrobial activity. For 
instance, Yuan et  al. developed AMP-functionalized magnetic 
nanoparticles incorporated with gold-coated silver-decorated 
graphene oxide (Au@Ag-GO) for the simultaneous isolation, 
detection (based on SERS), and killing of bacteria.[268]

4.2. Antifouling Activities

Non-fouling coating is relevant in a wide range of applications, 
including medical devices, immunological diagnostic, marine 

coatings, biosensing and so forth.[270–273] In the development of 
stable, sensitive, and selective biosensors, transducer surfaces 
that resist the nonspecific adsorption of proteins and unwanted 
adhesion of cells are of great significance and problematic 
challenges.[274,275] For instance, during surface plasmon reso-
nance analysis, the surface fouling of sensor chips may block 
the specific binding sites and mask the analytic signal which 
greatly reduce the accuracy of quantitative results. Therefore, 
functional materials that can prevent nonspecific protein and 
cell adsorption from actual complex media and meet the needs 
of practical applications have received increasing attention. 
As reported by Merrill[276] and Whitesides and co-workers,[277] 
nonfouling surfaces should be electrically neutral, hydrophilic, 
and possess hydrogen bond acceptors but not hydrogen bond 
donors.[278] Although exceptions to these rules have been 
observed,[279] many coatings including polymers with anti-
fouling properties exhibit these features.

Two major classes of antifouling materials such as hydro-
philic and zwitterionic materials have been successfully used 
for the development of protein/cell-resistant surfaces.[280,281] 
Peptides, composed of natural amino acids, can possess high 
hydrogen bond donor/acceptor ability due to the carbonyl, 
amine, and hydroxyl groups in the peptide backbone and side 
chains. Some amino acids, such as Glu, Lys, and Arg nor-
mally acquire a negative or positive charge at physiological 
pH because of the formation of deprotonated carboxyl groups 
(COO−) and protonated amine groups (NH3

+). These amino 
acids allow for the design of peptides which are close to elec-
trically neutral similar to zwitterionic materials. The charged 
carboxyl and amine groups are easy to form a layer of hydra-
tion on the surface via hydrogen bonds, which makes the pep-
tide hydrophilic and thus capable of reducing protein adsorp-
tion through common hydrophobic interactions. In addition, 
peptides are usually synthesized by a solid-phase technique, 
and the synthetic process is rapid and convenient. Moreover, 
peptides are normally biocompatible in nature, which make 
them suitable for the synthesis of zwitterionic bio- and coating 
materials. Therefore, some peptide-based antifouling materials, 
such as hydrophilic peptoids[282,283] and zwitterionic short pep-
tides[284–286] have been developed and exhibit high antifouling 
abilities (Table 5). For example, Jiang’s group has synthesized 
a peptide (EKEKEKEPPPPC) that exhibited strong antifouling 
feature to both lysozyme and fibrinogen (Figure 19A,B).[284,285] 
In order to further demonstrate the controlled cell adhe-
sion by using this antifouling peptide instead of using PEGs, 

Table 5.  Antifouling peptides for biosensing.

Peptide sequences Binding strategy Applications and matrix Ref.

CALNN Thiol-gold Maintaining stability of AuNPs and enabling subsequent detections [139,288]

EKEKEKE zwitterionic peptides, including
EKEKEKE-PPPPC

Thiol-gold Breast cancer biomarker (BRCA1), DNA detection tested in serum [284,285,289,290]

EKEKEKE-PPPPC Thiol-gold ATP sensor in 1% human whole blood [258]

CRERERE, zwitterionic peptides Thiol-gold Protein-resistant self-assembled monolayer (SAM)  
surface for anti-fouling function

[287]

EESKSESKSGGGGC, zwitterionic peptides Thiol-gold Alpha-fetoprotein detection [291]

SGKGSSGSST Thiol-gold Biomimetic proteophobic SAM surface [292]
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cell-binding sequence RGD was added to the N-terminus of 
the peptide. The results of cell adhesion increased gradu-
ally as the percentage of RGD–peptide increased, indicating 
that the antifouling peptide was a good candidate for the con-
trol of undesirable non-specific binding (Figure  19C). Ye et  al. 
have also reported a zwitterionic peptide with the sequence of 
CRERERE and an amphiphilic sequence of CYSYSYS, both of 
which could easily self-assembled on gold surface via thiolate-
containing Cys (Figure 19D).[287] The comparison of their anti-
fouling performance revealed that the zwitterionic peptide pos-
sessed better resistance to both single protein and natural com-
plex fluids than that of the amphiphilic peptide (Figure 19E,F). 
Although these peptides exhibited excellent antifouling perfor-
mances, their applications for the construction of biosensors 
and assaying in complex media have rarely been reported. One 
exception is the pentapeptide CALNN aforementioned with 
excellent antifouling properties. They have been used for higher 
stability of modified AuNPs as well as for higher specificity of 
sensing performance in the detection of cTnI.[139,157]

4.3. Other Functional Peptides

AuNP self-assembly into patterns is one of the major challenges 
in nanotechnology applications, especially for the assay develop-
ment based on LSPR.[293] Particular interests have been directed 
toward employing peptides to facilitate the assembly/synthesis 
process due to their chemical flexibility and versatility.[294–300] 
Despite the general targeting function of peptide–gold played 
in gene therapy,[20,204,301,302] peptide–AuNP conjugates have 
also been utilized for kinetic studies which revealed details on 
the effect of protease activity[303] and aggregation progress[304] 
that helps the improvement of existing assays. Most interest-
ingly, peptide–AuNP ensembles have been demonstrated to 
greatly enhance the transesterification of the p-nitrophenyl 
ester of N-carboxybenzylphenylalanine (by over two orders of 
magnitude).[21] Zaramella et al. reasoned that the peptide cata-
lyst–AuNP conjugates served as a multivalent scaffold and cre-
ated a local microenvironment which favored the turnover rate 
(Figure 19G). It showed the capability of substituting enzymatic 

Figure 19.  A) Peptide sequence of self-assembled monolayers containing molecular recognition part (RGD, purple), ultra-low fouling part (EK repeats, 
blue), and surface anchoring part (PPPPC, green). B) Protein adsorption tested by SPR on the anti-fouling peptide (the one containing EK repeats and 
PPPPC as linker) SAMs showing little attachment for both fibrinogen (black) and lysozyme (white), compared to other two. C) Cell adhesion images 
showing increasing cell densities cultured on peptide monolayer as percentage of RGD-peptide increased (from 0% to 100%). Reproduced with 
permission.[284] Copyright 2012, American Chemical Society. D) Schematic illustration of the self-assembly process of thiolated zwitterionic peptides 
onto Au surface. Nonspecific proteins binding on both zwitterionic peptides and amphiphilic/non-ionic peptides SAMs with simple solution (E) and 
natural complex solution (F). The zwitterionic peptide (white) showed a better anti-fouling function than the amphiphilic/non-ionic peptide (black). 
Reproduced with permission.[287] Copyright 2015, American Chemical Society. G) Schematic illustration of the designed peptides N-terminated with 
His (No: 1–3) self-assembly onto positively charged AuNPs which enabled the catalysis of transesterification by using the substrate Cbz-Phe-ONP. 
Reproduced with permission.[21] Copyright 2012, American Chemical Society. H) Schematic illustration of dispersed and aggregated JR2EC-AuNPs trig-
gered by Zn2+ ions (upper) and their visualizations in multiphoton-laser scanning microscopy, respectively (lower). Reproduced with permission.[23] 
Copyright 2017, American Chemical Society.
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proteins with peptide–AuNP conjugates for catalytic applica-
tions. Most recently, Aili, Ericson, and their teams have utilized 
peptide–AuNP conjugates as a stimuli-responsive medium for 
multiphoton-induced luminescence in multiphoton micros-
copy, which opens up a potential way for non-invasive optical 
biosensing as well as imaging (Figure 19H).[23]

5. Future Challenges and Opportunities

Realization of novel sensing/targeting strategies by using 
peptide–gold nanoconjugates against new types of targets is 
challenging but very interesting. Although many excellent 
peptide–AuNP based assays have been developed as discussed 
earlier, most of them interact with only a small part of targets 
redundantly. For example, most of the enzyme-responsive con-
jugates summarized in Table 2 target only a few catalytic reac-
tions: proteolysis and (de)phosphorylation. Detections of many 
other enzymes that are critical in specific pathological processes 
have yet been developed using peptide-AuNPs. Opportunity 
remains for the detection/screening of chiral molecules/drugs 
with the specific designed peptide or peptide-assisted-assembly 
of chiral structured AuNPs (chiral plasmonics).[24] Peptide with 
designed conformation would potentially provide high affinity 
for enantioselective detection or separation of chiral molecules, 
such as the reported 3D metal–organic frameworks based on 
tripeptide glycine (Gly)-l-His-Gly.[29] Moreover, it is an informa-
tive approach to run simulations of molecular interactions for 
the design of functional peptides.[305] Alternatively, as it is much 
easier to obtain dozens of mild peptide receptors rather than 
one with high binding affinity, proper peptide arrays can be 
designed from those mild peptides and utilized as one func-
tional unity, which mimics olfactory sensing.[306,307]

Improving sensitivity is always worthy to consider though it 
really is a challenge when pushed to the limits. The most direct 
way of improving sensitivity is to have a better peptide receptor 
with higher binding affinity/catalytic rate with respect to target 
molecules. Small ligand addition may also be required in 
order to boost the binding affinity, though the result is largely 
unpredictable. Another direction for sensitivity improvement 
originates from the physical properties on AuNPs. Many 
efforts have been adopted over years by varying the shape of 
AuNPs or constructing novel nano-assemblies,[79,308,309] which 
aim to monitor the tiny changes of the local refractive index 
of the surroundings. Additionally, combinatorial approaches 
employing peptide–AuNPs have been used to improve the 
sensitivity in various detections. Despite the FRET strategy 
that bridges quantum dots and peptide–AuNPs as mentioned 
earlier,[76,84,310] electrochemical methods have been widely 
explored jointly with other nanoscale materials such as carbon 
nanotube[77] and silicon nanowires.[311] Raman spectroscopy 
also has been used to significantly enhance the sensitivity of 
AuNP-based assays.[312] Last but not least, computational tools 
greatly facilitate conventional approaches. Biomolecular simu-
lation efficiently improves binding affinity between functional 
peptides and targets during the designing and selecting pro-
cess. Raw data processing that monitors small peak shifts and 
eliminates unnecessary noise has been used to boost the sensi-
tivity as well.[70,313]

Applying functional peptide-AuNP conjugates in real sam-
ples for field tests or clinical diagnosis/imaging and therapy is 
another challenging but necessary move. First of all, the overall 
performance (referring to sensitivity, specificity, stability, etc.) 
is usually interfered by the complexed molecules in real sam-
ples such as serum albumin, fibrinogen, IgG, enzyme, and so 
forth.[157] Hence, the majority of summarized biosensing works 
in this review are still limited in relatively clean aqueous condi-
tions. Nevertheless, peptide receptors with mild affinity against 
target molecules may be suitable for clinical monitoring in 
real-time where spontaneous reversible binding is required. 
Stability as another important criterion in overall performance 
is not much affected due to the high robustness of peptides. 
Second, toxicity has to be considered when in/ex vivo tests 
are conducted. It is reported that the toxicity of peptide–AuNP 
conjugates can be affected by various reasons such as size, 
shape, surface, and environment.[314] However, there is lack of 
standard database from systematic toxicity studies.[315,316] It thus 
requires continuous attention as more technologies are trans-
ferred toward real tissues, organs, or in vivo.

Performance in real samples is not necessarily the only con-
sideration as stated in previous paragraphs. When dealing with 
real practical applications, more issues like simplicity, cost, 
and eco-efficiency must be considered and they sometimes 
compromise one another. It is a real challenge to harmonize 
them according to various conditions. For trace biomolecule 
detection in well-equipped laboratory, performance has to be 
the top priority with high sensitivity and specificity, which may 
be time-consuming or skill-requiring. On the other hand, in the 
remote area, the simplicity and cost become key considerations 
to enable cheap, quick, user-friendly, and robust assays.[317] In 
both cases, eco-efficiency is not negligible,[318] which can be 
greatly helped by environmental-friendly materials and reus-
able assays. Although usage of functional peptide-AuNP con-
jugates are usually simple, cheap, and robust, efforts are still 
required to satisfy those key criteria simultaneously, if not all 
of them.

Taken together, functional peptide-gold nanomaterials have 
been employed in a wide range of targeting applications, and 
we anticipate that novel peptide design and nanotechnolo-
gies will pave the way for future application in the biomedical 
domain and beyond. Facing the challenges on the way to solve 
real/clinic sample detection with high sensitivity and specificity, 
cell targeting/imaging and medical therapy will be long-lasting 
problems to address for the medical, bioengineering, and sur-
face and material science communities.
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