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Abstract: Nobel metal can be used to form a category of nanoparticles, termed noble metal
nanoparticles (NMNPs), which are inert (resistant to oxidation/corrosion) and have unique physical
and optical properties. NMNPs, particularly gold and silver nanoparticles (AuNPs and AgNPs),
are highly accurate and sensitive visual biosensors for the analytical detection of a wide range of
inorganic and organic compounds. The interaction between noble metal nanoparticles (NMNDPs)
and inorganic/organic molecules produces colorimetric shifts that enable the accurate and sensitive
detection of toxins, heavy metal ions, nucleic acids, lipids, proteins, antibodies, and other molecules.
Hydrogen bonding, electrostatic interactions, and steric effects of inorganic/organic molecules with
NMNPs surface can react or displacing capping agents, inducing crosslinking and non-crosslinking,
broadening, or shifting local surface plasmon resonance absorption. NMNPs-based biosensors have
been widely applied to a series of simple, rapid, and low-cost diagnostic products using colorimetric
readout or simple visual assessment. In this mini review, we introduce the concepts and properties
of NMNPs with chemical reduction synthesis, tunable optical property, and surface modification
technique that benefit the development of NMNPs-based colorimetric biosensors, especially for the
visual quantification. The “aggregation strategy” based detection principle of NMNPs colorimetric
biosensors with the mechanism of crosslinking and non-crosslinking have been discussed, particularly,
the critical coagulation concentration-based salt titration methodology have been exhibited by derived
equations to explain non-crosslinking strategy be applied to NMNPs based visual quantification.
Among the broad categories of NMNPs based biosensor detection analyses, we typically focused
on four types of molecules (melamine, single/double strand DNA, mercury ions, and proteins) with
discussion from the standpoint of the interaction between NMNPs surface with molecules, and
DNA engineered NMNPs-based biosensor applications. Taken together, NMNPs-based colorimetric
biosensors have the potential to serve as a simple yet reliable technique to enable visual quantification.

Keywords: noble metal nanoparticles; colorimetric; biosensor; critical coagulation concentration; salt
titration; melamine; single/double stranded DNA; Hg2+ ; proteins

1. Introduction

Noble metals include ruthenium, rhodium, palladium, silver, osmium, iridium, platinum, and
gold. Key features of the metals are resistance to oxidation/corrosion and scarcity in the earth’s crust.
The bulk of the noble metal nanoparticles (NMNPs) center around gold and silver nanoparticles
(AuNPs and AgNPs) [1]. NMNPs have attracted interest from researchers due to their tunable and
unique physical and biochemical properties [2,3]. By formulating noble metals into nanoscale materials,
their shape, surface charge, composition, and chemical functionality impart unique capabilities
in a variety of biological, engineering, and biomedical applications [4,5]. Their ease of synthesis,
chemical durability, functional flexibility, biocompatibility, and low toxicity afford NMNPs a wide
range of applications. The purpose of this mini-review is to analyze and interpret the development of
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NMNPs-based colorimetric biosensor for visual detection in recent years. The main idea throughout
the mini-review is primarily focused on the NMNPs-based “aggregation strategy”, with the discussion
of two main types (crosslink and non-crosslink). We primarily focus on four types of representative
analyses (melamine, single/double strand DNA, mercury ions, and proteins) as typical examples
of presenting the development of NMNPs-based colorimetric biosensor detection. For each type
of analyses, the mini-review is focus on the interaction between NMNPs surface and molecules
by electrostatic, hydrogen bonding, surface potential, and etc., and DNA engineered NMNPs as
colorimetric biosensors for visual quantification. We also survey each type analyses with one or two
reported classic sensing examples, followed with recent reported interesting results and discussed
with benefits, challenges, and future directions.

1.1. NMNPs Synthesis

Recently, numerous strategies have been developed to enhance the functionality of NMNPs,
particularly by precisely controlling size, shape, and monodisperse of the nanoparticles (Figure 1).
The most common synthetic preparations of NMNPs follow the methods that were set forth by
Turkevich and Frens [6-11]. The Turkevich method is based on a single-phase metal salt redox reaction
with sodium citrate to produce spherical NMNPs. This redox reaction is carried out in a boiling aqueous
citrate solution. In the reaction, citrate serves as a reducing agent, capping agent, and buffering agent.
In a typical AuNPs preparation, the mole ratio of HAuCly and sodium citrate are crucial in proper
formulation. The amount of sodium citrate determines the pH in this reaction. As the hydrolysis of
HAuCly take place, different precursors would form at different pK, value with components, such as
(a) AuCl3(OH)~, (b) AuCl,(OH),~, (c) AuCl(OH)3~, and (d) Au(OH)s. The sodium citrate is oxidized
to form sodium acetone dicarboxylate and it induces the reduction of several auric precursors to AuCl-
during the pH dependent reaction process. Using this method, monodispersed spherical AuNPs can
be synthesized, and, based on pH of the reaction, nanoparticle size can be tuned, resulting in particles
with diameters that ranged from 10 nm to 100 nm [12]. The Turkevich method has also been utilized
with Ag ions by using sodium citrate and silver nitrate to synthesize monodisperse quasi-spherical
nanoparticles [13,14]. Again, pH is still the major consideration to control nanoparticle size. Sodium
citrate acts as a reducing agent and stabilizer to induce a reduction of [(Ag), *-Citrate] ions, thereby
playing a key role in reducing Ag ions to AgNPs with a kinetic growth behavior. Tannic acid has also
been used as an effective stabilizer and reducer, and polyvinylpyrrolidone (PVP) have been used as
co-surface stabilizer and growth modifier to further improve the spherical AgNPs synthesize with a
monodispersed size of 5 nm [15]. Another common NMNP synthesis protocol implements the earlier
work of Brust and Schriffin [16-19]. The Brust method involves a two-phase metal salt reduction
by sodium borohydride (NaBHy) in the presence of an alkanethiol stabilizer. In a typical AuNPs
preparation, tetra-n-octylammonium bromide (TOAB) is utilized as a phase transfer catalyst of AuCly~
from the aqueous to organic phase. The phase transfer of AuCly” forms AuNPs with a tunable size
from 1 to 5 nm. This preparation of AuNPs enables their surface to be coated with a monolayer
alkanethiol that can be modified with various functional groups. This alkanethiol monolayer also
provides AuNPs much greater stability, eases drying, purification, and enhances the stability of the
nanoparticle suspension. The procedure to synthesize AgNPs utilizes TOAB dissolved in toluene as a
two-phase transfer system. For this method, aqueous AgNO3 is dropped solution, followed by NaBH,
as reducing agent and alkanethiol as a chemical stabilizer [20].
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Figure 1. Synthesizing Ag nanostructures: (A) ethylene glycol (EG) leads to the formation of nuclei.
As the nuclei grow, fluctuations cease and their structure becomes static and contains multiply twinned
boundary defects, single twinned boundary defects, or are single crystalline with no boundary defects.
The seeds are then grown into different nanostructures like (B) spheres, (C) cubes, (D) truncated
cubes, (E) right bipyramids, (F) bars, (G) spheroids, (H) triangular plates, and (I) wires. Reprinted with
permission from Chemical Reviews, 2011, 111, 6, 3669-3712. Copyright (2011) American Chemical Society.

In addition to two optimal methodologies, other chemical reduction based NMNPs synthesis
methods (sodium borohydride, seeding/growth, green synthesis, ionic liquids-based, and etc.) provided
NMNPs as a versatile platform for NMNPs-based colorimetric biosensor development [20,21]. When
comparing with two classic NMNPs synthesis strategies, seeding/growth is another most simple,
efficient, and versatile method for preparing high quality NMNPs [22,23]. During the first stage of
seeding/growth synthesis, metal precursor has been used to form nanoseeds by the reducing agent.
Utilizing the cationic surfactants by adsorbing onto specific seed facets, the nanoseeds could further
grow into NMNPs during the second stage of synthesis. A small concentration of additional ions has
been used to control the NMNPs aspect ratio. By separating nucleation (first stage) and growth (second
stage), NMNPs could be exactly prepared with uniform size and size distribution by this convenience
method in a large reaction scale. Furthermore, the water-immiscible ionic liquid is another emerging
method for preparing NMNPs in recent years. The ionic liquids (ILs) can be employed as a medium
to transfer NMNPs from the aqueous phase to the organic phase. Unlike the Brust method, NMNPs
synthesized by the ILs method could be preserved during the phase transfer without capping of thiols
and amines. By tuning the size and shape, NMNPs could be obtained by large reaction scale, as the
ILs play as reducing and capping agents [24-26]. In sum, all of the methods are extensively used in
NMNPs synthesis, which offers NMNPs a fundamental breakthrough that has advanced research in
the NMNPs-based biosensor technique.

1.2. Unique Optical Properties

Colloidal solutions of NMNPs display bright intense reflected colors due to their unique interaction
with visual light [27,28]. This optical enhancement arises from the NMNPs free electrons that endure
as a collective coherent oscillation that produces a surface plasma state (Figure 2). NMNPs surface
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plasmas resonate at a particular frequency and this surface plasmonic resonance phenomenon is termed
as the localized surface plasmon resonance (SPR) [29]. The SPR oscillation decays by radiating its
energy converting this energy into scattered light. The particle shape, geometry, degree of interaction
with adjacent particles, dielectric function of NMNPs, and the presence of nearby dielectric objects
determine the light scattering. The quasi-static approximation framework has been used to analyze the
influence of the factors (geometrical size and dielectric environment) with the SPR effect. The particle
diameter (d) and an electromagnetic wavelength (A) should be under the condition of d « A for small
particles. When d approaches the nanoscale with a homogenous state in medium with a dielectric
constant, the oscillating dipole moment (p) could be described, as following;:

p(t) = £0€mopEge 1Vt (1)

with ey and ¢ as dielectric constant, « as the complex polarizability, Eq as applied field, and w as the
angular frequency (w = 27-c/A).
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Figure 2. The schematic illustration of (A) UV spectrum of 13 nm AuNPs colloid system and (B) the
oscillation of conduction electrons across the AuNPs in the electromagnetic field of the incident light.

All NMNPs have a characteristic extinction coefficient in visible light and AuNPs/AgNPs have
particularly high molar extinction coefficients (1 x 108 to 1 x 1010 M1 cm_l). Therefore, AuNPs and
AgNPs have superior optical properties to other metal nanoparticles as probes for visual detection.
For instance, monodispersed spherical AuNPs have a red wine color. This color is from AuNPs
absorption of light in the green-blue range (about 450 nm) and the reflection of red wavelengths
(approximately 700 nm). As the AuNPs size, shape, interparticle distance, and dielectric environment
vary, the boarding surface plasma absorption shifts localized SPR frequency by moving from visible
to invisible (near infrared) wavelengths. This color shift is a key phenomenon that make it potential
to develop colorimetric visual biosensors. AgNPs also share many interesting phenomena with
AuNPs. They can absorb and scatter light via the SPR effect with an especially intense surface plasmon
absorption band that peaks at 400 nm. AgNPs have a stronger extinction coefficient (1000x), the same
size AuNPs, and the optical properties of AgNPs can also be tuned by controlling the size, shape,
interparticle distance, and altering surface ligands [30]. Hence, AuNPs and AgNPs with physical and
chemical properties, like higher extinction coefficient and strong surface plasmon resonance (SPR)
absorption make them particularly suitable as visual detection probes.

1.3. Surface Modification

The NMNPs surface modification is important for controlling NMNPs size by increasing colloidal
stability and providing new functionality to the NMNPs (Figure 3). Electrostatic, steric, or a combination
of both force maintain colloid system stability [31,32]. The electrostatic repulsion, steric exclusion, and
hydration layer on the NMNPs surface are three main repulsive forces that prevent NMNPs aggregation
in aqueous solution. As a typical example of AuNPs that were prepared via the Turkevich method,
electrostatic repulsion is the main force to maintain AuNPs stability. Ligands need to be attached to the
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AuNPs surface by stronger covalent bonds to improve repulsion force. As a typical example of Brust
method prepared AuNPs, an alkanethiol stabilizer is produced with gold-thiol chemistry to provide
AuNPs surface with a self-assembling monolayer (SAM) enhancing the hydrophobic effect to prevent
aggregation with a much smaller monodispersed size than the Turkevich method.
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Figure 3. Gold nanostructures can be conjugated with a wide variety of functional moieties, both
through the gold-thiolate bond and by passive adsorption. Reprinted with permission from Chemical
Society Reviews, 2011, 40, 44-56. Copyright (2011) American Chemical Society.

Additionally, AuNPs can gain new functionality while using a ligand exchange reaction. Citrate
groups can be exchanged with bifunctional ligand molecules (containing both carboxylic acid and thiol
groups) through electrostatic interactions to attach new ligands onto the Turkevich prepared AuNPs.
With the assistance of destabilizing salts, AuNPs can be precipitated and ligands can be exchanged
onto the surface of AuNPs [33,34]. In the literature, interesting phenomena based on ligand exchange
include sensing, imaging, and self-assembly of nanoparticles. Thiol groups showed great affinity
with the NMNPs surface, especially in covalent bonds with gold. The degree of ligand exchange is
related to the reaction time and ligand feed ratio with NMNPs. In addition to covalent thiol/metal
interaction, non-covalent/physical adsorption is another way of providing conjugate ligands, such as
bovine serum amino oxidase by aminic groups onto NMNPs surface [35]. Other conjugation methods,
such as click chemistry based Cu(I)-catalysed azide—alkyne cycloaddition and carbohydrates using
strain-promoted azide-alkyne cycloaddition (SPAAC), also provide NMNP surfaces with a wider
functional activity [36,37].

2. Principle of NMNPs Visual Detection Strategies

NMNPs are ideal colorimetric probes for visual biosensor research. Utilizing their unique
visual properties that are derived from their SPR and extinction characteristics, many biological
and medical applications have been developed while using NMNPs, especially AuNPs and AgNPs
as colorimetric probes [38-42]. AuNPs and AgNPs based “aggregation strategy” biosensors could
be predominantly divided into two major types that are based on the mode of analyses induced
nanoparticles aggregation mechanisms: crosslinking and non-crosslinking. Based on each type of
aggregation mechanism, NMNPs produce a visible color change when molecules of interest reach
a critical concentration threshold. The detecting molecules that induce NMNPs aggregation have a
specific chemical group that can react or physically interact with the NMNPs surface ligand, or alter
the NMNPs dielectric environment. The reactions and/or interactions produce a linear relationship
between NMNPs colorimetric readout that corresponds to the detecting molecules concentration.
Thereby, NMNPs provide a great platform for visual biosensor and many biosensors have been
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developed by using AuNPs or AgNPs as colorimetric probes for sensitive and selective detection of
molecules. The strategy that is based on the analyses that can trigger the altering of NMNPs size,
shape, and degree of interaction by the “non-aggregation” strategy (etching or the growth) is another
branch of NMNPs colorimetric biosensor research field [43]. In this mini-review, we are particular
focusing on the NMNPs-based “aggregation strategy” and its colorimetric biosensor applications.

2.1. Two Major Types of NMNPs-Based Colorimetric Biosensors

The principle of NMNP crosslinking-based colorimetric biosensors is predicated on the specific
interaction between detecting molecules and surface modified ligands. The ligands have been designed
with a functional group (amine- or thiol-) to covalently bond to the NMNPs surface and a second
group designed with a specific chemical structure that could capture the detecting molecules by
intermolecular interaction (e.g., electrostatic interactions, hydrogen bonding, hydrophobic interactions,
van der Waals forces) [44]. Different types of functionalized ligands, such as short chain organic
molecules, have been synthesized and modified onto NMNPs surfaces [45-47]. Thiol-gold chemistry
is the most popular method for AuNPs modification [48-50]. The ligands with thiolate group could
covalently attach to the AuNPs surface by a gold-thiol reaction. Different ligands, such as peptides,
antibodjies, single stranded oligonucleotides, and aptamers, have been modified onto the surface
of AuNPs by gold-thiol reactions to improve sensitivity and selectivity [51-55]. Various molecules,
such as toxic heavy ions, pesticide residues, drugs, proteins, and nucleic acids, have been accurately
detected at extremely low concentrations while using the techniques [56-58]. When the concentration
of the molecule(s) of interest reach a critical point, AuNPs crosslinking aggregation begins, and this,
in turn, produces a spectrum of color change in the AuNPs corresponding to the concentration of
the molecule(s) of interest. Herein, the amount of molecule(s) of interest could be determined by the
AuNPs colorimetric readout and it is possible for the visual quantification by naked eyes without the
assistance of a spectrophotometer.

For the NMNPs-based non-crosslinking, there is no requirement to label the functionalized ligand
on NMNPs surface. For instance, the molecule(s) of interest can induce AuNPs into non-crosslinking
aggregation by changing the surface potential, which, in turn, alters electrostatic double layer thickness
and Debye length, ultimately determining the stability of the colloidal solution. Our group previously
reported an unmodified AuNPs-based colorimetric biosensor for melamine detection [59]. The principle
of this detection strategy utilizes the intrinsic interaction between melamine and the AuNPs surface
by adjusting the surface potential to achieve detection. Similar strategies have been reported in
other label-free AuNPs-based colorimetric biosensors that have been developed for the detection
of various molecules [60-63]. The molecule(s) of interest have a common chemical structure with
primary amine group or nitrogen atom on exocyclic ring, which can interact with the noble metal
surface [64-66]. Single stranded DNA has been reported to attach to the surface of noble metals. Its
base group, especially adenine, produces a very strong interaction with gold surface [67-69]. It is
reported that oligonucleotides of different conformations could adsorb to AuNPs with a different
binding strengths and produce AuNPs with differing degrees of aggregation [70,71]. Several label
free colorimetric biosensors have been designed for specific detection of nucleic acid with an extreme
accuracy even at low-concentrations based on this intrinsic interaction [72-74]. Herein, the unmodified
AuNPs non-crosslinking aggregation strategy avoids the complications of AuNP surface modification.
Additionally, this strategy has been used to develop assays that are comparable to the crosslinking
biosensor strategy.

2.2. Critical Coagulation Concentration-Based Salt Titration Strategies

The critical coagulation concentration (CCC) strategy (Figure 4) as a visual biosensor was
developed by Li et al. while using the NMNPs non-crosslinking strategy in 2014. Different from other
NMNP-based strategies, the CCC depends on adjusting ion concentration or strength to determine the
concentration of the molecule(s) of interest. Below, we have derived equations to explain this strategy
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principle. The Derjaguin and Ladau, Verwey and Overbeek (DLVO) theory is the classical explanation
of the stability of a colloidal system. In the theory, two type forces: (a) the Van der Waals attraction and
(b) the electrostatic double layer repulsion theoretically explains the stability of a colloidal solution.
It was supposed that the interaction between two particles should be: (a) planar particle, (b) symmetric
electrolyte, (c) high surface potential, and (d) two particles far enough apart [75]. The total interaction
energy in DLVO theory is the summation of the above two forces, which is defined by:

Aa

Vr=Va+Vr=-0r

+ 27 egoaf In[1 + exp(—«h)] )
where V7 is the total interaction energy, V, is Van der Waals attraction energy, VR is electrostatic
double layer repulsion energy, A is the Hamaker constant, h is the smallest distance between surfaces
of two particles, a is particle radius, ¢, is the dielectric constant of water, ¢ is electric permittivity of
free space, g is surface potential, and k is the inverse Debye length, which is defined by
1
1000e*N4 (21) |?
C— A(2D) (3)
eregkT

e is electric charge of electron, Ny is Avogadro number, I is ionic strength, k is Boltzmann constant,
and T is temperature.
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Figure 4. Schematic illustration of critical coagulation concentration based salt titration for visual
quantification (A) AuNPs based colorimetric method for single strand and double DNA detection and
(B) salt-titration based colorimetric method for determining the adsorption strength between NMNPs
and oligonucleotides. Reprinted with permission from Journal of Laboratory Automation, 2014, 19, 82
and the 9th IEEE International Conference on Nano/Molecular Medicine and Engineering 2015, 15-18.
Copyright (2014) SAGE Journals (2015) IEEE and Copyright Clearance Center.

The CCC is defined as the minimum concentration of counter ions to induce colloid system rapid
coagulation [76,77]. The condition of the CCC is based on the total interaction energy

L dvp
Vr=0,—==0 (4)
as we solve the Equation (4), we get
Aa  2mereoa
= - In[1 —kh)] =

Vr o2 + o n[1+exp(-kh)] =0 (5)
dv Aa
d_hT = K27eregoap? In[1 + exp(—«h)] = 0 (6)

by solving h and k, we could get
kh=2 (7)
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by substituting k equation into Equation (5), we could get

Vr = + 27ereganpy In[1 + exp(—2)] = 0 8)

1
Aa[1000e?N 4 (21) ]2
24 eregkT

by solving the Equation (8), the CCC could be obtained,

2.3.3.1,4
o 0039722 e gk T o
A2e2N

From the derived Equation (9), we find that the CCC is proportional to the fourth power of the
surface potential. According to the Schulze-Hardy rule, CCC is proportional to the inverse sixth power
of the counter ion valence [77-79]. This power relationship between CCC and surface potential indicates
that CCC could be used as a very sensitive amplify read-out signal that increases detection accuracy to
present the degree of surface potential change. As we know, the surface potential strength directly
determines the colloidal solution stability. We assume that we could control the salt concentration
by adjusting the electrostatic repulsive barrier to influence the colloid stability. As we see from the
Equation (9), many other physical factors could also affect the colloidal stability. However, when
compared to other factors, the ion concentration and strength is a simple and convenient method to
analyze colloidal stability. Hence, we want to utilize the CCC-based salt titration strategy to develop a
reliable way to visually quantify melamine concentration. CCC salt titration could be an elegant and
sensitive detection method when compared to surface potential-based visual detection. Our group
reported a salt titration method that is based upon the addition of an appropriate amount of salts to
induce a small change of surface potential to detect melamine [65,80]. The analyses (melamine and
nucleic acid) concentration corresponds to the CCC and they could be quantified by this strategy with
high accuracy, even at extremely low concentrations.

3. NMNPs Visual Detection Applications

Utilizing NMNPs unique optical properties, NMNPs-based colorimetric biosensors have been
widely reported to detect small organic molecules, toxic metal ions, oligonucleotides, and proteins in
aqueous and physiological media [81-83]. Probes have been physically or chemically attached to the
NMNPs surface to improve the sensitivity and specificity of detection performance. Currently, studies
on the “aggregation strategy” of controlled nanostructures with other NMNPs geometries, such as
rods and triangles, are in progress. In this mini-review, we are particularly focusing on spherical
NMNPs-based (AuNPs and AgNPs with a small part of platinum nanoparticles (PtNPs)) biosensor
applications by the “aggregation strategy”. Melamine, single and double stranded DNA, Hg?*, and
proteins have been selected as four types of analyses to exhibit NMNPs-based colorimetric biosensor
performance by selectively and sensitively detecting molecules at an extremely low concentration
(limited of detection (LOD)). Detailed discussion of other analyses (metal ions, anions, and small organic
molecules) detected by NMNPs based biosensor has been suggested in other relative comprehensive
reviews [81-83].

3.1. Melamine Detection

Melamine (C3HgNpg) is a nitrogen rich chemical with a 1,3,5-triazine skeleton. It is widely used in
industry to produce millions of tons of plastic resins per year. Melamine has been illegally added to food
products in order to increase the apparent protein content (nitrogen content) because of the cheap price
and high nitrogen content (66%). Melamine has been reported to cause kidney failure by the formation
of insoluble crystallized complexes. As a hot topic of food safety discussion, melamine has caused the
deaths of thousands of pets, and thousands of Chinese babies to develop kidney stones. Undoubtedly,
there is great need to develop reliable and highly sensitive sensors that can be used to detect melamine



Chemosensors 2019, 7, 53 9 of 23

residues for food safety [84,85]. Conventional analytical instrument (e.g., chromatography spectrometry,
mass spectrometry, capillary electrophoresis, infrared spectrometry, Raman spectrometry, and ELISA
methods) have been reported as approaches for melamine detection [86]. The analytical techniques are
sensitive, specific, and reliable; however, they are time consuming and require expensive instruments
and complicated experimental protocols. An ideal analytical technique for melamine detection
should be rapid, reliable, cost-effective, and it should not require expensive instrumentations or
advanced training to perform the test. AuNPs and AgNPs as colorimetric probes for visual detection
meet the criteria. The two main strategies for AuNPs/AgNPs-based colorimetric probes are surface
ligand functionalized nanoparticles and unmodified nanoparticles. Based on the two strategies,
AuNPs/AgNPs-based melamine detection methods have been widely reported for their specificity
and sensitivity [87-90]. AuNPs/AgNPs-based colorimetric approaches with a high sensitivity and
selectivity detection performance have been recently reported in the literatures (Table 1).

Table 1. Recent reported AuNPs/AgNPs-based colorimetric biosensors for melamine detection.

. Detection Instruments . Detection
Nanomaterials Probe Employed Interaction Limit Ref
- Naked eyes .
AuNPs Cyanuric acid UV-vis Hydrogen bonding 0.3 uM [59]
Naked eyes .
AuNPs Salt UV-vis Surface Potential 3.9 uM [65]
AuNPs Dithiothreitol Na{l;\e/(ilveiﬂzes Hydrogen bonding 24 nM [91]
AuNPs H,0, N%(f/‘flvz’es Hydrogen bonding 0.4 uM [92]
AuNPs Melamine Optical fiber Surface Potential 33 nM [93]
Naked eyes .
AuNPs Aptamer UV-vis Electrostatic 0.4 nM [94]
AuNPs Size UV-vis Surface Potential 1.1 nM [95]
Hydrogen
AuNPs Aptamer/Salt UV-vis bonding/Surface 22nM [96]
Potential
. Naked eyes .
AgNPs Dopamine UV-vis Hydrogen bonding 9.5 uM [97]
AgNPs Cyclodextrin N%(;s;lvizes Hydrogen bonding 5uM [98]
AgNPs Ascorbic acid N%(\e;jlvzes Hydrogen bonding 0.8 uM [99]
AgNPs Gallic acid UV-vis Hydrogen bonding 3.6 nM [100]
AgNPs Succinic UV-vis Hydrogen bonding 10 nM [101]
AgNPs Tannic acid UV-vis Hydrogen bonding 10 nM [102]
AgNPs Unmodified UV-vis Surface Potential 0.3 uM [103]

Utilizing the ligand functionalized approach, cyanuric acid derivatives can be conjugated onto
the AuNPs surface [104]. As the cyanuric acid derivative could form a stable complex with melamine
via hydrogen bonding, melamine could induce cyanuric acid derivative functionalized AuNPs to
perform a self-assembly behavior. The self-assembly aggregation is a colorimetric phenomenon
and it has to be utilized as a specific and sensitive method to detect melamine at an extremely
low concentration. Similar ligands, such as 3-mercapto-1-propanesulfonate, 18-crown-6 ether,
4-amino-3-hydrazino-5-mercapto-1,2,4-triazol, and other molecules that form hydrogen bonds with
melamine, have been attached to AuNPs and AgNPs for detection purpose [90,105]. Due to the
complexity of the surface functionalization technique, unmodified AuNPs offer another attractive
pathway for melamine detection. Li et al. reported an unmodified AuNPs-based colorimetric readout
for the visual quantification of melamine [59]. The amine group and nitrogen atom on melamine
exocyclic skeleton have an intrinsic interaction with the unmodified AuNPs surface. The surface
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attached melamine disturbs the stability of AuNPs colloid system by lowing the surface potential.
Additionally, melamine reacts with cyanuric acid and forms a stable complex that produces turbid
metric signal. With the dual signal readouts of colorimetric and turbid metrics, melamine could be
quantitatively detected with great sensitivity by this strategy (Figure 5). Similar modified AuNPs
platforms, such as chitosan, citrate capped, DNA, and bared surface surfactant strategies, have been
reported as reliable detection approaches [61-63].
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Figure 5. (A) Dynamic light scattering (DLS) demonstration of melamine concentration-dependent
increases in particle size and (B) spectrophotometric demonstration of color shift. Reprinted with
permission from Applied Physics Letters, 2010, 96, 133702. Copyright (2010) American Institute
of Physics.

Insights into the mechanism by understanding the intrinsic interaction between melamine and
the AuNPs surface would promote the development of unmodified AuNPs-based melamine detection
strategy [59]. Primary amine groups and nitrogen atoms on the exocyclic ring skeleton of melamine
could have a stronger interaction with AuNPs surface. Recent investigations have suggested that a
surfactant of citrate ions on the AuNPs surface could be replaced by ligand exchange with multiple
nitrogen sites of melamine [89]. Although no direct evidence has been reported to show how melamine
is adsorbed on the AuNDPs surface, related interaction studies give important hints to understand
this key thermodynamic property. It has been reported that primary amine groups can be strongly
bound to electron deficient surface sites of metal nanoparticles [106-108]. Two modes of bonding of
amine molecules with AuNPs were identified: (a) weak electrostatic complex involving the protonated
amine molecules with chloroaurate ions and (b) covalent bond of [AuCl(NH;R)] complexes [108].
The AuCl,~ is one of several precursors during the sodium citrate induced reduction reaction of
AuCly~. The AuNPs surface would have many binding sites for molecules containing amine groups
on either AuCly~ to AuCl,”. The sites provide coordination binding between melamine and the
AuNPs surface. Furthermore, the nitrogen atoms on the exocyclic ring skeleton of adenine have a
similar chemical structure, as melamine and nitrogen atoms have been demonstrated to coordinate
with AuNPs surface. Hence, we suppose that three nitrogen atoms on the melamine exocyclic ring
structure could bind to AuNPs surface, and three exocyclic primary amine groups would promote the
formation of AuNP aggregation [59]. Several physical interaction factors influence melamine surface
adsorption (e.g., surface charge density, Deby length, and thickness of electrical double layer). Thus, a
more in depth understanding of the surface adsorption of melamine to AuNPs offers novel strategies
to further develop the unmodified AuNPs-based colorimetric biosensor detection technique.

3.2. DNA Detection

A sequence specific approach for detecting DNA without the use of the lab complicated analytical
equipment would be revolutionary for the diagnosis of genetic disorders and infectious pathogenic
diseases. The use of unmodified or surface engineered AuNPs/AgNPs have been widely reported for
visual DNA detection. AuNP and AgNP platforms provide nucleic acid detection system advantages
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with similar performances as other traditional diagnostic methods (fluorescence probe, RT-PCR, ELISA,
and microarray assay). AuNPs/AgNPs/PtNPs-based colorimetric approaches with a high sensitivity
and selectivity detection performance have been reported in literature in recent times (Table 2).

Table 2. Recent reported AuNPs-based colorimetric biosensors for DNA detection.

Instruments Detection

Nanomaterials  Detection Probe Interaction .. Ref
Employed Limit
AuNPs ssDNA/salt PCR Electrostatic N/A [109]
AuNPs ssDNA/dsDNA Naked eyes Hybridization 100 ftM [110]
AuNPs K* aptamer N%(sfvizes Hybridization N/A [74]
AuNPs Hairpin UV-vis PCR Amplification 5pM [111]
AuNPs ssDNA UV-vis Hybridization N/A [112]
AuNPs ssDNA UV-vis Hybns‘i‘lfa“"“ 204fM  [113]
AuNPs Unmodified UV-vis Hybridization N/A [114]
PtNPs Graphene oxide UV-vis Peroxidase mimetic 0.4 nM [115]

Elghanian et al. reported an approach to detect DNA while using DNA engineered AuNPs [51].
In the approach, single stranded thiolate mercaptoalkyl-oligonucleotides were conjugated onto AuNPs
surface via thiol-gold interactions. The DNA engineered AuNPs have be used as colorimetric detection
probes for nucleic acid detection. The conjugated single stranded DNA on the AuNPs surface could
hybridize to 30 bases target DNA sequence via “Watson and Crick” A-T, G-C base pairing. Induced by
the target DNA, the DNA engineered AuNPs could cross-link together by the complementary probes
decorated on the AuNPs surface under the hybridization condition and form the AuNPs network.
The colloidal AuNPs solution would have a distinguishable color shift (i.g., red to purple) as the
AuNPs interparticle distance decrease. By transferring aggregation products to a reverse phase silica
plate, the colorimetric changing degree could be used as a signal to achieve visual sensing. As a
result, this revolutionary detection strategy provides a DNA LOD as low as 10 femtomoles. To further
develop this strategy, the AuNPs surface was capped with 3’- and 5’-(alkanethiol) oligonucleotides,
to complex a 24-based DNA target molecule [116]. This strategy could distinguish the target sequence
with a probe tail, or a sequence with a single base pair deletion (a base pair insertion). Otherwise, Li et
al. demonstrated utilizing unmodified AuNPs to detect single and double stranded DNA (Figure 6).
The work reported on electrostatic interaction between single or double strand DNA and AuNPs.
The results pointed out that the single strand DNA could adsorb onto the surface of citrate capped
AuNPs with a rate that depends on the DNA sequence. After attaching to the unmodified AuNPs, the
phosphate backbone of single strand DNA would promote colloid stabilization against the salt induced
surface potential change. Based on this observation, label free AuNPs have been demonstrated for
specific sequence detection without any surface functionalization chemistry. This strategy has been
practiced on a clinical sample of genomic DNA for single nucleotide polymorphisms (SNPs) associated
with a fatal arrhythmia known as long QT syndrome. The detecting result is visually determined and
it does not need any analytical equipment.

Li et al. reported a critical coagulation concentration (CCC)-based salt titration method and used
on unmodified AuNPs for visual detection and quantification of DNA concentration [65]. Single and
double stranded DNA have a different surface binding strength with AuNPs. The colloid stability
is directly dependent on the sequence length and temperature. Based on this intrinsic interaction
between AuNPs and single or double strand DNA, Li et al. explored the possibility of utilizing
CCC-based salt titration for single and double stranded DNA concentration quantitative detection.
Visual quantification of DNA with the critical coagulation concentration-based salt titration and the
effects of salt type, titration concentration, and volume interval have been studied and compared
by titration step, volume, final CCC, and degree of color change. Unlike spectrometer-based DNA
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detection approaches, the CCC-based salt titration provides a visual quantification approach without
sophisticated analytical equipment. CCC-based salt titration could be used as a highly suitable
detection tool in situations of low setting resources without sacrificing sensitivity and accuracy.

l Denaturation l - —
[ S

l Mixing with gold l

I — ——
——— e —
@® o0 . .,

Figure 6. (A) Schematic of the detection protocol. The mixture of PCR product and probes is denatured
and annealed below the melting temperature of the complementary probes followed by addition of
gold colloid. The long blue and green lines represent the PCR-amplified DNA fragments, and the
pink and light blue medium bars represent the excess PCR primers. The short blue and green bars
are complementary probes that bind, resulting in Au-np aggregation (purple color). The short purple
and orange bars are non-complementary probes that do not bind and adsorb to the Au-np, preventing
Au-np aggregation and leaving the solution pink. (B) Color photographs of the resulting solutions with
complementary probes (a) and non-complementary probes (b). Reprinted with permission from Journal
of the American Chemical Society, 2004, 126, 10958-10961. Copyright (2004) American Chemical Society.

3.3. Hg?* Detection

AuNPs and AgNPs have been widely used for the visual detection of toxic metals ions (i.g.,
Hg?*") [117]. Hg?" have a strong interaction with sulfur and nitrogen atoms, and forms S-Hg?*-S and
N-Hg?*-N compounds. Therefore, it provides a pathway for colorimetric biosensor detecting Hg?* by
the interaction between Hg?" and NMNPs surface specific ligands with sulfur and nitrogen atoms.
A number of ligands (i.g., dithioerythritol, cysteine, peptides, proteins, and DNA) with specific sulfur
and nitrogen atoms have been decorated onto AuNPs and AgNPs for detecting Hg?*. The ligands
interact with Hg?* by a metal-ligand interaction and they cause the AuNPs and AgNPs a degree of
aggregation with a rapid color change [118-120]. AuNPs/AgNPs/PtNPs-based colorimetric approaches
with a high accuracy and selectivity detection performance have been reported in literature in recent
times (Table 3).

In 2007, Lee et al. reported DNA engineered AuNPs for Hg?* detection (Figure 7). A highly
sensitive and selective DNA engineered AuNPs based on the thymidine/Hg?*/thymidine coordination
chemistry was reported. This novel biosensor could be capable of selectively detecting Hg?" in a
nanomolar concentration range. Hg-thymidine dimers have been extensively investigated due their
high toxicity and denature of double stranded DNA [118]. The thermodynamic results indicated that
(A)10T(A)10-(T)21 exhibit a much higher transition profile in the presence of ngJr than in its absence.
When comparing with A-T pair interaction, Hg mediates T-Hg-T dimers have been recognized as a
much higher bonding energy. It is reported that there is no notable transition profile in the presence
of other metal ions (i.g., Ag™, Cu?*, Ni?*, Pd?*, Co?*, Mn?t, Zn2*, Pb2t, Cd?+, Mg2+, Ca?t, Fe?t,
Fe3t, and Ru2+). Therefore, this thermal transition evidence provide DNA engineered AuNPs with an
excellent mean for selective and sensitive detection of Hg?* ions. For instance, two complementary
DNA sequence have been designed and modified onto AuNPs surface for detecting purpose. They
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are 5'HS-Cqp-A19-T-A1p3" and 5'HS-Cqp-T19-T-T103" with only one mismatch of T in the sequence.
The mismatch pair could form a stable bond in the presence of Hg?* by thymidine/Hg?*/thymidine
complex. When comparing with the matched pair, two engineered AuNPs with mismatch probes
exhibit a rapid color shift in the presence of Hg?" [119]. Hence, this approach could be used as
an idea tool to selectively detect Hg?* in an aqueous environment. Otherwise, unmodified AuNPs
with mercury specific oligonucleotides have been developed for Hg?* colorimetric detection [121].
The approach is based on the interaction between single stranded DNA with AuNPs surface in the
presence of NaClOy. The single stranded DNA has be sequence designed with a strong interaction
with AuNPs surface by its nucleosides groups. Preventing by electrostatic repulsion force, the single
stranded DNA on AuNPs surface could utilize its phosphate backbone to prevent AuNPs from the
surface potential induced aggregation. When comparing with single stranded DNA, the double
stranded DNA could not influence the AuNPs colloid stability. Double stranded DNA does not
have free nucleoside groups, as single stranded DNA attach AuNPs surface and perform as surface
electrostatic stabilizer. Hg?* could induce single strand DNA folding into hairpin structure by the
thymidine/Hg?* interaction. By removing the surface attached single stranded DNA, the method
could be used as an idea tool to selectively detect Hg?* as the DNA engineered AuNPs. Unmodified
AgNPs exhibit a similar trend as DNA engineered AuNPs and achieved the Hg?* LOD of 17 nM [122].
Although AgNPs is unmodified, the specific single stranded DNA with reasonable T design showed a
selective targeting behavior and it excludes the disturbance of other metal ions Ag*, Cu?*, Ni%*, pd?+,
Co%*, Mn?*, Zn?*, Pb%*, Cd?+, Mg2+, Ca?*, Fe?*, Fe®*, and Ru?*.

Table 3. Recent reported AuNPs/AgNPs/PtNPs-based colorimetric biosensors for Hg2+ detection.

Instruments Detection

Nanomaterials  Detection Probe Interaction - Ref
Employed Limit
AuNPs DNA UV-vis Nitrogen 10nM  [119]
Interaction
AgNPs Oligonucleotides UV-vis Nltrogv.en 17 nM [121]
Interaction
AuNPs Citrate/Tween 20 UV-vis Redox reaction 100 nM [123]
Hexadecyl
AuNPs trlmethyl UV-vis Anti-aggregation 11.9nM [124]
ammonium
bromide (CTAB)
AuNPs Thymine UV-vis Nltroggn 10 nM [125]
Interaction
. . Nitrogen
AuNPs Thymine UV-vis Interaction 3.6 pM [126]
AuNPs Hydrogen UV-vis Redox reaction 8.9 pM [127]
peroxide
AgNPs Alginate Naked eyes Redox reaction 53nM [128]
I Naked eyes Nitrogen/Sulfur
AgNPs Thiamine UV-vis Interaction 5nM [129]
AgNPs Sodium cholate Naked eyes Redox reaction 12nM [130]
UV-vis
. Naked eyes Nitrogen
AgNPs Melamine UV-vis Interaction 1.8 pM [131]
PtNPs Citrate UV-vis Inhibition 8.5 pM [152]
peroxidase
PENPs Organic UV-vis Inhibition 035nM  [133]

frameworks peroxidase
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Figure 7. Colorimetric detection of mercuric ion (Hg?") using DNA-AuNPs. Reprinted with permission
from Angewandte Chemie Internaltional Edition, 2007, 46, 4093-4096. Copyright (2007) John Wiley &
Sons, Inc.

3.4. Protein Detection

AuNPs and AgNPs based colorimetric biosensors for protein detection is a major research
interdisciplinary area between chemistry, biology, and nanotechnology. The development of protein
detection methodologies are extensively required, as the target protein is considered as an important
index involved in medical diagnostics, pathogen detection, and proteomics. AuNPs/AgNPs based
colorimetric approaches with high accuracy and selectivity performance have been reported in literature
in recent times (Table 4).

Table 4. Recent reported AuNPs/AgNPs-based colorimetric biosensors for protein detection.

. Detection Instruments . Detection
Nanomaterials Probe Analyses Employed Interaction Limit Ref
AuNPs sSDNA/ Proteins UV-vis DNA folding Pico g5
polyelectrolyte molar

Bacteria Naked eyes

AuNPs/AgNPs Unmodified Non-specific 0.5 uM [135]

proteins UV-vis
AuNPs Unmodified Thrombin N%(:z]c_lveizzes DNA folding 0.83 nM [136]
AgNPs Aptamer Thrombin N%(s;lvizes Microfluid chip 20 pM [137]
AuNPs Polymer/aptmer  Lysozyme UV-vis Crosslinking 44nM [138]
AuNPs Aptamer PDGFs UV-vis Specific binding ~ 3.2nM [139]
AuNPs Peptide MMP-7 UV-vis _ Peptide 5nM [140]
Interaction

The most extensively protein detection methods are mass spectrometry with electrospray ionization
(ESI) and matrix-assisted laser desorption ionization (MALDI), and enzyme-linked immunosorbent
assay (ELISA), which have been widely used in research and clinical labs for precise protein quantitation.
However, the high accuracy analytical equipment suffer from some drawbacks (i.g., complex protocols,
high cost, time consuming, large test sample requirements). To further satisfy the convenient
methodologies for protein detection requirement, NMNPs based biosensor have been develop
and seen progress in the colorimetric and visual detection of a various proteins (i.g., thrombin,
lysozyme, platelet derived growth factors (PDGFs), and matrix metalloproteinase-7 (MMP-7)) [141,142].
Based on the “aggregation strategy”, AuNPs have been functionalized with carbohydrate probes as
“glyconanometarials” and are used as excellent colorimetric biosensor platforms for protein detection.
Carbohydrate and protein have an intermolecular and intramolecular interaction between protein
and carbohydrate moieties. Otsuka et al. reported PEGylated AuNPs with distal end decorated with
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lactose (Lac) to selectively detect Recinus Communis Agglutinin (RCA1y0) [143]. RCA1yg is a bivalent
lectin that could interact with the galactose residue. RCA 1o induces the Lac-AuNPs aggregation with a
pinkish-red to purple color shift and this aggregation state is reversible by adding galactose to achieve
Lac-AuNPs recycling function with a LOD of 1 ppm. Takae et al. further develop this idea by processing
various functionalities of lactose ligand on the PEG (0 to 65%) to study the ligand density influencing
the binding affinity with lectin [144]. The PEGylated AuNPs with 40% and 65% lactose show a
time dependent kinetic aggregation behavior and it indicates that the optimization of ligand surface
density could prevent nonspecific interactions by the PEG layer to promote the AuNPs-based biosensor
sensitivity. Wang et al. undertake the fundamental study and reported using dissociation constant
(Kg) to evaluate the binding affinity between glyconanoparticles and proteins [145]. Lectin has been
used as the protein mode and AuNPs have been decorated with mono-, oligo-, and polysaccharides
with different linker type, spacer length, and ligand density. The results indicate that the longer
spacer would provide a highest binding strength with ligand density increase, as AuNPs would
enhance this interaction by decreasing the size. Aptamer-based protein detection strategy is another
interesting strategy that has been applied on AuNPs/AgNPs-based colorimetric biosensors for protein
detection [146,147]. Aptamers (single stranded DNA oligonucleotides) can interact with targeting
molecules by their specific secondary structure and they provide a new bio-recognition platform. Based
on the specific interaction with protein, aptamers have been decorated onto AuNPs surface or used as
label free to achieve the protein detection goal. For instance, Huang et al. developed aptamer modified
AuNPs as a highly specific sensing system for three PDGFs detection [139]. Aptamer used to conjugate
onto AuNPs surface in a three-way helix junction with a conserved single stranded loop at the branch
point. The aptamer has a high binding affinity with PDGFs (AA) with a K4 value of 10 nM and 0.1 nM
with PDGFs (BB and AB). After decorating onto AulNPs surface by thiol-gold reaction, the sensitivity of
Apt-AuNPs have a salt dependent behavior, with an optimum condition of 200 mM NaCl with LODs
at nanomolar level. Aptamer-based unmodified AuNPs have been reported as a colorimetric method
for protein detection. Wei et al. reported a simple and sensitive method for thrombin detection by
aptamer label free AuNPs [136]. This method avoid the conjugating technique causing the problems
(i.g., complex protocols, weakened affinity). It is reported that thrombin and its corresponding 29-mer
binding aptamer have been used as model to study the AuNPs based colorimetric detection. Thrombin
could competitively bind with 29-mer aptamer and induced AuNPs surface attached 29-mer aptamers
forming G-quadruplex/duplex. AuNPs would lose the stability after the interaction occurred and the
AuNPs aggregation would be promoted by a high salt concentration environment. The result indicate
that the thrombin induced colorimetric degree is linear correlated to the thrombin concentration with
LOD of 0.83 nM. Besides two classic strategies, Xia et al. reported “universal” unmodified AuNPs based
biosensor to detect small molecules, proteins, and ions by the interaction between free single/double
stranded DNA with the cationic polyelectrolyte in the presence of thrombin with LOD 10 nM [134].
Chen et al. have reported peptide functionalized AulNPs by the thiol group of cysteine residue for
matrix metalloproteinase-7 (MMP-7) with a LOD of 5 nM [140]. Li et al. reported utilizing the AuNPs
and AgNPs for the naked eye detection of proteins by the colorimetric sensor array [135]. Thomas et al.
have reported the interaction of AuNPs with protein cationic regions for the potential development of
AuNPs based analytical assay [148]. All of the interesting works demonstrate the AuNPs and AgNPs
have the practical potential to be developed as a rapid, sensitive, cost-effective and reliable biosensors
for the future protein detection.

4. Conclusions and Outlook

NMNPs based biosensor would be an ideal detection tool for the future visual quantification.
The SPR effect and high extinction coefficient of NMNPs make them ideal visual probes for colorimetric
based analytical applications, including visual detection and spectrometry. The NMNPs intrinsic
merits would promote researchers continuing develop NMNPs as a sensitive and selective biosensor.
However, NMNPs based colorimetric biosensors are developed under laboratory settings. Transferring
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them into “on-shelf” products need to overcome the main difficulties: (1) reproducible of NMNPs large
scale synthesis; (2) consistent NMNPs shape and size by batch; (3) stability and denaturation of NMNPs
surface conjugated biomolecule ligands; and, (4) interferences causes sensitivity/selectivity problems
by the cellular components, tissues, and etc. [149]. To avoid the shortcomings, the development
of NMNPs surface conjugation techniques and the understanding of interaction between NMNPs
surface and analyses provide two suggestions for advancing the development of NMNPs based
colorimetric biosensors. As the development of NMNPs surface conjugation technique, bimolecular
ligand candidates could be decorated onto NMNPs surface with a high biostability and yield, low
time cost, and less complexity protocols. DNA engineered NMNPs would directly benefit from
the technique by conjugating biological molecules (i.g., aptamers, peptides, and oligonucleotides)
utilizing the specific interaction with analyses to achieve high detection performance. With the further
understanding of the interaction between NMNPs surface and analyses, the non-crosslinking strategy
provides NMNPs based colorimetric biosensors another pathway by easy controlling physical factors
to improve the performance of sensing assay. Inspired by this idea, the CCC salt titration approach has
been developed and it is comparable to other sensing assays by optimizing condition to achieve a more
sensitive detection goal. In collusion, NMNPs colorimetric biosensors are user friendly, adaptable,
inexpensive, and do not require complex analytical instruments. They would offer a wide range of
potential applications, including environmental testing, food safety, and biomedical industries in
the future.
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