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Design of Gold Nanoparticle-Based Colorimetric

Biosensing Assays

Weian Zhao,” Michael A. Brook,** and Yingfu Li*®®

Gold nanoparticle (AuNP)-based colorimetric biosensing assays
have recently attracted considerable attention in diagnostic ap-
plications due to their simplicity and versatility. This Minireview
summarizes recent advances in this field and attempts to provide
general guidance on how to design such assays. The key to the
AuNP-based colorimetric sensing platform is the control of colloi-
dal AuNP dispersion and aggregation stages by using biological
processes (or analytes) of interest. The ability to balance interpar-
ticle attractive and repulsive forces, which determine whether
AuNPs are stabilized or aggregated and, consequently, the color
of the solution, is central in the design of such systems. AuNP ag-
gregation in these assays can be induced by an “interparticle-
crosslinking” mechanism in which the enthalpic benefits of inter-

1. Introduction

The controlled assembly and disassembly of gold nanoparticles
(AuNPs) has been a subject of great interest over the past
decade due to the potential applications of these particles in
nanobiotechnology.!" Their unique physical properties,”® partic-
ularly their localized surface plasmon resonance (LSPR; sec-
tion 2), make AuNPs attractive building blocks for nanoscale
electronic and photonic devices as well as signal transducers
and/or signal amplifiers in a variety of biosensing platforms
that exploit colorimetric (through interparticle plasmon cou-
pling or local refractive index change-induced plasmon band
shifts),*@  plasmonic light scattering,®™ surface-enhanced
Raman scattering (SERS),® fluorescent,*™ and electrochemi-
cal assays.F™

Of particular interest is the AuNP-based colorimetric biosen-
sor, which takes advantage of the color change that arises
from the interparticle plasmon coupling during AuNP aggrega-
tion (red-to-purple or blue) or redispersion of an AuNP aggre-
gate (purple-to-red)."**¥ Since the first DNA sensor was devel-
oped by Mirkin and co-workers,” this platform has been in-
creasingly applied for the detection of a large variety of tar-
gets, (Tables 1 and 2) including nucleic acids, proteins, saccha-
rides, small molecules, metal ions, and even cells. It is quickly
becoming an important alternative to conventional detection
techniques (e.g., fluorescence-based assays) and holds great
potential in clinical diagnostics, drug discovery, and environ-
mental contaminant analysis, among others.

In this Minireview, we attempt to summarize the recent ad-
vances in the development of AuNP-based colorimetric bio-
sensing assays that employ AuNP aggregation and dispersion.
Given that excellent, but general, review articles for some rele-
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particle bonding formation overcome interparticle repulsive
forces. Alternatively, AuNP aggregation can be guided by the con-
trolled loss of colloidal stability in a “noncrosslinking-aggrega-
tion” mechanism. In this case, as a consequence of changes in
surface properties, the van der Waals attractive forces overcome
interparticle repulsive forces. Using representative examples we il-
lustrate the general strategies that are commonly used to control
AuNP aggregation and dispersion in AuNP-based colorimetric
assays. Understanding the factors that play important roles in
such systems will not only provide guidance in designing AuNP-
based colorimetric assays, but also facilitate research that ex-
ploits these principles in such areas as nanoassembly, biosciences
and colloid and polymer sciences.

vant topics on AuNPs exist (the preparation, surface functional-
ization, physical properties, applications including biosensing
platforms other than absorption-based colorimetric as-
says,'**2¢  biomolecule-mediated nanoassembly,"®” DNA
nanotechnology,” and nanoparticle-based bioanalysis®), we
will address the subject from the standpoint of colloid chemis-
try and attempt to provide general guidelines on how to
design AuNP-based colorimetric biosensors by tuning interpar-
ticle forces and controlling AuNP colloidal stability and aggre-
gation. We begin with a brief introduction of the physical
phenomenon (i.e., colors) associated with AuNPs and their ag-
gregation, briefly discuss the interparticle forces of AuNPs, and
describe general strategies to stabilize or aggregate these col-
loidal particles. After providing a general background, we will
concentrate on the design of biosensing assays through the
modulation of AuNP stability and aggregation, which utilize
both interparticle crosslinking and noncrosslinking aggregation
mechanisms.
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Table 1. Typical types of interparticle (bio)recognitions and their representative target analytes in AuNP-based colorimetric biosensing assays by using the
interparticle crosslinking aggregation mechanism. See Figure 3 and the main text for a detailed description of each platform.

Platform Interparticle biorecognition
DNA-DNA aptamer-target antibody-  streptavidin-  lectin-sugar metal-ligand  other chemical
antigen biotin interactions®
A nucleic acids,> ! thrombin,™ cells,"  antibody"**! streptavidin* lectin,"* " chol- heavy cysteine and glutathione,"*¥
DNA binding mole- PDGF,#! ATP14d era toxin!"" metals,'! phage™m
cules,m'”ﬂ HgZ+'[13(,14k] Cu“,““”] KH14g)
proteins,"*? cysteine,'*
cytokine!™Y
B Pb?*, adenosine, biotin'29 glucose,®
cocaine!™ protein—protein
interaction!”
C Pb2+;[18ﬂ K+,[14C] protease'['lBa] ﬁ_lactamase'[18d]

adenosine,“sg] Cu2+ N4d

D kinase!"*
E DNase [
F pH[19(,d,14\]

streptavidin

kinase!

phosphatase,* H,0,,'®

protein modification!'
[14n]

proteasel2®

192] cytochrome c!'*!

[a] These include AuNP crosslinking with molecules that bear multiple AuNP surface binding sites (e.g., thiol) through chemical interactions (e.g., Au-S).

Table 2. Typical platforms and their representative target analytes in
AuNP-based colorimetric biosensing assays using the noncrosslinking ag-
gregation mechanism. See Figure 4 and the main text for a detailed de-
scription of each platform.

Platforms G H |

targets  DNA,P% KF,2d ATPR221 adenosine,®?  DNA,?" adeno-
thrombin, 2> ki- DNase 1,23 sine,"? adenosine
nase’[ug,h] ng+,[22j] Pb2+,[23b] deaminase'[ﬂ] K+[12]
lysozyme,??! nucleic acids®"

phosphatase'"”

2. Localized Surface Plasmon Resonance of
AuNPs

Small AuNPs (normally 10-50 nm in diameter) in water or glass
appear deep-red in color, a phenomenon that has fascinated
people since ancient Roman times. The physical origin of this
phenomenon is associated with the coherent oscillation of
AuNP surface electrons (localized surface plasmon) induced by
the incident electromagnetic field.">® When visible light shines
on AuNPs, the light of a resonant wavelength is absorbed by
AuNPs and induces surface electron oscillation. Small AuNPs
(e.g., 13 nm in diameter) absorb green light, which corre-
sponds to a strong absorption band (surface plasmon band) at
~520 nm in the visible light spectrum; therefore solutions of
AuNPs appear red in color (Figure 1B, red line). For small
AuNPs, surface electrons are oscillated by the incoming light in
a dipole mode. As the size of the AuNP increases, light can no
longer polarize the nanoparticles homogeneously, and higher
order modes at lower energy dominate. This causes a red-shift
and broadening of the surface plasmon band."™ This also ex-
plains the corresponding surface plasmon band shifts (red-
shift) and color changes (red-to-purple) that are observed
during the aggregation of small AuNPs (Figure 1B, blue line).
When AuNPs aggregate, their surface plasmons combine (in-

2364

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

o
@ O

Target analyte

Dispersed Aggregated
AuNPs AuNPs
! =
Aggregated
T AuNPs
=
°©
=
=
=
= Dispersed
= AuNPs
400 500 600 700 800 900

Alnm ————

Figure 1. A) General schematic representation of absorption-based colori-
metric AuNP biosensing assays by using AuNP aggregation and dispersion.
B) Typical surface plasmon absorption bands for 13 nm AuNPs in the visible
light region. The red and blue curves correspond to dispersed and aggregat-
ed AuNPs, respectively.

terparticle plasmon coupling), and the aggregate could be
considered as a single large particle, although the detailed in-
terparticle plasmon coupling is rather complex and dependent
on many factors, such as aggregate morphology and nanopar-
ticle density."™ For the detailed physics of LSPR and interparti-
cle plasmon coupling, which is beyond the scope of this Mini-
review, we recommend some excellent review articles, such as
refs. [1a,b, 2].

It is the predictable color change during AuNP aggregation
(or redispersion of an aggregate) that provides an elegant plat-
form for absorption-based colorimetric detection with AuNPs
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as signal reporters.”) A target analyte or a biological A)
process that directly or indirectly triggers AuNP ag-
gregation (or redispersion of an aggregate) can be
detected by the color change of the AuNP solution
(Figure 1A). As interparticle plasmon coupling can
generate a huge absorption band shift (up to cEms
~300 nm), the color change can be observed by the -\W-
naked eye, and therefore sophisticated instruments i
are not required for qualitative analysis. Importantly,
owing to their extremely high extinction coefficients
(e.g., 27x10 M 'ecm™" at ~520 nm for 13 nm spheri-
cal AuNPs, >1000 times higher than those of organ-
ic dyes),"@ AuNP-based colorimetric assays have
high sensitivity, which is comparable to that of con-
ventional biodetection assays that, for example, use
fluorescence."*® For quantitative analysis, the ab-
sorption spectra are recorded (normally at an arbitrarily chosen
assay time, given the fact that AuNP aggregation is a continu-
ous process) by using a standard spectrophotometer (Fig-
ure 1B). The ratio of the absorbances at 520 nm, which corre-
sponds to dispersed particles, and a longer wavelength (e.g.,
600 nm) for a given system, which corresponds to aggregated
particles, is often used to quantify the aggregation process or
color change. Sometimes, an aggregation parameter, which
measures the variation of the integrated absorbance between,
for example, 600 and 700 nm, is used for quantitative analysis,
and this method can provide a higher sensitivity.®" Typically,
the detection limit of current AuNP-based colorimetric assays,
without signal amplification steps, is in the range of nm to
um—depending on both the design of the system (sections 4
and 5) and the binding affinity of the biomolecule receptor
used in the assay.

3. Colloidal AuNP Stabilization

The key to the AuNP-based colorimetric sensing platform is
the control of the colloidal AuNP dispersion and aggregation
stages with a biological process (or analyte) of interest. AUNP
stabilization or aggregation depends on the net potential be-
tween interparticle attractive and repulsive forces.”

AuNPs after preparation are often stabilized against van der
Waals attraction-induced aggregation by surface-tethered cap-
ping ligands—species used to control AuNP growth in the
AuNP preparation process. For instance, AuNPs prepared by
the classic citrate reduction method"” are stabilized in water
by charged citrate ions on their surface. The stability of AuNPs
can be further controlled to an exceptional degree through
the introduction of colloidal stabilizers (see below) by using
chemical grafting methods (e.g., Au-thiol, Au-amine), electro-
static adsorption and physical adsorption, etc. Common colloi-
dal stabilizers include charged small molecules, polymers, and
polyelectrolytes, which stabilize the colloidal particles through
electrostatic, steric, and electrosteric (a combination of electro-
static and steric) interactions, respectively (Figure 2).1

With respect to electrostatic stabilization (Figure 2A), the
surface charges, together with the counter ions in the
medium, form a repulsive electric double layer that stabilizes
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Figure 2. Schematic representation of colloidal stabilization through A) small charged
molecules on the AuNP surface (electrostatic stabilization), B) surface grafted polymers
(steric stabilization), and C) surface grafted charged polymers (electrosteric
stabilization)

91

colloids against van der Waals attractive forces.”>¥ A character-

istic feature of electrostatic repulsion is its high sensitivity to
the bulk ionic strength; the force of electrostatic repulsion di-
minishes significantly at high salt concentrations, when the
electric double layer is highly suppressed.”¥ This explains
why citrate-capped AuNPs are stabilized in water but undergo
aggregation at elevated salt concentrations (e.g., 50 mm
NaCl).'™

In the case of steric stabilization®®? (Figure 2B), macromo-
lecules grafted on colloid surfaces in a “good solvent”—that is,
a solvent in which steric stabilization diminishes with decreas-
ing solubility—impart a polymeric barrier that prevents col-
loids from coming too close, and van der Waals attractive
forces can dominate.*>®" Essentially, the penetration of poly-
mer chains on colloids when they approach each other results
in a loss of polymer configurational entropy, which disfavors
the aggregation process.”®7 Steric stabilization is much less
sensitive towards ionic strength than electrostatic stabilization.
Rather, the molecular weight of the macromolecule and sur-
face graft density are more important factors. In general, thick-
er polymer layers and higher graft densities lead to more effec-
tive steric stabilization.*®"

Electrosteric stabilization provided by surface-tethered
charged polymers (Figure 2C) is probably the most effective
strategy to stabilize colloidal particles.®®7 DNA (negatively
charged polymer) modified AuNPs represent an excellent ex-
ample of such systems. DNA-modified AuNPs with high DNA
graft density remain stabilized even at very high salt concen-
trations (e.g., 300 mm MgCl,). Steric factors are expected to
play a major role in stabilizing AuNPs at salt concentrations in
which the electrostatic repulsion is significantly diminished."?

4, Interparticle Crosslinking Aggregation

The controlled aggregation of AuNPs in absorption-based col-
orimetric biosensing assays can be realized by interparticle
bonding formation (interparticle crosslinking aggregation
mechanism) or by the removal of colloidal stabilization effects
(noncrosslinking aggregation mechanism). Interparticle cross-
linking aggregation is, so far, the most common approach
through which AuNPs are brought together. This occurs either
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by using crosslinker molecules that have multiple binding sites
for the receptor molecules on AuNPs (Figure 3A), or by the
direct interaction (without crosslinkers) between receptor-
modified AuNPs and AuNPs to which complementary (or anti-

A) Noncrosslinker
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Figure 3. Interparticle crosslinking AUNP aggregation. A) AuNPs are brought
together by crosslinking molecules that have multiple binding sites for the
corresponding receptors on AuNPs (pathway A). Biological recognition
events (or processes) that remove (or break) crosslinking molecules cause
AuNP deaggregation (pathway B). Biological recognition events (or process-
es) that can modify crosslinking molecules (pathway C) or receptors on
AuNP surface (pathway D) can indirectly control AuNP aggregation and
deaggregation. B) AuNP aggregation is induced by direct recognition (with-
out crosslinkers) of receptor-modified AuNPs and complementary (or anti-
receptor) AuNPs. Biological recognition events (or processes) that break
these interparticle interactions result in AuNP deaggregation (pathway E).
The AuNP aggregation process can also be regulated by biological processes
that modify surface-attached receptors (pathway F). See the main text for
detailed description of different assay designs in pathways A-F.

Biological
modification

L B

Nonreceptor-AuNPs

receptor) molecules are attached (Figure 3B). In the case of in-
terparticle crosslinking initiated aggregation, the enthalpic
benefits of interparticle bond formation (e.g., H-bonding, elec-
trostatic attraction, hydrophobic interaction, metal-ligand co-
ordination) associated with interparticle biological recognition,
overcome the interparticle repulsive forces (electrostatic and/
or steric repulsion). Typical biological recognition events in-
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clude DNA hybridization, aptamer-target interactions, anti-
body-antigen interactions, streptavidin-biotin interactions,
lectin-sugar interactions, and metal-ligand coordination. Fur-
thermore, biologically relevant organic molecules (such as pep-
tides) that have multiple gold surface binding tags (such as
thiol and guanidine) can also directly crosslink AuNPs by chem-
ical interactions (e.g., Au-S). Table 1 summarizes the typical in-
terparticle (bio)recognition mechanisms and their representa-
tive target analytes in AuNP-based colorimetric biosensing
assays that use the interparticle crosslinking aggregation
mechanism.

The first and most popular platform detects a target analyte
(crosslinker) that bears multiple binding sites for the receptors
on AuNPs (Figure 3A, pathway A). A classic example is the
DNA sensor developed by Mirkin and co-workers, in which
target DNA molecules trigger AuNP aggregation by hybridizing
two complementary DNA strands on AuNPs.®’ A red-to-purple
color change is therefore observed upon the addition of target
DNA. Given the nature of DNA hybridization, the aggregation
process is fully reversible; denaturation of the hybridized DNA
duplex at elevated temperature (above the melting tempera-
ture) causes the dissociation of aggregates into dispersed
AuNPs. Remarkably, the melting transition is extremely sharp,
which might enhance the selectivity of perfectly-matched
target DNA strands over those with mismatches.” Using a sim-
ilar strategy, Mirkin and colleagues have recently developed
assays for the detection of DNA-binding molecules and metal
ions (e.g., Hg*".'¥ This platform (Figure 3A, pathway A) has
also been applied by many others for the detection of a large
variety of substances (Table 1).1""

Due to the controllable reversibility of AuNP aggregation,
one can also make purple-colored, crosslinked AuNP aggre-
gates and then use them to detect analytes that dissociate the
crosslinkers and redisperse the AuNP aggregates (Figure 3A,
pathway B).">'® An inverse color change (purple-to-red) is an-
ticipated in this case. Lu and co-workers have developed a
series of such assays for the detection of Pb?*, adenosine, and
cocaine.™ In the Pb**-sensing assay,"* for instance, DNA mol-
ecules with a single RNA linkage serve as crosslinkers that
bring complementary DNA-attached AuNPs into aggregates. A
DNA enzyme (DNAzyme) that is prehybridized with DNA sub-
strate crosslinker cleaves the substrate by using Pb?* as cofac-
tor. Therefore, a purple-to-red color change indicates the pres-
ence of Pb**. Aslan et al. have applied a similar strategy for the
detection of glucose." In their assay, dextran modified AuNPs
were aggregated by using concanavalin A (Con A) as crosslink-
er, which has multiple binding sites for dextran. The addition
of glucose, which binds competitively to Con A, dissociates the
AuNP aggregates into dispersed AuNPs, and leads to a purple-
to-red color change. This type of competitive assay has also
been used to study protein—protein interactions."”

Given that AuNP aggregation in the assays mentioned
above is induced by the interaction of crosslinker and receptor
molecules on AuNPs, biological processes that can convert the
crosslinker molecules into noncrosslinker molecules (or vice
versa; Figure 3A, pathway C)'® or can modify receptor mole-
cules into nonreceptor molecules (or vice versa; Figure 3A,
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pathway D) can therefore be indirectly detected. Representa-

tive examples regarding the modification of crosslinkers in-
clude protease detection assays, in which a protease digests a
peptide crosslinker that would otherwise assemble AuNPs into
aggregates."™ A similar strategy has also been applied for the
detection of Pb**, B-lactamase, phosphatase, and hydrogen
peroxide, among others."® " The assays that concern the
modification of receptor molecules on AuNPs (Figure 3 A, path-
way D) will be discussed below together with pathway F in
Figure 3B.

Interparticle crosslinking aggregation can also take place
without crosslinkers (Figure 3B). If receptor molecule-modified
AuNPs are mixed with another type of AuNPs to which com-
plementary (or anti-receptor) molecules are attached, AuNPs
spontaneously form aggregates through interparticle biorecog-
nition (Figure 3B). This is the case when AuNP aggregates are
prepared by mixing DNA-modified AuNPs with complementary
DNA-tethered AuNPs.”%@ Mirkin and co-workers have prepared
such purple-colored AuNP aggregates and used them as
probes for the detection of endonuclease (DNase I) and its in-
hibitors (Figure 3B, pathway E).”? The addition of endonu-
clease cleaves double-stranded (ds) DNA strands and results in
the dissociation of AuNPs, which is accompanied by a purple-
to-red color change.

The detection of biological processes that modify biomole-
cule receptors on AuNP surfaces and lead to (or prevent) AUNP
aggregation, is another common platform that uses the inter-
particle crosslinking aggregation mechanism with (Figure 3 A,
pathway D) or without crosslinker molecules (Figure 3B, path-
way F).'¥ Brust and co-workers reported a kinase-sensing assay
in which a kinase catalyzes the phosphorylation of peptide
substrates that are attached to AuNPs.' As vy-biotin-ATP is
used as a cosubstrate, the phosphorylation reaction introduces
biotin onto AuNPs, which allows the kinase-modified AuNPs to
crosslink with avidin-modified AuNPs and form aggregates
through the interaction between avidin and biotin (Figure 3B,
pathway F). A similar approach has also been applied to detect
proteases, pH changes, and to study protein conformational
changes.l"®*-4

In summary, AuNP-based colorimetric bioassays that employ
an interparticle crosslinking aggregation mechanism rely on in-
terparticle biorecognition forces (and sometimes chemical in-
teractions). This aggregation mechanism is mainly applied to
target biological processes (or analytes) that are directly or in-
directly associated with the formation of interparticle bonds.
One could readily design such systems, particularly for targets
that have multiple binding sites on their receptors. On the
other hand, however, this could restrict the use of such assays
mainly to cases in which target analytes and/or receptors have
multiple binding sites. Moreover, AuNP aggregation induced
by interparticle crosslinking is sometimes a relatively slow pro-
cess. For example, AuNP aggregation modulated by DNA hy-
bridization between target DNA crosslinkers and DNA probes
on AuNPs normally takes a few hours.” Careful annealing
steps (heating and cooling) are often required in such systems.
The relatively slow aggregation is presumably due to the
nature of the interparticle crosslinking aggregation mechanism.
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Aggregation is mainly driven by random collisions between
nanoparticles with relatively slow Brownian motion;*'? addi-
tionally interparticle repulsive forces (electrostatic and/or
steric) create high energy barriers for aggregation (although in-
terparticle bonding formation is favored thermodynamically).
Furthermore, when AuNP aggregates are used as probes
(Figure 3, pathways B and E), biomolecules inside aggregates
are only poorly accessible for biorecognition, which might
impair both the detection sensitivity and assay time.!"™

5. Noncrosslinking Aggregation

More recently, a “noncrosslinking aggregation” or “destabiliza-
tion-induced aggregation” mechanism has been employed as
an alternative way to control AuNP aggregation in AuNP-
based colorimetric biosensing assays. In such systems, AuNP
aggregation is induced by the controlled loss of electrostatic,
steric or electrosteric stabilizations without the formation of in-
terparticle bonds (Figure 4, pathways G-I). Table 2 summarizes
different sensing platforms that use the noncrosslinking aggre-
gation mechanism and some representative target analytes.

A) -
. 3 < X

Xf;{\ ‘_’\‘fg;
e P
&{

Figure 4. Representative strategies for the noncrosslinking aggregation
mechanism. Van der Waals attractive forces dominate aggregation when in-
terparticle repulsive forces are significantly reduced by A) the loss of electro-
static stabilization for small charged molecule-stabilized AuNPs. Representa-
tive examples are the use of AuNPs to monitor a biological reaction in
which the reactant and product have different effects on AuNP surface
charge properties, B) the loss of (electro)steric stabilization for (charged) po-
lymer-stabilized AuNPs, such as the removal of DNA molecules from AuNPs
by endonuclease cleavage, and C) (charged) polymer conformational transi-
tions, such as DNA aptamer folding upon binding to its target. See the main
text for a detailed description of pathways G-I.
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5.1. Changing surface charge

AuNPs stabilized electrostatically by small charged moieties,
such as citrate-capped AuNPs, undergo aggregation when sur-
face charges are screened by the addition of salt, displaced by
uncharged species or neutralized by oppositely-charged spe-
cies (Figure 4A, pathway G). Citrate-capped AuNPs have been
used for biodetection by using this principle.'"*? For instance,
Li and Rothberg found that single-stranded (ss) DNA can bind
to citrate-capped AuNPs through DNA base-gold interactions
and stabilize AuNPs electrostatically.”< In contrast, dsDNA
formed by the hybridization of ssDNA and its complementary
DNA target, shows little binding affinity to citrate-capped
AuNPs and, therefore, it provides little stabilization, because,
once hybridized, the DNA bases are not free to bind to AuNP
surface. In other words, at an appropriate salt concentration
(e.g., 200 mm NaCl), citrate-capped AuNPs are stabilized in the
presence of ssDNA, but aggregate in the presence of dsDNA.
This provides a means to detect the presence of target DNA or
monitor DNA hybridization. A similar strategy has also been
applied to the detection of K*, thrombin and ATP, and takes
advantage of the different effects of ssDNA aptamers with and
without target analytes on citrate-capped AuNPs.?*¢7 More re-
cently, using the same principle, Willner and co-workers have
developed an ultrasensitive Hg*" sensor in which thymine-rich
nucleic acids affect AuNP stability differently in the presence
and absence of Hg**.*2!

We have expanded the use of this platform (pathway G) to
the detection of enzymes or monitoring enzymatic reactions in
which the reactant and product differently affect the surface
charge properties of citrate-capped AuNPs.'" In a dephosphor-
ylation reaction, for example, ATP (reactant) is converted into
adenosine (product) by alkaline phosphatase. ATP and adeno-
sine both bind to the citrate-capped AuNP surface through
DNA base-Au interactions, which presumably lead to the dis-
placement of charged citrate ions from the AuNP surface.
Therefore, the adsorption of highly charged ATP or uncharged
adenosine either stabilizes AuNPs or causes their aggregation,
respectively, due to the gain or loss of surface charges. Upon
mixing citrate-capped AuNPs with the reaction solution at cer-
tain reaction times, the AuNP solution color, which corre-
sponds directly to the amount of ATP and adenosine in the
enzyme solution, reflects the degree of conversion of ATP to
adenosine and indicates how far the enzyme-catalyzed reac-
tion has proceeded.

Using a similar strategy, Oishi etal. have also developed
assays for the detection of a protein kinase that phosphory-
lates a peptide substrate.’?" They found that the nonphos-
phorylated peptide, which carries positive charges, can bind to
the negatively charged citrate ion-capped AuNPs. The neutrali-
zation of surface charges in this case results in AuNP aggrega-
tion and a red-to-purple color change. In contrast, the phos-
phorylated peptide that has reduced positive charges did not
cause AuNP aggregation.
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5.2. Changing (electro)steric stabilization

5.2.1. Loss of polymeric stabilizers: A second platform that uses
the noncrosslinking  aggregation mechanism  concerns
(charged) polymer-modified AuNPs that are (electro)sterically
stabilized (Figure 4B, pathway H). Biological processes (or ana-
lytes) that cause the loss of (electro)steric stabilization, for ex-
ample, by removing (charged) polymers from AuNP surface,
can be detected by using this platform. We have demonstrated
an adenosine-sensing assay in which the addition of adenosine
causes dissociation of DNA aptamers®” (charged polymers)
from the AuNP surface; this process results in AUNP aggrega-
tion at an appropriate salt concentration (e.g., 40 mm
MgCl,).”*¥ We recently found that DNA molecules on AuNPs
can also be removed by enzymatic cleavage using either a pro-
tein enzyme (DNase I) or a Pb**-mediated DNAzyme.” The re-
sultant aggregation and red-to-purple color change indicate
either the presence of DNase | or Pb*+.[%"!

5.2.2. Structural changes of polymeric stabilizers: Another plat-
form that employs a noncrosslinking aggregation mechanism
relies on the change in colloidal AuNP stability upon (charged)
polymer conformational transitions on the AuNP surface (Fig-
ure 4C, pathway 1).'*?" Maeda and co-workers discovered that
AuNPs attached to ssDNA are more stable against salt-induced
aggregation than dsDNA-tethered AuNPs formed by the hy-
bridization of the complementary target DNA strand with DNA
probes on AuNPs.2'@ The authors attribute this phenomenon
to three factors: 1) the formation of a DNA duplex raises the
binding constant with counter ions (e.g., Nat) that screen the
charges of DNA molecules on AuNPs, and therefore reduces
the interparticle electrostatic repulsion;*'¥ 2) the entropic loss
associated with the formation of a rigid DNA duplex;*'¥ and
3) interparticle DNA duplex association;'? in this case, the ag-
gregation mechanism in this system becomes a different type
of interparticle crosslinking mechanism (Figure 3B, pathway F).

We recently investigated DNA aptamer folding upon binding
to a non-nucleic acid target molecule (adenosine or K*) on the
AuNP surface, and its effect on AuNP colloidal stability."” Inter-
estingly, we observed a unique colloidal stabilization effect as-
sociated with aptamer folding; AuNPs attached to folded apta-
mer structures are more stable against salt-induced aggrega-
tion than those tethered to unfolded aptamers. Significantly,
distinct AuNP aggregation and redispersion stages can be
readily controlled by manipulating aptamer folding and un-
folding states with adenosine and adenosine deaminase, re-
spectively."”? Our finding was initially a surprise, particularly
when compared to the system described by Maeda and co-
workers in which the formation of rigid DNA duplexes on
AuNP surface resulted in colloidal destabilization. While the
precise mechanism is not yet fully understood, the conforma-
tion that aptamers adopt on AuNP surfaces appears to be a
key factor that determines the relative stabilities of different
AuNPs."? Dynamic light scattering (DLS) experiments revealed
that the height of the folded aptamer layer on AuNP surface
was larger than that of the unfolded (but largely collapsed in
salt solution) aptamer layer on the surface.'” From both the
perspective of electrostatic and steric stabilization, folded ap-
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tamers are more extended from the surface and therefore
have a higher stabilization effect on AuNPs than unfolded
aptamers.

In noncrosslinking aggregation systems, van der Waals at-
traction dominates aggregation once interparticle repulsive
forces are insufficient to stabilize AuNPs. The loss of colloidal
stabilization, often modulated by salt, can be realized by re-
moving surface charges and surface-grafted (charged) poly-
mers, and by target-induced (charged) polymer conformational
transitions. The mechanism of AuNP aggregation induced by
the loss of colloidal stabilizers in pathways G and H is relatively
simple to interpret. In contrast, AUNP aggregation that results
from (charged) polymer conformational changes on AuNP sur-
faces (pathway I) is more complex. Many parameters, including
surface charge properties (e.g., charge density, the amount of
associated counter ions) and entropy factors are involved in
these systems. This can make such systems case-specific, and
the general rules for the design of such assays can only be ob-
tained with a full understanding of the effects of (charged) po-
lymer conformations on colloidal stability and aggregation.

Compared to interparticle crosslinking aggregation systems,
the noncrosslinking aggregation mechanism has some attrac-
tive features. First, neither interparticle biorecognition nor a
target analyte/receptor that bears multiple binding sites is re-
quired. Moreover, aggregation induced by the noncrosslinking
process is very rapid and assays can often be completed in a
few minutes. This is presumably due to the nature of noncros-
slinking aggregation. Once the interparticle repulsive forces
are significantly reduced, the interparticle attractive forces (van
der Waals) dominate and result in rapid aggregation.'>'¥ Nev-
ertheless, as salts are often used to modulate AuNP stability
and aggregation in noncrosslinking aggregation systems, one
might need to choose the proper salt type and concentration
in order to achieve optimal assay performance. In cases in
which biomolecular functions are not compatible with certain
salt types and/or concentrations, one might need to either
choose a salt that has no effect on the biomolecular activity or
seek a compromise between biomolecular performance and
AuNP stability/aggregation at a specific salt concentration."

It is worth noting that the classification of the aggregation
mechanisms into “interparticle crosslinking” and “noncrosslink-
ing”, and the definitions of each platform (pathways A-I) in
these two categories are rather arbitrary. There can be an inter-
play between these two aggregation mechanisms. One could
even design assays in which colloid aggregation is induced by
a combination of factors in interparticle crosslinking and non-
crosslinking aggregation mechanisms. For instance, Bhatia and
co-workers prepared two types of colloidal magnetic particles
(although not AuNPs) that were modified by either avidin or
biotin.**@ These two types of particles aggregate upon mixing
due to interparticle avidin-biotin biorecognition. To avoid such
aggregation, these particles were further modified by peptide-
tethered polyethylene glycol (PEG). Avidin-biotin interaction
was then prohibited by the steric hindrance provided by the
PEG layers. The addition of a protease that cleaved the peptide
linker and therefore removed the PEG layers (i.e., the colloidal
stabilizer was removed—a strategy often used in noncrosslink-
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ing aggregation) allowed avidin to interact with biotin; this re-
sulted in the aggregation of particles (interparticle crosslink-
ing). This example clearly demonstrates the versatility of con-
trolling colloidal stability and aggregation by defining interpar-
ticle forces associated with both interparticle crosslinking and
noncrosslinking aggregation mechanisms.

6. Conclusion and Outlook

We have summarized recent advances in the development of
AuNP-based colorimetric biosensing assays that employ inter-
particle plasmon coupling. The key in these assays is to control
AuNP aggregation and dispersion stages that are guided by in-
terparticle attractive and repulsive forces. Colloidal parameters,
such as surface charges (charge amount and density) and sur-
face grafted polymers (molecular weight, graft density and
conformations) are important for both interparticle crosslinking
and noncrosslinking aggregation mechanisms.

While our aim is to provide a general guidance for the
design of AuNP absorption-based colorimetric biosensing
assays, we also hope that the strategies of controlling colloidal
aggregation/dispersion discussed herein can be applied in
other AuNP-based sensing platforms, such as plasmonic light
scattering™ and SERS,®“® which exploit interparticle interac-
tions, and other colorimetric assays in which a red color is de-
veloped during the growth of AuNPs triggered by a target bio-
logical process.”>< We also hope that these principles can fa-
cilitate research in nanoassembly fields for the construction of
well-defined nanostructures by assembling AuNPs or other
types of nanoscale materials (e.g., quantum dots, nanotubes,
nanowires).

Given that AuNP-based colorimetric assays are compatible
with some practical platforms, for example microfluidic devi-
ces, dipstick-type assays, and other solid substrates,”” the de-
velopment of such new devices represents one future direction
of AuNP-based colorimetric probes. We are currently examin-
ing such feasibilities using paper-based substrates.”® We have
found that the colors and color changes of AuNPs and their
aggregation/dispersion properties are maintained on (or in)
paper-based substrates. Therefore, the combination of AuNPs
and paper-based substrates®” could provide opportunities for
cheap, low-volume, portable, disposable, and easy-to-use bio-
assay development.

AuNP-based colorimetric assays can also be used as an indi-
rect yet simple tool to complement other techniques, such as
NMR, X-ray crystallography, and to interpret biomolecular be-
havior (e.g., conformational changes) on surfaces, provided
that such conformational changes modify AuNP colloidal sta-
bilities and lead to different AuNP colors upon aggregation/
dispersion. This is the case in which the binding of a ssDNA
probe (or DNA aptamer) to its complementary DNA target (or
non-nucleic acid target) on AuNP surface causes a significant
colloidal stability change.">" Similar assays could be used to
interpret other DNA (or RNA) structures (e.g., triplex, G quadru-
plex, hairpin, i motif) and protein structures (particularly their
conformational transitions)."***% The study of such systems
would not only facilitate our understanding of the biological
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functions of these biomolecules, but also provide guidance for
the development of surface-based biosensing devices (e.g., mi-
croarrays and nanoparticles). Furthermore, the new discoveries
in these studies would also complement the traditional theo-
ries in colloidal and polymer chemistry.
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