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Abstract

As our ability to synthesize and modify nanoobjects has improved, efforts
to explore nanotechnology for diagnostic purposes have gained momentum.
The variety of nanoobjects, especially those with polyvalent properties, dis-
plays a wide range of practical and unique properties well suited for appli-
cations in various diagnostics. This review briefly covers the broad scope of
multivalent nanoobjects and their use in diagnostics, ranging from ex vivo
assays and biosensors to in vivo imaging. The nanoobjects discussed here
include silica nanoparticles, gold nanoparticles, quantum dots, carbon dots,
fullerenes, polymers, dendrimers, liposomes, nanowires, and nanotubes. In
this review, we describe recent reports of novel applications of these various
nanoobjects, particularly as polyvalent entities designed for diagnostics.
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INTRODUCTION

Nanoobjects have been utilized by humanity since fourth-century Rome, but their usage in
medicine has only come into fruition recently.Faraday first described the creation of gold nanopar-
ticles in 1857, but to this point such techniques were only used for their optical effects in crafting
and pottery. With the current availability of numerous techniques and methods for generating a
wide variety of nanoobjects, the field of nanotechnology has bloomed not just in medicine but also
in electronics and physics. Especially in medicine, an extensive variety of nanoobjects with their
many different chemical and physical properties has expanded the reach of previously impossi-
ble techniques. The size range and ease of surface modifiability of nanoobjects have made them
preferred platforms for taking advantage of polyvalent designs in particular. While the focus of
nanoobjects in medicine was originally solely on the therapeutic side, it has since expanded into
new and unique diagnostic methods that could potentially greatly aid in detecting and locating
many diseases and ailments.

In this review, we summarize each main type of nanoobject used in diagnostics. The
nanoobjects covered include silica nanoparticles, gold nanoparticles, quantum dots, carbon dots,
fullerenes, polymers, dendrimers, liposomes, nanowires, and nanotubes. After a brief introduction
to each of these nanoobjects, we review their most common historical usages in diagnostics, along
with novel recent usages that may prove to be quite promising in the future. Special focus is given
to systems that take advantage of nanoobjects’ useful base as a platform for polyvalent interactions.

SILICA NANOPARTICLES

Silica has recently gained popularity as a choice material used in imaging agents because it is
considered intrinsically nontoxic, and silica coatings provide additional protection to the carried
molecules or particles via photobleaching resistance and shelter from enzymatic degradation (1).
The photophysically inert characteristics of silica mean that it is transparent to visible light and
is not involved in dye-quenching electron-transfer processes (1). Silica particles synthetized in
diameters of less than 10 nm have been reported for uses in imaging (2). Silica-based and silica-
coated nanoparticles have been studied since the early 1990s, and in the early 2000s, researchers
at Cornell University discovered that silica nanoparticles labeled with radioactive iodine could be
tracked in vivo with positron emission tomography (PET) (2). A second version of this “Cornell
dot” uses fluorescent imaging and is currently undergoing clinical trials (2). Silica nanoparticles
continue to be combined with various fluorescent molecules to produce targeted imaging agents
(3, 4).

Wu et al. (3) describe using a base ofmesoporous silica nanoparticles (MSNs) with pH-sensitive
fluorophores attached to track changes to lysosomal pH. They tagged the MSNs with fluorescein
isothiocyanate to track their transport into the lysosomes. The pH-sensitive fluorescence of the
MSNs was produced by attachment of rhodamine lactams (R6G-lactams), which are nonfluores-
cent under standard physiological conditions but fluoresce red under acidic conditions due to the
opened lactam. The R6G-doped MSNs fluoresced 250-fold brighter at lysosomal pH (pH 4.0)
than at cytosolic pH (pH 6.5) (3).

Zhou et al. (4) coated clusters of gold nanoparticles (nanoclusters, or AuNCs) with silica to
prevent nonspecific absorption due to AuNC aggregation and to improve the ease of surface
functionalization (4). As discussed in the next section, gold nanoparticles can serve as both flu-
orescent imaging and improved CT imaging agents. Zhou et al. designed the silica-AuNCs to
target the folate receptor, an endocytosis-mediator protein on the surface of many human can-
cer cells (Figure 1). To this end, folic acid was conjugated to the silica-coated AuNCs. The
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Figure 1

Schematic illustrating the synthesis of silica (SiO2)-coated gold nanoparticle clusters (AuNCs) and their use
for targeted imaging of tumors in vivo. Bovine serum albumin (BSA)-stabilized AuNCs were coated by two
layers of SiO2. The SiO2-AuNC surfaces were functionalized with folic acid (FA) to target the folate
receptor (FR) present on MGC-803 gastric cancer cells. After injection of the folate targeting AuNCs in
tumor-bearing mice, the tumors were detected using both fluorescent (excitation 530 nm, emission 650 nm)
and CT imaging techniques. Figure adapted from Reference 4. Reproduced with permission from BioMed
Central Ltd. under the Creative Commons Attribution License.

silica-AuNCs were shown to target tumors and provide fluorescent and CT imaging in mouse
models (4). Silica appears to be a promising material for use in nanoparticle diagnostics, either as
a base or in combination with other nanoparticles.

GOLD NANOPARTICLES

Although gold nanoparticles have been used, however unknowingly, for their ornamental prop-
erties over many millennia, it is only in the last five decades that their uses in the biomedical
fields have been explored. Since that time, gold nanoparticles have been studied extensively as
diagnostic tools owing to their optical properties and tunability. Gold nanoparticles can be made
in a wide range of diameters (2–250 nm) while achieving precisely made uniform particles with
good synthetic reproducibility (5). Surface modifications, typically formed through Au-S bonds,
are very stable and can be used to conjugate a variety of molecules (6). The optical properties
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of gold nanoparticles make them useful for various types of imaging, including localized surface
plasmon resonance (LSPR), fluorescence resonance energy transfer (FRET), surface-enhanced
Raman scattering (SERS) (6), and photoacoustic imaging (PAI) (7). In solution, gold nanoparti-
cles also show a strong, visible-light plasmon resonance absorption band, resulting in vividly col-
ored samples (5). As such, they are well suited for colorimetric assays and are used in commercial
lateral-flow immunoassays such as home pregnancy tests (8).

Imaging

Gold nanoparticles provide a modifiable surface that yields a polyvalent presentation for a broad
range of targeting ligands. When combined with imaging-functional molecules, gold nanoparti-
cles are typically exploited for applications in enhanced imaging. In early examples of such appli-
cations, fluorescent contrast agents were combined with the gold nanoparticles. Perrault & Chan
(9) designed gold nanoparticle–fluorescent agent conjugates that assembled in vivo at a tumor
site. After passively targeting the tumor, the biotinylated gold nanoparticles served as anchors for
the fluorescent contrast agent (streptavidin-Alexa fluor 568) to actively target (9). This resulted in
faster tumor accumulation and improved pharmacokinetics over purely passive targeting. How-
ever, the biotin-streptavidin binding system can result in nonspecific binding of the fluorescent
agent throughout the body. Recently, researchers began combining other molecules with gold
nanoparticles, such as FePt cubes that were sandwiched by two of the gold nanoparticles to make
“dumbbell”-type hybrid nanoparticles (7). These Au-FePt-gold nanoparticles could be used as
cancer diagnostics with both magnetic resonance imaging (MRI) and PAI techniques, resulting in
highly sensitive, deeply penetrating imaging (7). The hybrid nanoparticles also represent a trend
toward theranostics, a combination of diagnostics and therapeutics in a single particle or system.
The Au-FePt-gold nanoparticles provide therapeutic activity through a pH-controlled release of
iron ions at the tumor site to catalyze the synthesis of cytotoxic agents and by acting as a target and
heat sink for photothermal therapy, whereas the results of these therapies can be tracked withMRI
and PAI (7). Hybrid nanoparticles, such as these theranostics, provide a multidiagnostic imaging
platform and a unique opportunity to track tumor therapy progress in real time.

Immunoassays

Another researched use of gold nanoparticles is in the development of gold nanoparticle–plated
assays for detecting a target molecule or cell in a manner similar to that of a standard enzyme-
linked immunosorbent assay (ELISA). Gold nanoparticles functionalized with a binding domain
are chemically plated in a monolayer, with a second set of gold nanoparticles in solution optionally
used to enhance detection via sandwich binding to the desired molecule or cell. This technique
has been used to perform relatively standard ELISAs for detecting the cancer biomarker carci-
noembryonic antigen (10), but its most interesting uses have been in the form of gold nanoparticle
sandwich assays that allow for quantification via voltammetric methods by using a silver coating
(11).This method has allowed for precise measurement of targeted cells over a wide range from 15
to 1 × 106 cells/mL (12).While most of these techniques have made use of an antibody to achieve
the desired molecular or cellular targeting, small-molecule targeting systems have also been de-
veloped. Of note is the use of a streptavidin-biotin-annexin V binding complex for the capture
and immobilization of apoptotic cells. Via the application of a gold nanoparticle sandwich along
with silver coating, apoptotic cells are detectable not just via voltammetric measurements but also
with simple light microscopy (13). These systems show various advantages over basic ELISAs
and other immunoassays through their sensitivity, wide range, and ability to take advantage of
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polyvalency for cellular detection. Nevertheless, other techniques such as flow cytometry can of-
ten be used to collect similar cellular data in a simpler manner, narrowing the range of applications
for this technique.

Aggregation

Gold nanoparticles can also be engineered to aggregate in response to the presence of an analyte
molecule. This aggregation can be measured using dynamic light scattering (DLS), colorimetric
systems, or other methods to determine the presence and concentration of the analyte molecule,
allowing a rapid and easy method for detection (6). DNA-targeted techniques are a staple of the
aggregation-mediated gold nanoparticle systems, wherein two DNA probes for different sections
of a targeted DNA strand are used to functionalize and cause aggregation of gold nanoparticles
when the targetedDNA is present.This aggregation leads to change in coloration easily detectable
even by the naked eye and sensitive to the level of a single mismatch (5). This system can also
be modified to be used to detect ions such as magnesium and pyrophosphate (14). Recently, this
gold nanoparticle sandwich–DNA technique has also been utilized to develop a method to quickly
quantify the concentration of a targeted DNA strand without the use of time-intensive techniques
such as Southern andNorthern blotting.According to a report byMarczak et al. (15), this quantifi-
cation was accomplished through the use of a gel membrane biochip platform that takes advantage
of the electrochemical properties of gold nanoparticles. The nanoparticles are concentrated elec-
trically against a membrane along with an impure DNA sample, and then by reversing the electri-
cal field, the aggregated nanoparticle-DNA-nanoparticle dimers are separated from the unbound
monomers via gel electrophoreses. The dimers can then easily be quantified with the entire pro-
cess taking only approximately 20 min. DNA-labeled gold nanoparticles have also been recently
used for the detection of thrombin by Li et al. (16), with DNA hybridization between particles
initiated by cobinding to the targeted thrombin, leading to concentration-dependent aggregation.

Alongside successful sensing applications of DNA-functionalized gold nanoparticles, antibody
functionalization has also been incorporated in gold nanoparticle–based biosensing applications.
Themost critical requirement for successful implementation of antibodies in any biosensing appli-
cation is ensuring the proper orientation of the antibodies on the surfaces to which they are conju-
gated. This is done to ascertain that the antigen-binding sites on the Fab domains are exposed and
not hindered to retain their antigen-binding functionality. Standard methods of antibody conju-
gation, such as ionic interaction, thiol-reduction, and amine coupling (via EDC-NHS), are unable
to guarantee this proper orientation. Nevertheless, a method to achieve oriented antibody con-
jugation was developed in our laboratory and described by Mustafaoglu et al. (17), in which the
conserved nucleotide-binding site (NBS) was utilized for oriented immobilization. The NBS is
a little-known pocket that exists on the Fab domain of all antibody molecules regardless of iso-
type. A thiol functionality was site specifically introduced by using anNBS ligand that binds to this
site withmoderate affinity, followed by permanent covalent bond formation using photochemistry.
Next, the Au-S reaction was utilized to immobilize the functionalized antibody on gold nanoparti-
cles. Antibody molecules conjugated in this manner retained their binding capability and achieved
antigen concentration–dependent aggregation as measured by DLS (Figure 2) (17). Because the
NBS conjugation method protects the structural integrity and the antigen-binding activity of an-
tibody molecules during gold nanoparticle conjugation, it allows the system to maintain many of
the advantages that high-affinity antibodies possess. The aggregation occurs quite rapidly, within
less than 10 min, and the method has a markedly high sensitivity, achieving a level of detection for
the prostate-specific antigen of 55 pM.Most importantly, the technique can be performed directly
using patient serum without any need for purification of blood proteins and other components.
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Figure 2

Detection of prostate-specific antigen (PSA) via dynamic light scattering of antibody-conjugated gold nanoparticles using site-specific
conjugation. (a) Schematic showing antibody-conjugated gold nanoparticle clustering via antibody binding to PSA. Two sets of gold
nanoparticles are used where each set has been conjugated with a different monoclonal antibody to target two different epitopes on the
antigen. (b) Comparison of detection efficiency for antibody-functionalized gold nanoparticles prepared using various methods. Gold
nanoparticles prepared using the novel ultraviolet–nucleotide binding site (UV-NBS) method for site-specific antibody conjugation
displayed greater sensitivity and a lower limit of detection compared to standard antibody conjugation methods. Figure adapted with
permission from Reference 17. Copyright 2017, Royal Society of Chemistry.

Owing to the ease and simplicity of this method, it could potentially be a powerful tool for the
detection and diagnosis of many diseases, even in remote geographic areas.

QUANTUM DOTS

Quantum dots (QDs) are semiconductor nanoparticles with unique fluorescent properties, such as
broad excitation and narrow emission spectra, an extended excited state, and good photostability
(i.e., no bleaching) (18–19). The emission wavelengths of QDs can be tuned precisely by chang-
ing size (approximately 1–10-nm diameters) and composition (18–20). QDs have been explored
as imaging agents since 1998; more recently, diverse methods of combining QDs with other ma-
terials have allowed for multimodal composite nanoparticles with enhanced imaging capabilities
(18). Magnetic QDs, which are useful for combining MRI with fluorescent imaging, are most
commonly made with iron oxides or sometimes gadolinium (18, 21).

Imaging

The high photostability and tunable fluorescence of QDs make them ideal for imaging. Active
targeting elements may be added to allow imaging of a wide variety of sites ranging from tumors
to the nervous system. Tsuboi et al. (22) targeted breast cancer tumors with anti-Her2 antibodies
conjugated to QDs. First, the His-tagged immunoglobulin-binding (B1) domain of protein G is
conjugated to the QD surface as an adapter protein. Then, the protein G B1 domain forces the
oriented binding of antibody (Ab) molecules on the QD, as B1 binds only to the antibody FC

region. In vivo studies showed that targeted Ab-QD conjugates accumulated preferentially in the
breast tumor, whereas nontargeted Ab-QD conjugates accumulated in the liver (22). A similar
study with peptide-targeted QDs showed their usefulness as fluorescent probes for pancreatic
cancer. Du et al. (21) developed a system for imaging the nervous system, particularly spinal cord
injuries, by combining magnetic QDs with an axon tracer. A lipid coating on the QDs allows for
the varied loading of paramagnetic gadolinium and axon tracer BDA (biotinylated dextran amine)
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onto the QDs (23). Initial testing showed low cytotoxicity and strong magnetic resonance and
fluorescence imaging capabilities for this system.

Ex Vivo Assays

The fluorescence of QDs can also be exploited in ex vivo assays for detecting targets varying
from malaria to neurotoxins. Kim et al. (24) reported an immunoassay using magnetic beads and
QDs to capture and detect malaria marker histidine-rich protein 2 (HRP2) at a limit of detection
of 0.1 ng/mL, tenfold lower than commercially available alternatives. A lipid coating was applied
to the QDs, with 10% of the lipids having a terminal amine to which a protein G was conjugated.
Anti-HRP2 antibodies were then conjugated to the protein G to detect malaria (24). The system
was optimized to be used with an automated droplet assay device for use in resource-scarce
settings.

Wang et al. (19) developed a FRET-based combination of QDs and peptide-conjugated “dark
quenchers,” a type of nonfluorescent dye, to detect the deadly neurotoxin botulinum (Figure 3a,b).
The two most common serotypes of botulinum, A and B, were detected with a QD-quencher pair,
each with a different emission wavelength (QD size) and quencher-conjugated peptide (19). In
the absence of botulinum, the peptide-quencher conjugates bound to the QDs polyvalently and
suppressed FRET signals. When botulinum was present, it attacked the enzymatic cleavage site
on each peptide, severing the peptide that acts as the linker between the QD and the quencher.
Consequently, as the peptide was cleaved, quenchers were no longer attached the to the QDs,
diminishing the FRET effect and relieving the QD to fluoresce. Wang et al. (19) reported limits
of detection of 0.2 ng/mL and 2 ng/mL for serotypes A and B, respectively, which are less sensitive
than the current gold standard, but their method delivers results significantly faster, on the order
of hours instead of days.

CARBON DOTS

Carbon dots are a class of nanoparticles that are mostly of interest as a potential replacement
for the toxic, metal-based QDs (25). They were discovered serendipitously in 2004 during the
purification of single-walled carbon nanotubes created via arc discharge (26). The researchers
noticed that during gel electrophoresis, a fast-moving band was highly luminescent, which was
later found to contain luminescent carbon dots.While there are a wide variety ofmethods to create
carbon dots, they all result in the creation of a small (<10 nm) graphene oxide nanoparticles that
contain many carboxylic acid groups ideal for both high water solubility and functionalization
with various other molecules and particles. Carbon dots display size- and excitation-dependent
photoluminescent behavior with a purely organic construct, allowing them to lack the dangerous
side effects associated with comparable QDs and other metal-based nanoparticles (27).

Recently developed carbon dot techniques have focused on the diagnostic potential of a mod-
ifiable and fluorescent nanoparticle. Several groups have focused on the usage of carbon dots in
FRET systems.Hamd-Ghadareh et al. (28) developed a system for detecting the tumor biomarker
CA125 by utilizing carbon dots alongside a gold nanoparticle–antibody quenching complex. This
system was able to achieve a detection limit of 400 ovarian cancer cells/mL and showed selective
imaging of CA125-positive cells. Other FRET-based carbon dot systems have also been created
for the detection and measurement of small molecules such as acetone and mercury in human
fluids. These small molecule–detecting platforms utilize interaction with the small molecule itself
as a quenching device, as opposed to the previous use of a gold nanoparticle complex (29–30).

In an alternative method of detection, Lee et al. (31) developed a simple assay that utilizes
carbon dots to identify a certain DNA sequence—a notable bacterial gene—using a simple assay
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Figure 3

Fluorescent detection of neurotoxins and bacterial DNA via quantum dots and carbon dots, respectively.
(a) In the absence of BoNT, peptide-quencher conjugates bind to quantum dots and quench fluorescence.
When active BoNT is present, it cleaves the peptides and prevents them from linking the quenchers to the
quantum dot, eliminating the quenching effect and turning the fluorescence back on. Panel adapted with
permission from Reference 19. Copyright 2017, American Chemical Society. (b) Sequence of events during
detection: (1) prior to the addition of quenchers fluorescence is on; (2) fluorescence turns off after
quencher-conjugates are added; and (3) fluorescence turns back on or is unquenched if BoNT is present.
Panel adapted with permission from Reference 31. Copyright 2017, John Wiley & Sons. (c) Carbon dots,
functionalized with many copies of a complementary DNA sequence, bind to and cluster with target DNA,
resulting in the precipitation of the large carbon dot-DNA aggregates. Abbreviations: BoNT, botulinum
neurotoxin; FRET, fluorescence resonance energy transfer.

11.8 Omstead • Sjoerdsma • Bilgicer
Review in Advance first posted on 
February 27, 2019. (Changes may 
still occur before final publication.)

A
nn

ua
l R

ev
. A

na
l. 

C
he

m
. 2

01
9.

12
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

W
as

hi
ng

to
n 

U
ni

ve
rs

ity
 -

 S
t. 

L
ou

is
 o

n 
02

/2
8/

19
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



AC12CH11_Bilgicer ARjats.cls February 19, 2019 13:24

(Figure 3c). The carbon dots are functionalized with many copies of a complementary DNA
sequence for the target gene, so that binding with the gene results in precipitation of the carbon
dot–DNA aggregate. This precipitate is typically detectable by ultraviolet (UV) illumination or
even by the naked eye, giving it valuable potential for field application for a quick and easy way to
identify bacterial strains. Perhaps the most interesting recent use of carbon dots is the use of their
fluorescence as an internal light source for binding via photopolymerization to a larger targeting
shell. Demir et al. (32) have developed a system for detecting the cancer biomarker glucuronic
acid by utilizing the fluorescence of the carbon dots both to polymerize them to a molecularly
imprinted polymer shell and to detect the targeted cancerous cells. Although much work has been
done to develop diagnostic methods utilizing carbon dots for in vitro techniques, there are still
great possibilities for their use in vivo, especially considering their potentially less toxic and more
biofriendly nature compared to that of QDs.

FULLERENES

Fullerenes are one of the more recently discovered nanoobjects; the first was the C60 Buckyball
discovered in 1985 at Rice University. They are similar in structure to graphite but form hol-
low shapes such as spheres or tubes. Because they exhibit five stages of oxidation/reduction, they
can act as either an electrophile or a nucleophile, which combined with their structure, allows a
wide range of probable structural and chemical modifications for use in diagnostic applications
(33). Classically, fullerenes are often used in combination with a biosensor such as an enzyme or
antibody working as a mediator between the sensor and an electrode, allowing conversion of a
biochemical action to an electrical signal for measurement (Figure 4) (34). This section focuses
on the recent applications of spherical fullerene nanoparticles in diagnostics, whereas nanotube
fullerenes are examined in a later subsection.

One recent use of fullerenes as an electron mediator for diagnostics is the creation of a
nanoprobe for the detection of Mycobacterium tuberculosis MPT64 antigen. This nanoprobe was
created using C60 fullerenes wrapped in coils of polyaniline and decorated with gold nanoparti-
cles and an anti-MPT64 aptamer. This complex was then used in a sandwich-binding assay with a
surface-bound aptamer attached to a gold electrode. This binding enabled electron transfer from

Mediator(ox)

Mediator(red)Analyte

Product

Reaction

e–Bioreceptor(ox)

Bioreceptor(red)
Electrode

Active
site

Substrate

Enzyme

Figure 4

The role of the fullerene as an electron transfer mediator between a bioreceptor and an electrode in
diagnostics. The fullerene’s reductive and oxidative potential allows it to accept electrons from a conjugated
bioreceptor such as an enzyme or antibody and transfer those electrons to an electrode for detection,
converting a chemical reaction to an electrical signal for easy measurement. Adapted with permission from
Reference 34. Copyright 2015, Elsevier. Abbreviations: Ox, oxidized; Red, reduced.
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the polyaniline to the electrode, allowing presence of the tuberculosis antigen to be measured
electronically (35).

In addition to this more classical usage of fullerenes as electron mediators, their use as contrast
agents for use in MRI has also been explored. Water-soluble C60 derivatives have been used as
scaffolds for the design of gadolinium-containing nanoparticles that prove to be highly sensitive
contrast agents in vivo (36).Targeted functionalized fullerenes have also been used in the detection
of cancer. One such method was the creation of a complex consisting of a C60 fullerene with
many iron oxide nanoparticles chemically deposited onto it; this was coated with polyethylene
glycol (PEG) and functionalized through conjugation of the tumor-targeting molecule folic acid
to the ends of the PEG.These nanoparticles were shown to be a powerful MRI contrast agent and
additionally showed potential for usage in synergistic photodynamic and radiofrequency thermal
therapy (37). The electrical aspects of fullerenes combined with ease of chemical functionalization
will facilitate their continuous development in a wide range of applications in diagnostics and
potentially even as therapeutics.

POLYMERS

Polymers—macromolecules composed of many repeating units of the same or different
molecules—may be branched or linear, natural or synthetic. Polymers may be used to form vesic-
ular or modular nanoparticles that contain nanoparticles of different materials and molecules
for detection, or they may be colloidal nanoparticles with surface functionalizations. Polymeric
nanoparticles can vary between 10 nm and 1,000 nm in diameter. Polymers such as PEG have
been used for decades to coat nanoparticles used for therapeutics or imaging to prevent aggrega-
tion and extend circulation time in vivo (38). Polymers have also been used since the early 2000s
in films and coatings in microfluidics for detection in many fields ranging from environmental
science to biology and biomedicine (39).

Oxidative Stress

Oxidative stress, which is an increase in oxidants such as hydrogen peroxide (H2O2), occurs in
inflammatory conditions, including cancer, vascular diseases, and neuronal degeneration, and is
believed to be a useful diagnostic marker for such diseases (40–41). In early work, Kim et al.
(40) used PEG hydrogel nanospheres to encapsulate horseradish peroxidase (HRP, an enzyme
typically used in ELISAs for signal amplification) as optical sensors for H2O2 production. Oh
et al. (41) developed a platform of polyacrylonitrile nanoparticles with boronate surface modifi-
cations to allow for polyvalent presentation of donor-bridge-acceptor fluorescent systems on the
nanoparticles (Figure 5). In response to oxidative stress, the fluorescent intensity of the boronate-
modified polyacrylonitrile nanoparticles decreases. In vitro, the system allows for selective ratio-
metric detection of H2O2, over other reactive oxygen species, with a reported limit of detection of
100 pM.

Theranostics

Recent research has turned to nanoparticles that allow for theranostics. Liu et al. (42) engineered
a polymer vesicle comprising block copolymers (polyglutamic acid and polycaprolactone) with
tumor-targeting groups (folic acid) and MRI contrast agents (gadolinium, Gd3+) attached on ei-
ther end. The vesicles encapsulated cancer therapeutics (i.e., doxorubicin) for targeted delivery.
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Figure 5

Schematic describing the boronate-functionalized polyacrylonitrile (BPAN) nanoparticles. Due to
donor-bridge-acceptor fluorescent systems on the BPANs’ surfaces, their fluorescent intensity decreases in
response to oxidative stress, allowing for the ratiometric detection of reactive oxygen species (ROS),
particularly hydrogen peroxide (H2O2), through the conversion of the BPAN nanoparticles to H2O2-treated
PAN (HPAN) nanoparticles. Adapted with permission from Reference 41. Copyright 2012, American
Chemical Society.

Liu and colleagues found an eightfold enhancement in the performance of the gadolinium as a
contrast agent.

Polymer nanoparticles can also be used as imaging materials on their own, with incorporated
physical properties including significant extinction coefficients, bright fluorescence, resilient pho-
tostability, and biocompatibility. Guo et al. (43) developed thiophene-benzo[c][1,2,5]thiadiazole
(TBT) polymer vesicles with three imaging functionalities, namely fluorescence, photoacous-
tic, and thermal imaging. The TBT vesicles also have two therapeutic functionalities: photo-
dynamic and photothermal. The TBT possesses these functionalities because it is a donor–
acceptor polymer composed of alternating electron donor and acceptor subunits. A charge flows
along the polymer chains and jumps between neighboring polymer chains as the electrons
are passed from donors to acceptors (44). To improve water solubility, the TBTs are encap-
sulated by DSPE-mPEG2000 (2-distearoyl-sn-glycero-3- phosphoethanolamine-N-[methoxy-
(polyethyleneglycol)-2000]) to improve water solubility and biocompatibility (43). The TBT vesi-
cles could be improved by adding targeting elements, as they currently rely on passive targeting
by accumulating in tumors via the enhanced permeability and retention effect.

DENDRIMERS

Discovered in 1978, dendrimers are formed as multiple layers, called generations, of highly
branched polymers around a core (45). The spherical shape of dendrimers arises from the mul-
tiple generations, with dendrimer size varying between 1 nm to 10 nm, depending on genera-
tion number (45–46). The number of termini also increases with each generation, along with
some heterogeneity. These many termini yield exceptional polyvalent functionalization opportu-
nities, including uses ranging from cosmetics to therapeutics to imaging and detection (46). Several
dendrimer-based diagnostics are already on the market, including a polyamidoamine dendrimer
assay for cardiac biomarkers (Stratus CS from Siemens), an anthrax detector (Alert Ticket from
US Army laboratories), and a polylysine dendrimer with gadolinium for use as an MRI contrast
agent (Gadomer 17 from invivoContrast) (47).

The range of diagnostic possibilities for dendrimers continues to expand, with recent re-
search applying them to detection of allergies, viruses, and cancer. Soler et al. (48) developed a
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label-free method of detecting amoxicillin-binding IgEs in amoxicillin-allergic patients by us-
ing polyamido-based dendrimers surface functionalized onto gold nanodisks. The IgEs bind to
amoxicilloyl groups bound to peripheral termini. The allergen–IgE bindings are detected with a
nanoplasmonic biosensor via surface plasmon resonance (SPR) with a detection limit of 0.6 ng/mL
(0.25 kU/L).

Dendrimers have also been used to enhance established diagnostics like immunoassays and
microfluidics. Sun (49) used a system of AgCl nanospheres surface functionalized with dendrimers
in place of the detection antibody in a sandwich-type immunoassay to identify enterovirus 71
(EV71). EV71 is an RNA virus implicated in pediatric epidemics of serious neurological diseases
and is the main cause of hand, foot, and mouth disease. Sun’s system allowed for the detection of
EV71 to a limit of 0.058 ng/mL. To improve a microfluidic capture system, Yeh et al. (50) added
dendrimers to increase the degree ofmovement of the antibodies used to capture circulating tumor
cells (CTCs) and circulating tumor microemboli (CTMs) in an antibody-based, ex vivo system.
The polyamidoamine dendrimers bind the antibodies to the supported lipid bilayer surface while
allowing them to move in three dimensions. The incorporation of dendrimers in the biosensor
design resulted in 1.6× and 2.3× enhancements to the capture of CTCs and CTMs, respectively,
compared to antibodies bound directly to the supported lipid bilayer.

LIPOSOMES

Although largely studied for their uses in drug delivery, liposomes have also been researched for
possible uses in diagnostics. The most common diagnostic method explored with liposomes has
been their use in bioimaging.The nanosized liposomes passively target the tumor via the enhanced
permeability and retention effect, which enables their use for cancer imaging in vivo or even com-
bined with imaging and therapy. Many early studies have already been reviewed in detail (51–
52), including those that apply theranostic approaches such as combined MRI and temperature-
triggered drug release (53), and combined nuclear imaging and internal radiotherapy (54). More
recently, combined liposome-QDs have been studied as a way to deliver a chemotherapeutic within
the aqueous core of the liposome to tumor cells, while the QDs provide fluorescent imaging
capabilities (55).

Another novel application for liposomes in diagnostics is their use as a synthetic allergen plat-
form, named nanoallergens (56). Although recent research has suggested that only a few certain
distinct epitopes on an allergen protein are critical in provoking the allergic response, current
diagnostic methods cannot identify epitope-specific information. The nanoallergen platform that
has been developed in our laboratory is utilized to multivalently present each individual allergenic
epitope from an allergen protein (56–57) (Figure 6). This allows the identification of the immun-
odominant allergen epitopes that largely carry the responsibility for the initiation of the significant
allergenic responses using patient sera ex vivo. In this manner, a more personalized approach to
allergy diagnosis is offered, and immunodominant epitopes critical to the allergenic response for a
specific patient can be identified (Figure 6b).Moreover, this technique could aid the development
of personalized allergen inhibition for those with severe allergies to common food items such as
peanuts and potentially lifesaving medicines such as antibiotics and chemotherapeutics (57–58).

NANOWIRES AND NANOTUBES

Although silicon nanowires and carbon nanotubes are quite different chemically, they have similar
geometric structures and electrical properties; therefore, they have many similar uses in diagnostic
applications. Both are primarily used to convert a chemical interaction into an electrical signal for
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Figure 6

Liposome-based nanoallergens induce degranulation responses with intensities comparable to a natural
allergen (Ara h 2). (a) Graphic representation of nanoallergen with multivalent presentation of epitopes
(represented by different colors) allowing for cross-linking of polyclonal IgEs and triggering a signal
transduction that results in degranulation. (b) The most immunogenic epitope of Ara h 2 (epitope 2) was
presented on nanoallergens at 2% loading and was able to induce degranulation with a comparable intensity
to that of the natural allergen Ara h 2. Figure adapted with permission from Reference 57 and Nature
Publishing Group under the Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0).

measurement, with the polyvalent nature of their functionalized chemical forms allowing sensitive
detection over a range of sensitivity. Other uses for nanowires and nanotubes do exist, and new
iterations of their classic usage as well as novel unique uses for both are discussed below.

Nanowires

As stated above, the primary use of silicon nanowires in diagnostics is in the transformation of a
chemical interaction event to an electrical signal. Many different applications and methods of ac-
complishing this have been implemented for a variety of different targets. These nanowire arrays
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are all produced via standard silicon wafer fabrication techniques, allowing extremely precise pat-
terning down to the nanometer size. The nanowires are then functionalized with multiple copies
of a moiety that has affinity for the desired target molecule. Binding and capture of the target
molecule on its surface lead to a change in the resistance of the wire, which is measurable via the
current flowing through the wire (59). This principle forms the basis of most nanowire diagnostic
techniques.

One of the earliest applications has been in the ultrasensitive detection of certain sequences of
DNA. Improvements in fabrication and design have allowed techniques to offer detection limits
down to 1 fM (60). These silicon nanowire arrays have recently been used to detect the presence
of dengue virus and even miRNA associated with breast cancer from blood plasma at very low
levels (61–62). Similar techniques have also been developed for the detection of small-molecule
targets such as cardiac troponin T and cardiac troponin I, both markers for acute myocardial
infarction, and human thyroid stimulating hormone, a useful screening tool for the diagnosis of
thyroid disease. Both of these techniques demonstrate detection limits in the subpicomolar range,
showing much promise as an easy and reusable early detection technique that could potentially
also be translated into field use (63–65).

A more recent and more novel use of silicon nanowires simply comes from arranging them
in a different geometry, perpendicular to their base instead of parallel to it. These nanowires are
termed nanoneedles, and reports have described novel applications in minimally invasive manip-
ulation of the intracellular environment (66). These nanoneedles can be functionalized to detect
localized enzymatic activity within regions of an individual cell. One study utilized this specific
application to detect localized cathepsin B activity through the use of fluorophore bound to the
nanoneedles with a cathepsin B–sensitive bond (67) (Figure 7). An array of these needles was then
interfaced with cells, and areas with high cathepsin B activity, such as lysosomes of healthy cells
or the cytosol of cancer cells, displayed high levels of fluorescence as the fluorophore was cleaved
from the nanoneedles (67). This and other techniques could hold a wide range of interesting ap-
plications for nanoneedles in diagnostics in the future.

Nanotubes

Similar to nanowires, carbon nanotubes are usually used in diagnostics by converting a binding
event into an electrical signal. Nanotubes are highly modifiable with different binding moieties,
but they require the use of additional elements to create the commonly used field effect transistors
that form the bulk of their use in diagnostics (68–69). The addition of a gold element can greatly
amplify the signal from a carbon nanotube–field-effect transistor.One such technique utilizes gold
nanoparticles in a sandwich-binding assay with the targeted ligand to enhance the signal and sen-
sitivity of the detector (70). A similar technique adds a layer of gold between the nanotubes and
the binding sites to form a metal semiconductor field effect transistor, in this case, allowing the
device to detect levels of amyloid-beta (an early Alzheimer’s biomarker) down to 1 pg/mL in hu-
man serum (71). One unique biosensor for utilizing nanotubes takes advantage of their geometry
by having the nanotubes not be fixed in place, but instead added as the top slice of a sandwich
binding. An AC field is then applied so that their length bridges two gold electrodes, allowing a
current to flow (72) (Figure 8). This method also utilizes hydrodynamic shear to further increase
selectivity and can achieve detection limits for biotin-streptavidin down to 100 aM (72).

In addition to their use as biosensors, carbon nanotubes have also been used for imaging and
treatment of cancer. A recent study utilized nanotubes as a package for delivering gadolinium-
carbon QDs as well as doxorubicin for combined tumor imaging and treatment via chemotherapy
and photothermal therapy (73). This combination was then coated with PEG, and folic acid was
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Figure 7

Local cytosolic enzymatic activity mapping using silicon nanoneedles. (a) Schematic of nanoneedle (green)
function when interacting with the cell. In the presence of active cathepsin B (CTSB), the fluorescent probe
is cleaved from the nanoneedle, resulting in the probe’s release from the nanoneedle into the intracellular
space. (b) Scanning electron microscope image of a cell interfaced with a nanoneedle array. (c) Image of the
relevant Western blot bands and quantification of the Western blot displaying the expression of CTSB in
HET-1A and OE 33 cell lines. (d ) Confocal microscopy images of representative HET-1A and OE 33 cells
after application of nanoneedles for 15 min. The cleaved fluorescent probe is displayed in yellow, whereas
nuclei are stained blue. (e) Quantification of area-normalized fluorescence for HET-1A and OE 33 cells
grown in coculture after application of nanoneedles. Figure adapted with permission from Reference 67.
Reproduced by permission of John Wiley & Sons under the Creative Commons Attribution License.

www.annualreviews.org • Precision Diagnostics 11.15
Review in Advance first posted on 
February 27, 2019. (Changes may 
still occur before final publication.)

A
nn

ua
l R

ev
. A

na
l. 

C
he

m
. 2

01
9.

12
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

W
as

hi
ng

to
n 

U
ni

ve
rs

ity
 -

 S
t. 

L
ou

is
 o

n 
02

/2
8/

19
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



AC12CH11_Bilgicer ARjats.cls February 19, 2019 13:24

Polyclonal antibody
(capture)
Monoclonal antibody
(detection)

Nontarget DNA

CNT

Gold electrode

Kapton tape

Target Inlet

Outlet

Switch-off-state

Apply DC field Apply AC field

Switch-on-state

Attachment of polyclonal antibody/target antigen1

CNT alignment using DC/AC field2

Irreversible hydrodynamic shear3

A

Figure 8

Schematic for a carbon nanotube (CNT) switch sensor for ultrasensitive protein detection. Step 1: Sample with target is incubated
with gold electrode–bound polyclonal antibodies. Step 2: Monoclonal antibody–conjugated and DNA-wrapped (to allow DC
electrophoresis and AC dielectrophoresis) CNTs are introduced. These bind to the target and self-assemble under a DC field before
being switched on through the application of an AC field, bridging the gap between the gold electrodes by binding targets on each side.
Step 3: Hydrodynamic shear irreversibly removes nonspecifically bound CNTs and can be tuned to the binding strength of the desired
antibody–antigen interaction. Binding can then be measured through the use of an ammeter (A). Adapted with permission from
Reference 72. Copyright 2017, Elsevier.

conjugated to the nanotubes to provide tumor targeting. This combined nanopackage allowed
tumor imaging in vivo via MRI, fluorescence imaging, and near-infrared imaging. Additionally,
the synergistic chemo- and photothermal therapy reportedly showed significant efficacy in an
in vivo tumor xenograph model (73). Considering their applications in biosensing, imaging, and
therapeutic treatments, carbon nanotubes hold a wide array of promising techniques for future
study.

CONCLUSION

The range of applications of nanotechnology in diagnostics has grown a great deal in the last
twenty years. Several new nanotechnology-based scientific reports that describe a variety of engi-
neering and design feats and discoveries are published every week across many disciplines, includ-
ing biomedicine. As the medical field keeps shifting toward more individualized and specialized
treatments, improved and faster diagnostic methods are needed to arm doctors with the accurate
and reliable information they need to decide on themost suitable treatment regimen.Nanoobjects
provide a powerful tool with which to fill that role. The wide range of nanoobjects, particularly
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polyvalent and highly functionalizable ones, enable engineering of more complex and diverse di-
agnostics than ever before. In this review, we have discussed both established and some more
recent, developing applications of nanoobjects in diagnostics. We anticipate that some of these
ideas will be translated from academia to industry and will help researchers achieve significant
accomplishments in both the clinic and the field.
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