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1 Definition of the Topic

Medical diagnosis requires reliable identification of very low concentration of
different biomarkers specific for medical conditions in a time-effective manner. In
this chapter, we summarize the work reported on the application of surface-enhanced
Raman spectroscopy for the detection and the identification of different biomarkers
in body fluids, tissues, or in vivo.

2 Overview

Early disease diagnosis allows for better treatment options and leads to improved
patient outcomes. This is because by delaying treatment the disease can also spread
to otherwise healthy organs. The consequences of this can vary, depending on the
specific medical condition (i.e., Alzheimer’s disease, diabetes, cancer, etc.) and on
the exact time of diagnosis.

One highly promising method for fast and reliable biomarker identification is
surface-enhanced Raman spectroscopy (SERS). Depending on the particular medi-
cal diagnosis requirements, different SERS approaches can be considered. That is
because, as it will be discussed in this chapter, many different SERS-active sub-
strates are available, and they can be applied within different schemes. Specifically,
functionalized SERS nanoparticles can have a high biocompatibility for in vivo
measurements, while different microfluidic approaches can be considered for the
analysis of body fluids.

The scientific interest for assessing the potential of SERS for medical analysis and
diagnosis increased during recent years. This is also demonstrated by the multiple
literature reports (scientific papers, communications, reviews, and book chapters)
that test and push the limits of using SERS in medicine or report on new SERS-
active substrates and platforms that are continuously developed for analyzing trace
amount of analytes in body fluids and tissue [1–5]. However, SERS has not yet been
established as a routine analytical tool for medical diagnosis. Moreover, clinical
trials and development of analytical procedures are still required. The high potential
and interest for development in this direction explains the high number of publica-
tions still being reported. The current chapter summarizes some of the most prom-
ising approaches introduced during the last 5 years. A wide panel of diseases is
addressed, and the best-suited SERS-based approaches are discussed for each of the
topics introduced.

3 Introduction

The latest developments in the health-care field have two directions: detection and
diagnosis of disease and its treatment. They are of comparable importance when it
comes to achieving positive patient outcomes. In particular, the fast and correct
diagnosis of a medical condition leads to more appropriate treatment decisions and
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to the establishment of a care plan at an early stage of the disease, increasing the
chances of successfully fighting the disease [6]. Nevertheless, for example, the direct
identification of viruses and bacteria can be challenging at times. In such situations
disease-specific biomarkers are targeted instead. Biomarkers, or biological markers,
have been defined several times in the literature, and they are mainly described as
substances, structures, or processes that can be objectively measured in the body and
can be used as indicators for normal biological processes, pathogenic processes, or
pharmacological responses to a therapeutic intervention (i.e., deoxyribonucleic acid
(DNA), messenger ribonucleic acid (mRNA), enzymes, metabolites, transcription
factors, and cell surface receptors) [7]. Frequently, during the early stages of disease,
biomarkers are present in low amounts, and their reliable detection is challenging. In
clinical chemistry, the specific and sensitive detection of disease biomarkers, of drug
levels in biological fluids, or the assessment of enzyme activities is carried out by a
multitude of analytical methods, such as high-performance liquid chromatography
[8–13], mass spectrometry [11, 14, 15], or immunoassays [16–21]. Since each
method has its advantages and shortcomings, the scientific community is continu-
ously searching for new, faster, and affordable tools.

Vibrational spectroscopy, particularly Raman spectroscopy, can provide molecu-
lar fingerprint information [22–24] and is suitable for investigating biological sam-
ples because of the low scattering cross section of water molecules. Consequently,
no or little sample pre-processing steps are required prior to the analysis. However,
owing to the inherently weak Raman effect, the identification of target molecules
present at very low concentrations is challenging. This is especially important for the
early diagnosis of medical conditions. Nevertheless, the sensitivity of Raman spec-
troscopy can be easily enhanced by several orders of magnitude by taking advantage
of the plasmonic properties of nanostructured metallic particles and performing
surface-enhanced Raman spectroscopy (SERS) measurements. The two underlying
mechanisms of SERS, extensively described in the literature [25–29], are the
electromagnetic and the chemical enhancement mechanisms. The first mechanism
explains how the molecules situated in the proximity of metallic nanoparticles (NPs)
experience a strong local electromagnetic field, referred to as localized plasmon
polaritons. This is caused by the resonant interaction between an incident electro-
magnetic wave and the oscillating charge density of the NPs. As a consequence, both
the electromagnetic radiation of the laser source incident on the molecules and the
intensity of the Raman-scattered photons will be enhanced. As the plasmon reso-
nance condition for a spherical NP, ϵ(λ) = �2ϵm,

1 can be fulfilled only for materials
with Re(ϵ(λ))< 0 and Im(ϵ(λ))� 0,2 gold and silver are the most preferred metals for
plasmonic nanostructure fabrication.

1ϵ(λ) is the wavelength-dependent dielectric function of the NP’s material, and ϵm is the dielectric
function of the surrounding medium.
2The dielectric function is a complex function with ϵ(λ) = Re(ϵ(λ)) + i�Im(ϵ(λ)), where Re(ϵ(λ)) is
the real part and Im(ϵ(λ)) is the imaginary part.
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The electromagnetic mechanism accounts for enhancement magnitudes up to
1011 [30]. However, enhancement factors of 1014–1015 [31, 32] have been often
reported in literature. This is due to the chemical enhancement mechanism to which
three different processes have been suggested to contribute: (1) chemical interactions
between the NP and the target molecule in the electronic ground state, (2) resonant
excitation of the charge-transfer process between the target molecule and the NP, and
(3) the resonance Raman enhancement. As the aim of this book chapter is to give a
comprehensive overview of the SERS advancements in the field of medical diagno-
sis, a detailed description of the fundamental principles of the technique is beyond
the purpose, and the reader is directed to the multiple extensive reviews and book
chapters reported in the literature [25–29, 33, 34].

An important factor when performing SERS measurements is the choice of the
SERS-active substrates to be used: planar substrates, NP suspension, core-shell
structures, functionalized NPs, etc. Depending on the exact application, specific
structures will be preferred. Moreover, the development of NPs that show a high
biocompatibility while still maintaining their physical properties is often desirable in
medical applications [35–37]. To this end, different functional layers are added to the
NP to facilitate their delivery to a specific affected organ. Upon this, the destruction
of the NP’s core-shell structure can lead to the release of different filling materials
[35], to a faster clearance of the NPs from the body, or to the induction of a highly
localized electrical field in the close vicinity of the NP that increases the efficiency of
in vivo biomarker detection.

In the following section, we will address some of the most relevant experimental
details having a considerable impact on the outcome of the SERS measurement.
Namely, details regarding Raman systems used for SERS measurements will be
introduced; the commonly used SERS-active substrates and the different approaches
used for SERS measurements will be summarized; the choice regarding the best-
suited laser wavelength for the investigation of biological samples will be discussed;
the synergy between SERS, immunoassays, and microfluidics will be presented; and
finally some details regarding quantitative SERS measurements will be addressed.

4 Experimental and Instrumental Methodology

When performing SERS measurements, the experimenter is confronted with a series
of measurement parameters to be considered and decided for. For example, reliable
SERS results can be achieved only when the parameters of the Raman setup, the
physicochemical properties of the targeted samples, the properties of SERS-active
substrate, and the measurement design are all carefully considered and optimized.
SERS spectra can be acquired with a large variety of commercial or in-house build
Raman setups. Detectors and instrumentation in this field are in continuous devel-
opment, and therefore, in the following, we will provide just a generalized view on
Raman (micro)spectroscopy, highlighting some of the major factors relevant for
SERS measurements. For a more detailed overview, the reader is directed to the
multiple book chapters reported in the literature [38–40].
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Although the Raman effect was discovered by C. V. Raman already in 1928, only
30 years later, with the development of lasers, Raman experiments gained popularity.
The introduction of charge-coupled devices (CCD) with high quantum efficiency
and the establishment of confocal micro-Raman spectroscopy have further sparked
the interest of scientists for this technique. For example, in Fig. 1.1 one of the many
existing Raman setups is depicted. Here, a laser source provides the monochromatic
light required to induce the inelastic light scattering events yielding a Raman
spectrum. The excitation laser is coupled into the Raman microscope via a dichroic
mirror. This element acts as a long pass filter, and it reflects with high efficiency the
laser excitation light, whereas the backscattered Stokes-shifted Raman photons will
be transmitted. If, however, the detection of the anti-Stokes Raman photons is
desired, the setup must be equipped with a holographic beam splitter that will act
as a notch filter. Further on, after the monochromatic light is reflected by the dichroic
mirror, it is focused on the surface of the sample via a microscope objective. Here,
the backscattered light is collected via the same objective, and it is transmitted via the
dichroic mirror. The currently available coating technologies applied on dichroic
mirrors reach a reflection of the elastically scattered photons of up to 95%, and thus,
for a more efficient suppression of the Rayleigh line, an additional edge/notch filter
is also implemented. This reduces the laser light intensity by around six orders of
magnitude. The resulting filtered light crosses through a pinhole, which, if present,
yields a confocal collection and reduces the background signal of the sample.
Finally, the light is coupled into a spectrometer, where by the aid of gratings the
beam is dispersed onto the CCD detector by deflecting each wavelength at a slightly
different angle.

Fig. 1.1 Scheme of a
confocal Raman microscope
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When deciding on the particularities of the experiment, the user can freely opt for
a number of the above-enumerated components such as the excitation source to
which the researcher should match the dichroic mirror and notch filter, the used
microscope objective, as well as the size of the pinhole and the type of grating.
Below, we will address the particularities of each of these parameters.

Generally, in order to obtain intense Raman spectra, lasers with short emission
wavelengths (UV, blue, or green) are preferred as the Raman-scattering intensity is
proportional to the fourth power of the frequency of the exciting laser radiation.
Nonetheless, many samples show strong fluorescence when excited with these lasers
and the detection of the Raman-scattered photons is inhibited. This is especially
valid for biological samples, as it will be discussed in the following sections, and
thus, often a red or near-infrared laser (emission above 600 nm) is preferred.
Furthermore, for SERS spectroscopy, one has also to consider the localized plasmon
polariton resonances of the employed SERS-active substrates in order to make use of
the electromagnetic enhancement mechanism. Generally, for silver spheres blue/
green laser lines are chosen, whereas for gold, wavelengths above 600 nm are
applied. This can be explained by considering the dielectric function of the two
metals, and it was described, among others, by, i.e., Le Ru et al. [33].

Besides carefully choosing the excitation wavelength, one has to pay attention
also to the excitation power. Although the Raman intensity is proportional to the
power of the used laser, limitations brought by the thermal damage of the sample
have to be considered. In Raman experiments, the excitation power can vary from
microwatts to several hundreds of milliwatts depending on the thermal conductivity
and absorption of the sample and the measurement conditions (point scan, line scan,
light sheet illumination, etc.). For SERS measurements, the applied laser power will
vary also based on the employed SERS-active substrate. When measurements are
performed on planar plasmonic substrates under dry conditions, laser powers in the
~20–500 microwatt range are used in order to avoid the local heating and damage of
both the nanostructure and molecule. If these substrates are measured while they are
incubated in the sample solution, the laser power can be increased up to 5–10 mW
due to the increased heat dissipation in the presence of a liquid. For measurements
carried out with microfluidic platforms, thanks to the dynamic flow, the laser
intensity can be increased considerably as no sample degradation is expected.

Microscope objectives play also a key role in maximizing collection efficiency
and spatial resolution. For applications where both parameters are crucial for optimal
results, objectives with a high numerical aperture (above 0.8) have to be selected.
Nevertheless, these objectives have generally a low working distance (at most
2–3 mm) and a reduced collection depth. Therefore, if the surface of the sample to
be measured presents high roughness, information might be lost during measure-
ments due to getting out of focus or the objective might be irreversibly contaminated
due to touching the sample surface. Furthermore, one must also pay attention to the
choice of the right objective for the intended excitation laser as the antireflection
coatings can present different transmission characteristics for different frequencies.

Lastly, a grating with a higher number of grooves per mm (e.g., 1800 l/mm) will
yield a spectrum with a high resolution (~2 cm�1) but with a lower spectral range,
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whereas a grating with, e.g., 600 l/mm will yield a lower resolution (~6–10 cm�1),
but it covers the whole Stokes Raman spectral range.

Overall, the excitation wavelength and power, the microscope objective, and the
grating will strongly influence the outcome of the SERS measurements. Neverthe-
less, the choice of the SERS-active substrates and the measurement approach (see
Fig. 1.2) will have also a key role. As summarized in several reviews [45–47], a large
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Fig. 1.2 Selected representations of the different encountered SERS measurement configurations:
cuvette measurement (a – adapted from Rong et al. [41] with permission from Elsevier. Copyright
# 2016 Elsevier); microfluidic platform measurement (b – adapted with permission from Hidi et al.
[42]. Copyright # 2016, American Chemical Society); flat substrate-based SERS measurement
(c – adapted with permission from Chen et al. [43]. Copyright # 2016, American Chemical
Society); immunoassay-based SERS measurement (d – adapted from Fu et al. [44]. Copyright #
2015 Elsevier B.V., with permission from Elsevier); SERS measurement performed through the
skin upon injection of the nanoparticles in laboratory mice (e – left image adapted with permission
from Lin et al. [35]. Copyright # 2013, American Chemical Society; right image adapted with
permission from Zeng et al. [37]. Copyright # 2015, American Chemical Society)
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variety of SERS-active substrates are available. As already mentioned in the previ-
ous section, the coinage metals, such as silver and gold, are the most often encoun-
tered materials for plasmonic structure fabrication. Depending on the preparation
procedure, the SERS-active substrates can be classified into bottom-up, self-
organizing, and top-down substrates [45–48]. Among the metal nanostructures
fabricated by bottom-up procedures, there are metal colloids [49, 50], core-shell
nanoparticles and structures, [35] seed-mediated growth structures [51, 52], and
others. A large variety of such substrates have been fabricated owing to the relatively
easy preparation protocols, the high diversity of sizes and geometries that can be
developed, and the ease of use while performing the measurements. However, most
of these NPs are suspended in an aqueous solution, restricting their application for
fat soluble analytes. For such analytes, additional preparation steps can follow,
resulting in the attachment of functional groups on the surface of the NPs, the
formation of core-shell structures, or the addition of protective layers on the surface
of the NPs. Still, this further increases the complexity of the preparation protocol and
the time and the costs of the substrate preparation. The second category of SERS-
active substrates mentioned are self-organizing substrates, which include self-
assembled colloidal nanoparticle [53] clusters and arrays as well as template-based
self-assembled planar nanostructures [52, 54, 55]. Finally, the top-down substrates
are prepared by using a template produced by electron beam lithography (EBL) [56,
57], lift-off processes [58], and ion beam etching processes as part of lithographic
methods [59]. Compared with the bottom-up procedures, the top-down substrates are
less cost-effective, and the preparation protocol is more complex, but the resulting
substrates have a more homogeneous size distribution and are highly reproducible
and structured. Additionally, the substrates’ templates can often be prepared in
advance, and the final layer of the coinage metal (i.e., Ag, Au, Cu, or Pt) can be
deposited on the substrate short before the actual SERS measurement is performed.

Among the measurement approaches, cuvette-based SERS measurements are the
most widely spread ones. Here, the colloidal nanoparticles in aqueous suspension are
mixed with the targeted analyte solved also in an aqueous solvent. Commonly, in
order to efficiently enhance the Raman signal, an electrolyte is also added, which has
the role to aggregate the nanoparticles and to create “hot spots.” The order of mixing
these three components, the ratio in which they are mixed, the type of electrolyte
used, and the time lapse between mixing and measurements will highly influence the
recorded SERS signal. Unfortunately, there exists no golden rule which guarantees
the best results, and for each targeted molecule, the procedure is commonly opti-
mized by the trial and error method. During the SERS measurements, objectives
with a long working distance are preferred as this avoids the unwanted dipping of the
microscope objective in the sample, and it offers information from a larger collection
volume. The incident laser power can have values of above 1 mW up to tens of
milliwatts due to the presence of the aqueous environment, and the excitation laser is
focused on the water-air interface or short below it as this avoids the reabsorption of
the Raman-scattered light by the sample.

If the targeted analytes are hydrophilic, scientists usually choose planar SERS-
active substrates. The deposition of the analytes is done either by the drop-and-dry
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approach or by incubating the substrate in the sample solution for a given time. For
the first case, due to the coffee-ring effect, heterogeneous molecule layers will be
obtained, while in the second case, the incubation time will strongly influence the
outcome. Furthermore, in the second case, the scientist might opt to measure the
substrate after it was air-dried or when it is still dipped in the solution. In all cases,
most commonly Raman scans are performed in order to avoid the local heating and
degradation of both the analyte and the plasmonic structure. Under dry conditions,
laser powers lower than 1 mW are preferred, and objectives with a high numerical
aperture are selected. These two procedures, cuvette and scanning the surface of the
planar substrate, are suitable for the determination of biomarkers in body fluids. For
the in vivo applications, nanoparticles are injected into the tissue of interest, or
substrates are implanted below the skin and approaches like spatially offset SERS
microscopy is performed.

Reproducible and automated measurement conditions are essential characteristics
for the successful integration of new analytical methods in routine analysis. As
mentioned above, SERS measurements with NPs in colloidal solutions are generally
carried out in cuvettes, whereas in the case of the planar substrates, the analyte
molecules are deposited on the metallic surface either via drop and dry or incubation.
Neither of these two approaches offers the possibility to perform automated mea-
surements, and both methods are subject to human errors. The combination of SERS
with microfluidics, however, has been very promising at overcoming these limita-
tions, and it opened a door toward a plethora of biomedical applications
[60–68]. Notably, by employing microfluidics, the required reagent volumes can
be considerably reduced, chemical reactions can be observed at the microscale, and
sample preparation and measurements are integrated in the same platform. Among
the optical methods that have been applied to record signals from such volume-
reduced samples, SERS is favored because of its high sensitivity.

On the basis of literature, microfluidic platforms can be divided into two main
categories: flow-through or continuous flow platforms [69–88] and segmented or
droplet-based platforms [42, 68, 89–95]. In the first approach, planar substrates
prepared via top-down processes can be integrated into the channel system, colloidal
NPs can be injected via one of the inlet ports, or SERS-active substrates can be
produced in situ. In these platforms, solvent evaporation is inhibited, the coffee-ring
effect occurring in the open platforms is avoided, and the diffusion of the target
molecules toward the metallic surface can be improved via, e.g., electrokinetic [96]
or hydrodynamic focusing [97]. However, because the sample is permanently
wetting the channel walls of the microfluidic platform, the so-called memory effect
can appear, where the channel surface of the channels becomes enriched with the
samples over time and the reliability of the SERS measurements can be
compromised. This is one of the reasons leading to the development of droplet-
based microfluidic platforms. In these platforms, cross contamination can be signif-
icantly inhibited by ensuring no or very low cross talk between the different liquid
compartments by dispensing the sample and colloidal NPs into individual droplets
surrounded by an immiscible liquid phase. These droplets can be trapped, sorted,
mixed, or split, based on the specific experimental requirements. As droplet
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formation is controlled by high precision pump systems, the method will suffer less
from human-induced errors, and the SERS signals will offer reliable results.

With this approach, two of the main limitations of the SERS technique, repro-
ducibility and automation, can be overcome. However, this is not sufficient for the
selective detection of molecules in complex matrices. Generally, the SERS-active
substrates will enhance the signal of any Raman-active molecule situated in their
proximity. Consequently, the molecules of a complex matrix and the target mole-
cules will compete for free binding sites on the metallic surface, and the successful
detection of the molecule of interest can be inhibited. For example, when a bio-
marker must be detected in human blood, proteins, red blood cells, and other large
molecules will block the nanostructured metallic surface. Thus, the distance between
the target molecule and the enhanced electromagnetic field will be too large for the
molecule to still experience the SERS effect. Increased selectivity of the metallic
surface is present only toward those molecules that have functional groups with high
chemical affinity for the respective metal. Namely, thiol groups, the lone pair
electrons of oxygen and nitrogen atoms, and π electrons of aromatic rings show
high affinity toward gold and silver. To increase the selectivity of the SERS sub-
strates for the targeted molecules, immunoassay-based SERS platforms have been
developed. The working principle of an immunoassay is based on the antigen-
antibody binding reaction. The technique gains its high specificity and sensitivity
from three important properties of antibodies: (1) the ability to bind to both natural
and synthetic molecules, (2) specific binding, and (3) binding strength
[98–101]. Immunometric assays, such as the enzyme-linked immunosorbent assay
(ELISA), use two different specific antibodies that form a sandwich around the target
of interest, and they are suitable for the detection of molecules with large molecular
weight, such as proteins or peptides. For the low molecular weight substances, the
competition design is preferred. Here, the target molecule competes with a fixed
amount of tracer (labeled molecule) for a limited number of antibodies. The affinity
of the target molecule for the antibody is higher than that of the tracer. Therefore,
when the target molecule is present in the sample, fewer tracers will bind to the
antibody than in the absence of such a molecule. Finally, after the successful
formation of immunocomplexes, SERS can be used to detect the signal. Commonly,
Raman reporter molecules with well-defined and strong Raman signatures are
embedded in the SERS tags, and their signal rather than that of the target molecule
is measured. In the following section, the reader will find many examples of the
successful detection of biomarkers by means of SERS-based immunoassay
platforms.

For most medical diagnosis purposes, qualitative results are not sufficient for
confirming the presence of a medical condition. However, quantitative SERS mea-
surements are still very challenging even after more than 40 years from the first
reported enhanced Raman signals of pyridine on roughened metallic surfaces
[102]. This stems from the fact that SERS is a surface-sensitive technique. Only
the Raman signal of the molecules in the first layers on the metallic surface will be
considerably enhanced. Thus, the dynamic range of the method is limited, and very
seldom it extends over more than one or two orders of magnitude. At high
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concentrations of the target molecules, the so-called saturation or poisoning effect
appears due to the evanescent character of the local electromagnetic field. Further-
more, using the traditional quantification method based on previously established
calibration curves will fail because of the batch-to-batch variation in the quality of
the SERS-active substrates and because of the high chemical variability of the
biological samples. Nevertheless, most of the reported SERS-based immunoassay
platforms, owing to their selective binding, offer reliable quantitative measurements,
while for the microfluidic SERS platforms, the standard addition was implemented
to improve quantitative measurements of molecules [89]. However, most studies in
the literature show results measured in a single run, and they do not address the
quantification of the target molecules in clinical samples, where the concentration is
unknown. Therefore, before SERS can be considered as a tool for clinical diagnosis,
this challenge has to be met.

In conclusion, due to the high variety of available SERS-active substrates, the
choice of the best-suited substrate is never trivial and highly depends on the specific
application. A top-down substrate with a highly homogenous surface would gener-
ally present a uniform enhancement over the surface, making it easily suited for
applications that require quantification and high reproducibility (e.g., cell measure-
ments). On the other hand, a substrate with less uniform enhancement would often
present hot spots with higher enhancements, which would make the substrate better
suited for applications connected to single-molecule detection or microfluidic system
measurements [46, 103]. Finally, functionalized colloids are easily distributed in the
organism, taken up by cells, or dispersed on tissues, making them a generally good
choice for in vivo medical applications. Nevertheless, in this situation, the problem
of ensuring the formation of hot spots remains, and different solutions have been
reported in the literature as it will be discussed below.

5 Key Research Findings

5.1 Aging-Associated Diseases

5.1.1 Neurodegenerative Diseases
Life expectancy has risen dramatically during the last century, leading to an increase
in the proportion of the elderly population. This, given the progressive degeneration
of the structure and function of the nervous system during aging, has increased the
incidence of neurodegenerative disorders. Alzheimer’s disease (AD) is the most
prevalent form of late-life mental failure in humans. Since 2010, multiple SERS
studies of AD have been conducted, and their results will be the subject of the
present section of the chapter. However, before discussing the findings in the field, a
brief summary of key factors related to AD will be presented in the following
paragraphs. For an extensive discussion of AD pathology, the reader is referred to
the multiple excellent review papers and books published on this topic [104–114].

AD is associated with progressive memory impairment, disordered cognitive
function, and altered behavior, including paranoia, delusions, and loss of social
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appropriateness, accompanied by progressive decline in language function
[104–108]. The study of AD pathogenesis generated long discussions in the medical
community. Nowadays, it is commonly accepted that the two main pathological
hallmarks of the disease are extracellular neuritic plaques and intracellular neurofi-
brillary tangles. The neuritic plaques are microscopic foci of extracellular deposi-
tions consisting of amyloid β (Aβ) proteins [104]. Aβ is a 39–43-residue-long
polypeptide generated through cleavage of the amyloid precursor protein by β- and
γ-secretase [115]. The Aβ species associated with AD are composed of 40 or
42 residues. Aβ (1-40) has a higher concentration in AD patients, although the
neurotoxicity of Aβ (1-42) is much more pronounced owing to its greater tendency
to form aggregates in vivo. The question of whether the insoluble Aβ fibrils and
monomeric Aβ proteins are less pathogenic than soluble, nonfibrillar assemblies
(dimers, trimers, or larger oligomers) has generated an intense debate [110–112]. In
addition to amyloid plaques, the AD brain contains also large, non-membrane-bound
bundles of abnormal fibers composed of the microtubule-associated protein tau [113,
114] with abnormal posttranslational modifications, including phosphorylation and
acetylation [116, 117]. In AD, more than 20 residues become phosphorylated,
whereas in the healthy brain, 8–10 of these residues are heterogeneously phosphor-
ylated and, therefore, do not bind to microtubules. As a consequence, dendritic
spines in the AD brain become enriched in the tau protein, which might interfere
with neurotransmission [118].

These two pathologies can occur independently of each other. Neurofibrillary
tangles have been observed in other neurodegenerative disorders that are not asso-
ciated with amyloid plaques. Similarly, Aβ aggregates were observed in brains of
cognitively normal-aged individuals in the virtual absence of tangles [104]. There-
fore, the gold standard for AD diagnosis to date is postmortem neuropathological
confirmation. However, it is commonly accepted that the neurological changes
leading to AD begin to develop decades before the earliest clinical symptoms
occur. Biomarker detection has been proposed to be used for early diagnosis. The
five most widely studied biomarkers of AD are decreased Aβ (1-42) concentrations
in the cerebrospinal fluid (CSF), increased CSF tau levels, decreased fluorodeox-
yglucose uptake assessed by positron emission tomography (PET) imaging, PET
amyloid imaging, and structural magnetic resonance imaging (MRI) measurements
of cerebral atrophy [105].

Aβ monomers and oligomers have been detected by electrochemical, surface
plasmon resonance, colorimetric, resonance light scattering, and fluorescent sensors,
as well as by ELISA and with large-scale instrumentation such as mass spectrometry
[115, 119–122]. However, there is no gold standard for these assays, and the research
community is strongly driven by this unmet challenge. As already described in the
experimental section, the combination of SERS with immunoassays yields a plat-
form with high specificity, sensitivity, and selectivity. Multiple groups have taken
advantage of this detection principle and reported on the successful determination of
Aβ and tau proteins in phosphate-buffered saline (PBS) and in artificially spiked
whole-blood samples. In Fig. 1.3, an easy and straightforward approach to detect Aβ
(1-40) is illustrated [123]. The platform is based on capturing Aβ (1-40) antigens by
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antibodies immobilized on an N-hydroxysuccinimide (NHS)- and 1-ethyl-3-
(3-dimethyl-aminopropyl)carbodiimide (EDC)-activated 11-mercaptoundecanoic
acid (MUA) layer linked to electrochemically deposited Au NPs. This immunoassay
was used for the detection and quantification of Aβ (1-40) based on its SERS
spectrum, at concentrations between 100 fg/ml and 1 μg/ml in PBS, with a linear
dynamic range of 100 fg/ml–1 ng/ml.

Tau, the biomarker indicating the formation of neurofibrillary tangles in the
human brain, has also been successfully quantified in PBS solution by a homoge-
nous sandwich assay combined with SERS [124]. For this, the authors used mono-
clonal anti-tau antibody-functionalized hybrid magnetic nanoparticle (MNP) probes
and polyclonal anti-tau antibodies immobilized on gold NPs as SERS tags. Figure 1.4
illustrates schematically the working principle of the assay. In the first step, silica-
coated, oleic acid-stabilized maghemite (γ-Fe2O3) NPs were prepared. To prevent
self-polymerization of the MNPs, 3-methacryloxypropyltrimethoxysilane (MPS) in
the presence of hydroquinone as a catalyzer was deposited on their surface. The
MPS-modified MNPs were then coated with the chain transfer agent 2-cyano-2-
propyl benzodithioate (CPBT) and azobis(isobutyronitrile) (AIBN). Grafted hybrid
MNPs were obtained via the surface-mediated reversible addition-fragmentation
chain transfer polymerization of 2-hydroxyethyl methacrylate (HEMA) from
CPBT-modified MNPs poly(HEMA). This was followed by the cleavage of the
poly(HEMA) grafted chains from the hybrid MNPs, the removal of dithiobenzoate
end groups, and the addition of the monoclonal anti-tau antibody. These hybrid
MNPs have a diameter of ~70 nm. As SERS tags, gold NPs with a diameter of
15 � 8 nm, modified with a self-assembled monolayer of 5,5-dithiobis
(2-dinitrobenzoic acid) (DTNB) and followed by the attachment of the polyclonal
anti-tau antibody, were used. A polyclonal antibody was chosen to amplify the low
signal from the target tau, as polyclonal anti-tau antibodies can recognize multiple
epitopes on tau molecules. As a result, sandwich complex aggregation is induced.

To detect the tau protein, the hybrid MNPs, functionalized with the monoclonal
anti-tau antibody, were added to the sample solutions. After 30 min, the resultant tau
conjugated MNPs were isolated with a magnet, washed, and added to the solution
containing the SERS tags. After another 30 min, the resultant sandwich complex was
isolated with a magnet and SERS measurements were performed. The MNPs are not

Fig. 1.3 Schematics of the SERS-based immunoassay used for Aβ (1-40) detection described by
El-Said et al. [123]
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SERS active, and therefore, there is no plasmonic coupling between them and the
SERS tags. However, it is very likely that hot spots can be generated between
adjacent polyclonal anti-tau antibody-functionalized Au NPs. This is clearly
supported by the appearance of Raman bands in the SERS spectrum associated
with the vibrational modes of DNTB (Fig. 1.5a). Under these conditions, it is
expected that by increasing the amount of tau proteins conjugated with the hybrid
MNPs, the number of captured polyclonal antibody-conjugated Au NPs will also
increase. The sensitivity of this immunoassay SERS platform is illustrated in
Fig. 1.5b. An excellent linear response was obtained for tau concentrations between
25 fM and 500 nM. Furthermore, the cross-specificity of the assay was also tested
using a solution containing equal amounts of tau, bovine serum albumin (BSA), and
immunoglobulin G (IgG). As it can be seen in Fig. 1.5c, the SERS intensity obtained
from the response of the mixture was strongly similar to that obtained from the
sample containing only tau in solution. Therefore, BSA and IgG had no strong
influence on the performance of the assay, confirming its high specificity for the tau
protein.

Ideally, the assays intended to diagnose a medical condition should measure
multiple indicators of the disease in biological fluids in order to avoid false-positive
results. In the case of AD, this is especially important, because common dementia
cases can be easily misdiagnosed as AD. Therefore, although the two assays
presented above offer high sensitivity and specificity for the detection of Aβ
(1-40) and tau in PBS, an assay offering multiplex measurements in biological fluids

Fig. 1.4 Scheme of the preparation of sandwich assay for tau protein detection described by Zeng
in et al. [124]
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is desired. Additionally, whole blood would be an attractive alternative to CSF as a
biological fluid of clinical interest for biomarker detection, because it allows less
expensive and invasive measurements, suitable for repeated, routine examinations.
However, the Aβ (1-42) levels in plasma (~20 pg/ml) are considerably lower than
those in CSF (800 pg/ml) [125, 126]; furthermore, plasma is a much more complex
matrix, as it contains high amounts of different proteins, and Aβ in plasma can also
be derived from peripheral tissues and not only from the brain [127]. In the case of
tau, its plasma levels were ~8 pg/ml, whereas its levels in CSF were ten times higher.
Furthermore, to have elevated tau protein levels in the plasma, substantial axonal
injury is required; thus, high levels of tau in the plasma is a late marker of AD [128].

Keeping in mind the need for multiplex detection platforms and the low concen-
trations of Aβ (1-42) and tau protein in plasma, Demeritte and coworkers developed
a large-scale, chemically stable, bioconjugated, multifunctional, hybrid graphene
oxide platform for the separation and identification of trace levels (femtogram) of the
two AD biomarkers in whole blood [129]. Their nanoplatform conjugated with anti-
tau and anti-Aβ antibodies is based on magnetic core-plasmonic shell nanoparticles

Fig. 1.5 (a) SERS spectra at different tau concentrations showing the Raman bands characteristic
for the DNTB molecule. (b) Concentration-response curve of the tau assay. For each concentration
four different reading of the SERS intensity was performed. (c) SERS spectra demonstrating the
specificity of the sandwich assay for the tau protein (Adapted with permission from Zengin et al.
[124]. Copyright # 2013, American Chemical Society)
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attached to 2D hybrid graphene oxide. Here, as also in the former report, the authors
took advantage of the magnetic properties of their particles in order to separate them
from the complex matrix and avoid autofluorescence background signals originating
from blood cells. The large surface area of the graphene oxide supports high
adsorption of the target molecules, and it also facilitates stable hot-spot creation
between the core-shell particles. The selective capture efficiency of the assay was
confirmed by using an ELISA kit, and it was estimated to be 98% for Aβ (1-42) and
97% for tau. In contrast to the previous case, SERS protein detection was performed
label-free, based on their intrinsic Raman vibrational modes. The SERS spectra of
Aβ (1-42) and tau are shown in Fig. 1.6, together with the background signal from
the nanoplatform. In the latter case, the Raman bands were assigned to the D and G
bands of graphene oxide. The SERS spectrum of Aβ (1-42) shows sharp bands
assigned to the amide I, amide II, and amide III groups. The position of the amide III
band is especially important, as it gives information about the structure of the
protein. When the protein adopts an α-helical structure, it is shifted to high
wavenumbers (~1300 cm�1), whereas with β-sheet conformations, it is shifted
toward the low wavenumbers (~1220 cm�1). In addition to the amide bands,
histidine residues, phenylalanine, and tyrosine molecules contribute to the Raman
spectrum of Aβ (1-42). In the case of tau, the vibrational modes of tyrosine are
strongly contributing to the Raman spectrum. Owing to the absence of amide II and
amide III bands in the spectrum of tau, the two molecules can be easily discriminated
based on their SERS spectrum. The sensitivity of the assay was 500 fg/ml for Aβ
(1-42), with a linear dynamic range up to 1 pg/ml. For the case of tau, SERS signals
were present at 100 fg/ml, but the authors do not offer information regarding the
linear range.

The three examples described above demonstrate the high potential of immuno-
assay SERS platforms for the detection of AD biomarkers with very high sensitivity.
However, SERS spectroscopy is not limited to the detection of molecules, but it can
also offer valuable information about the structure and conformation of the
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molecules. Although this does not have a diagnostic value per se, it is often
important to gather additional information of the detected molecules.

In the case of Aβ, it has been proposed that small oligomers, profibrils,
Aβ-derived diffusible ligands, and heterogeneous globular species are more neuro-
toxic than the fibrils in late aggregation stages [130, 131]. To investigate the
aggregation pathway, it is crucial to identify the conformation of the proteins
accumulated in the different aggregation stages. As already mentioned above, the
position of the Raman mode ascribed to the amide III vibration is sensitive to the
conformation of the protein (α-helical or β-sheet). Consequently, the Cα-H and N-H
bending motions of secondary structure elements, defined by the Ψ and Φ
Ramachandran angles (Fig. 1.7), will be affected by the aggregation stage of the
protein. In a SERS study carried out with Ag NPs coated with a silica shell, the
authors were able to monitor the conformational changes occurring during aggrega-
tion by correlating the SERS measurements with the results of a thioflavin T
fluorescence assay, the gold standard for assessing Aβ aggregation, and atomic
force microscopy [132]. The SERS results are nicely summarized in Fig. 1.7. In
the 3D plot, the Raman shift of the amide III band is shown as a function of the
incubation time with Aβ (1-42) monomer in PBS at 37 �C. These results show that as
the incubation time increases, the center of the Raman band shifts from higher to

Fig. 1.7 Model of peptide secondary structure and predominately contributed Raman signal
associated with the Cα–H bending motion mode. Characterization of Ab (1-42) peptide Am III
frequency, with simultaneously ThT assay fluorescence measurement of Aβ (1-42) (Adapted from
Wang et al. [132] with permission from Wiley)
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lower wavenumbers. At time points below 20 h, the position of the band suggests
that the structure of the protein might be flexible to form different hydrogen bonds
between Cα-H and N-H. This hypothesis was confirmed by fluorescence measure-
ments, showing no significant changes in the fluorescence intensity at times below
20 h, indicating that Aβ is still not aggregated or has only elementary aggregation
forms. For incubation times at the range of 20–80 h, the fluorescence emission of
thioflavin T increased exponentially, suggesting Aβ (1-42) aggregation, accompa-
nied by the formation of β-sheet hydrophobic cores. The apparent heterogeneity of
the Raman signal suggests that the aggregation process is not homogenous. After
80 h, the aggregation process reaches equilibrium and the Raman band is shifted to
1220 cm�1. In conclusion, SERS is a powerful tool for structure investigation, and it
is much more sensitive than classical fluorescence measurements.

5.1.2 Cardiovascular Diseases
Approximately half of the deaths in the western world are caused by cardiovascular
diseases (CVD) and particularly by myocardial infarction (MI). The early diagnosis
of MI will have a high impact on the health of the patients, as MI causes irreversible
heart damage, and it will also significantly decrease the financial burden placed on
clinical resources. MI diagnosis is performed by electrocardiogram (ECG) measure-
ments combined with the determination of the level of cardiac specific biomarkers in
patient blood [133, 134]. Troponin I (cTnI), troponin T (cTnT), myoglobin, and
creatine kinase MB (CK-MB) are the most commonly monitored MI biomarkers.
Myoglobin elevation above the clinical cutoff value of 70–200 ng/ml in the first
1–3 h is considered to be one of the earliest signs of MI. However, myoglobin is
released by both skeletal and cardiac muscle injury, and, thus, it has low specificity
[134]. CK-MB increases above the clinical cutoff value of 10 U/l 3–4 h after MI, and
it is considered of medium specificity for the clinical condition [134]. For the
confirmation of cardiomyocyte damage, cTnI and cTnT are considered to be the
gold standard [135, 136]. The troponin complex is responsible for skeletal and
cardiac muscle contraction. After myocardial damage, the individual proteins of
the complex are released in the bloodstream. Nevertheless, up to 6 h have to pass
since the first physical symptoms appeared to reach a concentration level above the
cutoff value of 0.01–0.1 ng/ml. Based on these facts, it becomes clear that once
again, as in the case of AD, it is desirable to determine the presence of more than just
one biomarker to avoiding false-positive diagnoses. Optical (intensity readout,
luminescence, surface plasmon resonance, SERS), electrochemical (amperometric,
potentiometric, impedimetric), and paramagnetic particle-based immunosensors
have been widely employed for this purpose [133, 134, 137–141].

The high sensitivity of SERS was the driving force for the development of various
assays for cardiac biomarker detection. Myoglobin concentrations as low as 10 ng/
ml were detected in PBS and in human urine, with a linear dynamic range of 10 ng/
ml–5 μg/ml, by employing a template-free, one-step synthesis for the plasmonic
structure [142]. However, the employed Ag nano-pinetree film-modified ITO sub-
strates are not selective for myoglobin and are most probably not suitable for the
detection of the molecule in blood.
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ELISA assays are routinely performed for molecule detection with high specific-
ity and sensitivity. The recently developed assays use fluorogenic, electro-
chemiluminescent, and real-time polymerase chain reaction to generate
quantifiable signals. SERS was also considered as a signal readout method, and it
was successfully applied for the quantification of the cTnT biomarker at concentra-
tions of 2–320 pg/ml. For this, the target molecule at different concentrations was
incubated in antibody-coated microplates, followed by the addition of an anti-cTnT-
horseradish peroxidase conjugate, chromogen A (3,30,5, 50-tetramethylbenzidine
(TMB)) and chromogen B (H2O2). As a result of the enzymatic reaction, TMB2+

was obtained, and it was found that its SERS intensities decreased upon decreasing
the concentration of the antigen (cTnT) present in the sample.

International guidelines for cardiac biomarker detection recommend a turnaround
time (TAT) of less than 1 h from the moment the patient is admitted to the hospital. A
competitive immunoassay for the simultaneous detection of two cardiac biomarkers
in human blood, cTnI and CK-MB, was proven to deliver results in less than 15 min,
requiring a minimum sample consumption of 10 μl [143]. In this assay, monoclonal
antibodies against cTnI and CK-MB were conjugated to magnetic beads, and the
target antigens were immobilized on the surface of SERS tags. Therefore, the free
target antigens in the sample would compete with the antigen-conjugated SERS tags
for the binding sites on the surface of the magnetic particles. After binding for 7 min,
the immunocomplexes were captured with a magnetic bar, and the Raman signals of
the remaining SERS tags in the supernatant were measured. As reporter molecules,
malachite green isothiocyanate was used for cTnI and X-rhodamine-5-(and-6)-
isothiocyanate for CK-MB. The cross-reactivity between cTnI and CK-MB was
also evaluated for a concentration range between 10 pg/ml and 1 μg/ml. The SERS
spectra of the two reporter molecules exhibited well-separated Raman bands. There-
fore, multiplex detection could be easily carried out. The clinical application of the
competitive immunoassay-based SERS platform was evaluated by determining the
two biomarkers in 18 blood samples collected from patients and comparing the
results with data measured by a commercial assay. For the quantitative determination
of the target molecules, SERS calibration curves were generated from cTnI and
CK-MB dissolved in PBS. The limit of detection was 42.5 pg/ml and 33.7 pg/ml for
CK-MB and cTnI, respectively. By applying the Bland-Altman and Passing-Bablok
regression analysis, it was demonstrated that the differences between the results of
the SERS assay and the commercial assay were in the 95% limit of agreement range.
Thus, the authors were successful in developing an immunosensor with fast TAT and
high specificity and with a considerably higher sensitivity than the commercially
available platform.

5.1.3 Diabetes Mellitus
Glucose levels in the human body are regulated by the ability of insulin, secreted by
the pancreas, to promote glucose uptake in the peripheral tissues and to suppress
hepatic glucose production [144]. Type I diabetes mellitus, also referred to as
juvenile diabetes, is caused by insulinopenia, and it affects 5–10% of all diagnosed
patients. Type II diabetes, with a prevalence outreaching 90%, is described as an
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insulin resistance. The onset of type II diabetes happens at adult age when the
pancreas is not able to produce excess insulin to overcome the resistance, and its
incidence increases with age. There is no established cure for this medical condition,
although the state of the patients can be considerably improved by responsible
glucose level monitoring. An impressive variety of glucose sensors are on the
market, including point-sample and continuous monitoring devices
[145–147]. Although glucose monitoring is not a diagnostic procedure per se, we
consider that the high number of publications reporting SERS-based sensors for
glucose monitoring [148–173] requires a separate section for highlighting the major
findings in the field.

Glucose molecules do not naturally absorb onto metallic surfaces; hence different
strategies had to be developed in order to detect them. The enzyme glucose oxidase
(GOx) catalyzes the oxidation of glucose, generating H2O2 and gluconic acid.
Consequently, the pH value of the microenvironment is changing. Several
researchers took advantage of this reaction and developed sensors based on
it. GOx was deposited on SERS-active microneedles used for in vivo glucose
sensing [159]. Specifically, 0.2 mm stainless-steel acupuncture needles were covered
with gold nanoshells and a microporous polystyrene layer. As the SERS reporter
molecule, 4-mercaptobenzoic acid (4-MBA) was deposited before GOx was added
on the surface. When the sensor was immersed in an environment containing
glucose, the integrated GOx molecules could convert the target molecule to gluconic
acid, which would cause a pH change. Consequently, owing to the pH-sensitive
SERS signal of 4-MBA, the concentration of glucose could be indirectly assessed.
This sensor showed satisfactory linear response for glucose concentrations between
2.7 and 8 mM in water. By taking into account that the normal blood glucose levels
in humans are in the range of 3–6 mM [174], the sensor would allow the quantifi-
cation of blood glucose at normal levels, but hypo- and hyperglycemic states cannot
be quantified. In the same study, the in vivo performance of the multifunctional
acupuncture needle was demonstrated on a male New Zealand rabbit. For this, the
glucose-responsive multifunctional acupuncture needles were inserted in the rabbit
tendon and ear vein for 30 s. The signal from different needles was measured before
and after the injection of a glucose solution (5 ml, 0.75 g) via the ear vein. At the
same time, reference values were measured using a commercial glucometer. Unfor-
tunately, the authors do not provide a quantitative estimation of the glucose levels in
the rabbit; however, the 4-MBA signal decreased upon increasing glucose concen-
tration. Overall, this technique is very promising, and with further work, it could
compete with other commercial devices.

Boronic acid covalently binds saccharides via the diol moieties [175]. Thus, many
glucometers rely on this recognition reaction for the detection of glucose levels. In
the SERS studies different isomers of mercaptophenylboronic acid (MPBA) have
been widely used for capturing glucose, and also as Raman reporters for quantifica-
tion purposes [153, 155, 158, 169–171]. Glucose recovery levels of 84–110% in
undiluted human urine were reported by employing a nanosensor based on 4-MPBA
decorated Ag NPs [171]. The working principle of the sensor relies on the aggrega-
tion of the Ag NPs induced by the 2:1 4-MPBA/glucose bonding ratio. Glucose
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contains two pairs of adjacent hydroxyl groups that could bind to two 4-MPBA-
modified Ag NPs. This glucose sensor showed a response time of 12 min, and its
selectivity over mannose, galactose, sucrose, and fructose was also demonstrated.
Two-component (4-MPBA and 1-decanethiol (1-DT)) self-assembled monolayers,
serving as molecular recognition and penetration agents, have also been employed in
a paper membrane-based SERS sensor [155]. Owing to the nitrocellulose layer,
blood cells and proteins were captured on the surface of the membrane, and only the
small molecules reached through capillary forces the sensing site. The assay time
was 5 min and a glucose recovery rate of 88% was reached. The limit of detection
was estimated to be 0.1 mM and the linear range 0.5–10 mM. To increase the
selectivity of the glucose sensing platforms, scaffolds incorporating two boronic
acid groups have also been considered [153]. Direct and selective SERS detection
under physiological conditions was carried out using a gold film-over-nanosphere
(AuFON) substrate, functionalized with bisboronic acid receptors incorporating two
4-amino-3-fluorophenylboronic acid units. By employing monobornic acid, the
glucose molecules will be in the close proximity of the metallic surface, sensing
the high electromagnetic field. On the basis of their results, the authors concluded
that a bisboronic acid analogue with seven atoms separating the amide carbonyls of
the receptor units showed the highest selectivity and affinity for glucose. By
applying multivariate statistical analysis, a clear distinction between hypoglycemic,
normal, and hyperglycemic levels was achieved.

All sensors described above rely on point measurements, where the patients are
requested to test their glucose levels multiple times per day. In this manner, hypo-
and hyperglycemic episodes can be hardly detected, as they might occur randomly
during the day. Continuous monitoring of glucose levels is therefore highly desired
for the well-being of the patients. Multiple continuous glucose monitoring (CGM)
devices are already on the market. However, they can generally function up to
7 days, they require multiple calibrations, and the product description recommends
the patients to verify with a regular glucometer the actual glucose levels before
taking measures. At the Van Duyne laboratory, a transcutaneous glucose sensing
platform relying on surface-enhanced spatially offset Raman spectroscopy
(SESORS) was developed, which could reliably sense glucose in vivo in rats for
more than 17 days [151, 152]. While in normal Raman measurements the excitation
and signal collection sites coincide, there is an offset between the two processes in
SORS. In this way, the Raman signal from the underlying layers in the investigated
samples will not be overwhelmed by the signals from the surface. Thus, SERS
signals originating from the transcutaneous sensors can be easily collected.
Decanethiol (DT)/6-mercapto-1-hexanol (MH) self-assembled monolayers partition
and localize the glucose molecules on the AgFON surface. Based on space-filling
computer models, the authors suggest that dynamic pockets capturing glucose are
formed from the long DT chains and the short MH chains. The reliability and
accuracy of new glucose sensors are generally assessed by the Clarke error grid
analysis (EGA), illustrated in Fig. 1.8. The grid is divided into five zones (A–E),
with measured concentrations by a reference method on the x-axis and predicted
concentrations by the new method on the y-axis. The zones have the following
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significance: (A) clinically accurate measurements and treatment, (B) benign errors
or no action, (C) unnecessary action, (D) lack of action, and (E) actions that are
opposite to those that are clinically necessary.

Therefore, data acquired with the new method has to fall into the A and B zones in
order to pass the accuracy test. Based on the plots presented in this study, this
transcutaneous sensor detected hypoglycemia with an accuracy exceeding the cur-
rent International Organization Standard (ISO/DIS 15197) requirements, with only
one calibration in a time period of 17 days.

5.2 Cancer Diagnostics

Another important cause of a high number of deaths worldwide is cancer and cancer-
related diseases. As nicely introduced in many review articles [176–178], the term
cancer encompasses a large family of diseases, all characterized by uncontrolled cell
growth that can potentially spread to other parts of the organism as well. Conse-
quently, the diseases develop fast and are often diagnosed at a rather late(r) stage.
Additionally, there is limited access to standard and efficient treatment, and cancer
removal surgeries depend strongly on the proper assessment of the tumor borders in
the affected tissue. Accordingly, cancer survival rates tend to be low, with the exact
rates depending on the specific region of the world, the type of cancer, the age of the
affected person, and the stage of the cancer spread [179]. To improve this, different
techniques have been applied to achieve fast and reliable cancer diagnosis at an early
stage, including polymerase chain reaction (PCR), ELISA, electrophoresis, SERS,
micro-cantilevers, colorimetric assay, electrochemical assay, and fluorescence
methods [176–178]. Each of these techniques relies on the specific identification
of different cancer biomarkers present in tumor tissues, cells, or body fluids
[176, 180]. Nevertheless, due to the high diversity of cancer-related diseases and
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the particularities of its detection at different organs, often, detection of more than
one biomarkers is required to assess whether an individual has cancer. DNA, mRNA,
enzymes, metabolites, transcription factors, and cell surface receptors are some of
the biomarkers used for cancer diagnosis [176, 179].

Proteins and related biomarkers released from cells and organs have been used for
the detection and monitoring of cancer [181–184]. The available SERS studies for
the ex vivo (cell, tissues, and body fluid measurements) identification of cancer often
relies on the recognition of such biomarkers, and promising results have been
reported for their ex vivo detection in cell culture [185–194]. Nevertheless, a more
clinically relevant approach would rely on body fluid measurements. However, the
concentration of protein biomarkers in serum during early cancer stages can be as
low as 10�16–10�12 M, making their detection rather challenging [181]. Since SERS
is a molecular fingerprinting technique that can identify target molecules at very low
concentrations, different SERS-based approaches have been tested to achieve this
goal. Among the most straightforward approaches, SERS NPs in the form of
commercially available colloids [195] or colloids prepared according to easy prep-
aration protocols [50] were mixed with blood or serum samples, dropped on glass
slides, and measured by Raman spectroscopy [195–197]. However, due to the low
specificity of label-free SERS NPs, the results obtained by this procedure only partly
correlated to the gold standard analysis (i.e., high-performance liquid chromatogra-
phy – HPLC) [195]. Nevertheless, upon functionalization of these nanostructures,
their specificity for specific cancer biomarkers increased, leading to better diagnostic
results [198, 199]. In addition to pure Au or Ag nanostructures [50, 182, 195, 198],
core-shell NPs have also been reported in the literature for cancer detection appli-
cations: Fe3O4/Au/Ag [41, 199], Au@Ag [41], or Au@ polyethylene glycol(PEG) –
Au@PEG [182]. For each of these structures, specific tags were used for distinct
cancer types, making the overall SERS substrate preparation protocols not univer-
sally applicable. For example, a surface-enhanced resonance Raman spectroscopy
(SERRS) sensor based on sandwich immunocomplexes consisting of a mixture of
Fe3O4@Ag NPs conjugated with capture antibody through an amidation reaction,
and Au@Ag NPs conjugated with antibody using an HS-PEG-COOH/Tween
20-assisted method was tested for the detection of the colon cancer biomarker
carcinoembryonic antigen (CEA) in clinical serum samples [41] (schematic repre-
sentation in Fig. 1.9). For the preparation of the sandwich structure, a rather
complicated and time-demanding procedure was followed. That is, the Fe3O4@Ag
NPs were first incubated overnight in an ethanolic solution containing 10 μM MUA
and 10 μM 11-mercapto-1-undecanol (MU). Then the carboxyl groups on the NP
surface were activated by using a mixture of 1 mM and 5 mM sulfo-NHS, and the
resulting NPs were incubated overnight in the presence of 10 μg of capture antibody.
In the case of the Au@Ag NPs, upon washing three times with a buffer containing
1 μM HS-PEG-COOH and 0.01% Tween 20, the NPs were sonicated for 30 min in
25 μM diethylthiatricarbocyanine iodide (DTTC) to synthesize Raman-encoded
NPs. Next, the particles were sonicated for another 30 min in 10 μL of a 1 mM
mPEG-SH solution to increase their stability, suspended in a K2CO3 solution,
vigorously mixed with 25 μM EDC and 25 μM sulfo-NHS for 15 min, and
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re-suspended in a K2CO3 solution. Finally, the resulting activated NPs were incu-
bated overnight in the presence of 10 μg of detection antibody. Thus, the preparation
of the two different types of NPs required overnight incubation, making the overall
NP preparation protocol rather time-consuming. However, once the NPs were avail-
able, the actual measurement protocol was rather simple. The magnetic NPs were first
allowed to interact with the target solution for 30 min, and then the immune com-
plexes were magnetically collected and washed. Subsequently, the DTTC-encoded
Au@Ag were added and incubated for another 30 min. Finally, the formed sandwich
complexes were washed with phosphate-buffered saline tween-20 (PBST),
re-suspended in deionized water, and measured by SERS. Thus, the detection time
required was approximately 1 h, which is fit for clinical application approaches.

Other commonly investigated biomarkers for cancer identification are DNA and
mRNA. As in the previous case, both NP-based [200] and planar substrates-based
[201] SERS immunosensors have been developed for their detection. For example,
the detection of micro ribonucleic acid 21 (miR21) is often achieved by using labels
such as cresyl fast violet T, Rhodamine B, Rhodamine 6G, and DTNB [201]. Nev-
ertheless, it was recently shown [200] that by using an “OFF-to-ON” SERS inverse
molecular sentinel (iMS) nanoprobe in a homogeneous assay for multiplexed detec-
tion of micro ribonucleic acid (miRNA) in a single sensing platform, no labeling is
required. The starting point in the preparation of this detection scheme was the
generation of Au nanostars based on a seed-mediated growth protocol introduced by
Wang et al. [200], followed by Ag coating of these structures by adding 0.1 M
AgNO3 and 29% NH4OH and allowing the chemicals to react for 5 min. Finally, the
SERS iMS nanoprobes were produced by mixing 10 μl of a 10 μM stem-loop DNA

Fig. 1.9 Scheme of the preparation of sandwich assay for CEA protein detection (Reprinted from
Rong et al. [41] with permission from Elsevier. Copyright # 2016 Elsevier)
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probe solution with 0.9 mL of 0.1 nM Ag-coated nanostars and 0.1 mL of a 2.5 mM
MgCl2 solution and incubating this mixture overnight at room temperature. The
obtained structures were stabilized by a 30-min incubation with a 1 μM O-
[2-(3-mercaptopropionylamino)ethyl]-O-methylpolyethylene glycol (mPEG-SH,
5000) solution. Following centrifugation and resuspension in Tris-HCl buffer
(10 mM, pH 8.0) containing 0.01% Tween-20, the metallic surface of the nanostars
was passivated with 0.1 mM MH. Subsequently, the SERS iMS nanoprobes were
washed and redispersed in Tris-HCl-Tween-20 buffer. Finally, the iMS SERS signal
was “turned OFF” by incubating the nanoprobes with 0.1 μM placeholder strands in
PBS buffer solution containing 0.01% Tween-20 overnight at 37 �C. While
performing the SERS measurements, the iMS SERS signal was “turned ON” when
the structures sensed the presence of at least 1 μM miR-21 targets.

For each of the above mentioned biomarkers, SERS immunosensors are also
available as planar substrates [43, 181, 184, 202–204] and within photonic crystal
fiber probes [51, 182], for the detection of breast cancer biomarkers such as vascular
endothelial growth factor (VEGF) [181], human epidermal growth factor receptor
2 (HER2) [184], and the wild-type and mutant mp53 protein [204] in patient blood
plasma. An example of a hollow core photonic crystal fiber (HCPCF) probe used for
multiplex detection of serological liver cancer biomarkers is illustrated in Fig. 1.10
[182]. Here, the fiber PCF was cut into 7 cm pieces cleaved at the ends, and its inner
walls were coated with poly-L-lysine to induce active sites for the binding of the
target biomarkers. The resulting fiber was then dipped in cell lysates from oral
squamous carcinoma (OSCC) HER2 biomarker supernatant from Hep 3b cancer
cell line for 3 min to allow for protein binding and was incubated at 4 �C for 2 h.
After drying, a mixture of antibody-conjugated SERS nanotags was added into the
fiber. In parallel, bio-conjugated SERS nanotags were prepared from commercially
available NPs. For this, NPs were incubated with the following Raman reporter
molecules: malachite green isothiocyanate (MGITC), naphthalenethiol (NT), or
lipoic acid-modified cyanine 5 (Cy5), for 15 min, 1 h, or 15 min, respectively, in a
ratio of 1:9. Subsequently, thiolated-carboxylated PEG (HS-PEG-CO2H) was added
and incubated for 20 min, followed by and incubation with thiolated PEG (PEG-SH)
for 3 h. Upon activation of the carboxylic acid functional groups on the surface of
these PEG-encapsulated NPs (by using EDC and sulfo-NHS), the resulting NPs were
mixed with an additional antibody to achieve multiplexing: the alpha-fetoprotein
(AFP) antibody was added to the activated Cy5 nanotag and the AIAT antibody to
the MGITC nanotag. Finally, the resulting bioconjugated SERS nanotags were
washed and bonded to the immobilized biomarkers in the fibers (see Fig. 1.10). In
this study [182], the HCPCF was used both as a proof of concept, achieving the
detection of HER2 in OSCC cancer cell lysate, and for the detection of two
prominent hepatocellular carcinoma biomarkers, alpha-fetoprotein and alpha-1-anti-
trypsin, in the Hep 3b cancer cell line. Furthermore, it was proposed that the HCPCF
probe can be used for the analysis of saliva, tear, urine, and other body fluids for the
early diagnosis of multiple diseases.

Other body fluids used for cancer biomarker detection include cervical fluids for
the identification of the E7 gene of human papillomavirus (HPV) [202]; additionally,
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breath analysis was also performed for the identification of volatile organic com-
pound that can act as biomarkers for gastric cancer [43]. For the latter, a sensor was
developed starting from a 7.5 cm clean glass, on which a 300-nm-thick Au layer was
sputtered and 2 μL of a graphene oxide homogeneous solution was dropped and
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dried. Following hydrazine vapor adsorption and reduction, the substrate was placed
in N2 for 30 min, and 1 μL of a 5 mM AuCl4

� solution was dried on the substrate,
resulting in a Au NP distribution on the reduced graphene oxide film. The resulting
SERS-active substrate was used for measurements of both simulated and real breath.
To this end, the substrate was placed in a small vessel, and 50 μL liquid standard of
each biomarker was added to the vessel without allowing any direct interaction
between the substrate and the liquid to occur. The vessel was sealed and placed at
37 �C to allow for the liquid to vaporize and interact with the substrate, dry, and be
measured. As illustrated in the simplified schematic in Fig. 1.11, statistical analysis
was performed on the measured data and the results allowed for the differentiation of
patients affected by early gastric cancer (EGC, stages I and II) from patients
suffering from advanced gastric cancer (AGC, stages III and IV).

As is evident from the examples presented above, the drawback of these SERS-
based analytical methodologies is the complexity of the protocol required for the
preparation of the SERS-active substrates. Following NP preparation, functiona-
lization and immobilization on a substrate are necessary, and the total time and
complexity of the measurements increase. Nonetheless, once the SERS substrates
are available, the measurements are easy to perform, and the results are available in a
time-efficient manner. An alternative approach for the identification of cancer in
tissues has also been reported in the literature [205–207], based on incubating the
tissue with NP solutions, which does not require NP immobilization on any sub-
strate. However, tissue measurements are by far the most invasive of the proposed
methods, as the tissue must be removed from the patient before being investigated
ex vivo by SERS. For the measurements, the tissue is first sliced into μm–mm thick
sections [206, 207], then stained [206] or breaded [205] with NPs, and measured by
mapping. It was found that upon incubation of the tissue with NPs,
non-functionalized Au NPs form nano-clusters, which lead to increased Raman
signals due to the formation of hot spots. On the contrary, encapsulated Au NPs
(i.e., Au/SiO2) and functionalized Au NPs are homogeneously spread over the tissue
surface, increasing afferent specificity for the targeted biomarkers and lower Raman
signals [205]. However, E. Cepeda-Pérez et al. [205] reported that in wet tissues, the
Au/SiO2 NPs used in their study formed aggregates in the vicinity of the biomole-
cules located on the tissue surface, leading to a further increase in Raman signals.

As an alternative to the abovementioned procedures, direct intra-tumoral injection
of NPs (see schematic representation in Fig. 1.12) has also been used for cancer
identification. Different approaches were considered here, starting from functiona-
lization of commercially available NPs [36] and ending with the development of
rather complex core-shell nanostructures [35, 208]. These complex core-shell nano-
structures, depicted in Fig. 1.12, consist of Au vesicles encapsulating active com-
pounds, such as chlorin e6 (Ce6). They were prepared starting from the generation of
Au NPs by citrate reduction of HAuCl4 in an aqueous phase. Subsequently, the Au
NPs were dried on a glass substrate, followed by triggering the self-assembly of
amphiphilic block copolymers by rehydrating of the thin Au NP film in water by
sonication. Finally, Ce6 was encapsulated in the resulting Au NPs by rehydrating the
structures with solutions having different concentrations of Ce6 during
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centrifugation of the mixtures. The resultant nanostructures were tested and charac-
terized regarding their SERS, near-infrared spectroscopy, fluorescence, thermal, and
photoacoustic properties. Moreover, it was found that laser irradiation causes them to
break and to be easier cleared from the organism [208]. Additionally, during the
experiments there was no significant inflammation observed in the heart, liver,
spleen, lung, and kidneys, suggesting low cytotoxicity and high biocompatibility
of the Au vesicles [208]. Therefore, these nanostructures are thought to represent a
potentially interesting tool for cancer identification.

In a different study, the detection of the breast cancer-specific biomarkers epider-
mal growth factor receptor (EGFR), CD44, and transforming growth factor beta
receptor II (TGFbRII) in mice was also reported [36]. To achieve this, three different
reporter molecules were immobilized on the surface of commercially available
60 nm SERS NPs: malachite green isothiocyanate (MGITC), Rh6G, and Cy5. For
this, solutions of 10 mM lipoic acid (LA) linker modified with Cy5, 10 mM
malachite green isothiocyanate (MGITC), and 50 mM Rh6G were separately
mixed with the AuNPs in a v/v ratio of x/x for 20 min. Subsequently, PEG
encapsulation for antibody conjugation and protection of the nanotags was
performed. Next, the carboxylic acid functional groups were activated on the surface
of the resulting nanostructures by the EDC and sulfo-NHS coupling reaction.
Finally, an anti-EGFR antibody was allowed to react with the activated Rh6G
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Fig. 1.12 Scheme of the preparation of sandwich assay for CEA protein detection (Adapted with
permission from Lin et al. [35]. Copyright # 2013, American Chemical Society)
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nanotag, an anti-CD44 antibody with the malachite green isothiocyanate (MGITC)
nanotag, and an anti-TGFbRII antibody with the Cy5 nanotag, for 2 h at 25 �C, and
the samples were incubated overnight at 4 �C. Although the overall NP preparation
was rather long (approximately 6 h of actual preparation time plus an overnight
incubation at 4 �C), the achieved multiplexing efficiency makes the resulting NPs a
potentially interesting structure. Moreover, the NP clearance by the liver and spleen
was evaluated by monitoring the SERS signals in these organs for more than 72 h
[36], and it was concluded that they are eliminated from the organism within 72 h
from their intra-tumoral injection.

Regarding NP biocompatibility and clearance time in mice, the study of Zeng
et al. [37] shows that the Ag@Au-DTTC nanostars prepared and used during the
experiments had a negligible effect on tumor volume and overall body weight in
mice for a period longer than 16 days (Fig. 1.13). Moreover, no inflammation in the
heart, liver, spleen, lung, kidney, or intestine tissue was observed during the study. In
this study, the NPs were injected through the tail vein and not directly at the tumor
site. An additional study was carried out to compare the use of Ag@Au-DTTC
nanostars, PBS, PBS + NIR, Ag@Au-DTTC, and Ag@Au-DTTC + NIR, and the
results are summarized in Fig. 1.13. The NIR addition in the names of the different
systems was used by the authors to denote that an 808 nm laser was applied for the
excitation of the NPs instead of the 785 nm laser used in all other cases. Ag@Au-
DTTC nanostars were prepared starting from simple, 20–30 nm Ag NPs by adding
dropwise deionized water and 0.1 mM DTTC under stirring. This led to the
formation of Ag-DTTC NPs, which were further mixed with 0.1 M HCl and
2.5 mM HAuCl4 aqueous solutions. Then, 10 mM AgNO3 and 100 mM ascorbic
acid (AA) were added under vigorous stirring. Next, 0.1 mM DTTC was dropped
into the NPs for the second time, while stirring, and the reaction was maintained for
10 min. Here, the addition of AgNO3 was performed to generate anisotropic Au
nanostars. Finally, the resulting Ag@Au-DTTC nanostars were modified with
mPEG-SH by adding 2 mM mPEG-SH to the Ag@Au-DTTC nanostars under
stirring and allowing them react for 30 min. Subsequently, the nanostarts were
washed, redispersed in deionized water, and used for measurements.

While a few studies are introduced here, many others are available in the
literature. Cancer detection is a high-interest topic, and much effort is directed
toward developing methods for the reliable detection of cancer biomarkers present
at low concentrations, especially at early stages of the disease.

5.3 Pathogen Detection

The early diagnosis of medical conditions caused by viruses and parasites is highly
needed, especially in the cases where treatment administration during the early stage
of the disease is crucial. For example, communal transmission of malaria and full
recuperation of patients infected with the apicomplexan parasite Plasmodium species
are guaranteed only when medication follows early detection. Hemozoin, a crystal-
line insoluble precipitate present in the red blood cells (RBCs), is considered to be a
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biomarker for malaria diagnosis. The reference method for its detection is based on
visual examination of light microscopy images of Giemsa-stained blood smears.
However, a considerable amount of hemozoin precipitates have to be present in the
sample in order to diagnose malaria with this method. Nevertheless, hemozoin is
produced in the RBCs already during the earliest stages of the parasite lifecycle. In a
period of 48 h, the parasite transitions from the merozoite stage to the ring and
trophozoite stage, and then it matures to the schizont stage. During this time, the
parasite digests up to 75% of the available hemoglobin, and it produces the crystal-
line, insoluble hemozoin. The compound is highly paramagnetic, and it has a strong
Raman fingerprint, as it can be seen in Fig. 1.14. Because hemozoin is a product of
hemoglobin digestion, most of the Raman bands are identical for the two molecules.
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Fig. 1.13 In vivo SERS spectra of tumor-bearing mice in the control and injected with PBS buffer,
Ag@Au, pure DTTC, and Ag@Au-DTTC nanostars under the excitation of a 785 nm laser (a); the
change of relative tumor volume in different groups of PBS (under the excitation of a 785 nm laser),
PBS + NIR (under the excitation of a 808 nm laser), Ag@Au-DTTC (under the excitation of a
785 nm laser), and Ag@Au-DTTC + NIR (under the excitation of a 808 nm laser) (b); the change of
body weight in different groups of PBS, PBS + NIR, Ag@Au-DTTC, and Ag@Au-DTTC + NIR
(c) (Adapted with permission from Zeng et al. [37]. Copyright # 2015, American Chemical
Society)

1 Surface Enhanced Raman Spectroscopy for Medical Diagnostics 33



SERS, owing to its high sensitivity, can easily determine hemozoin at low
concentrations, and multiple studies have reported the successful detection of the
precipitates in lysed blood samples, infected RBC, or human blood, even at single
parasite level [210–213]. For example, Garrett and coworkers used gold-coated
butterfly wings for the detection of the malarial hemozoin pigment in the early

Fig. 1.14 Photomicrograph of P. falciparum-infected erythrocytes in the late trophozoite stage,
showing vacuoles containing hemozoin. The Raman spectrum of β-hematin, a structurally identical,
synthetic composite of hemozoin, is also depicted (Reprinted from Wood et al. [209] with
permission from John Wiley and Sons. Copyright # 2003, American Chemical Society)
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ring stage in lysed blood samples containing 0.005% and 0.0005% infected RBC
[210]. However, because the surface of the substrate was not functionalized,
hemozoin deposition from the cell lysate was random. The detection of the parasite
at a concentration of 0.0005% infected RBC was achieved only by manually
selecting the measurement spots on the SERS-active surface. This is a time-
consuming approach, and it is not feasible for real-time measurements of a high
number of samples. In another study, Chen et al. [211] performed detailed SERS
investigations of normal and infected RBCs at different stages of infection. By using
multivariate statistics based on principle component analysis, the authors were
successful in discriminating between ring, trophozoite, and schizont stages of
infected RBCs from normal RBCs. The changes observed in the SERS spectra
were associated with changes of the cell membrane. Namely, during the life cycle
of the parasite, the host cell plasma membrane displays a significantly decreased
content of cholesterol and sphingomyelin, and an increased ratio of phospholipid to
cholesterol, while a large number of proteins are exported. In this study, silver
nanorods were fabricated via the oblique angle deposition method on glass micro-
scope slides, and they were used for enhancing the weak Raman spectrum. In a
recent study, Chen and coworkers reported a procedure confirming that the source of
the measured SERS signal originated from a single parasite in the ring stage [212]. In
order to do this, silver NPs were synthesized directly inside the parasites to ensure
close proximity between the NPs and the target molecules and to avoid the necessity
of lysing the parasites. Specifically, following lysis of blood cells from the infected
sample, the lysate was re-suspended in AgNO3 solution. Triton X-100 was mixed
with hydroxylamine hydrochloride, and it was added dropwise to the AgNO3

solution containing the sample. The resulting solution was smeared on glass slides
covered with aluminum foil and measured with a Raman spectrometer. With the help
of bright field microscopy images and the SERS spectra, the authors showed that the
measurements were carried out on a single parasite level. On the basis of all the
studies described above, it is clear that SERS is very promising for early malaria
diagnosis. However, further work is required to design reliable platforms that can be
affordable for developing countries.

Hepatitis B can lead to liver cirrhosis and hepatoma; during the last years,
proteins, antibodies and antigens, and specific DNA sequences have been considered
as hepatitis B biomarkers. As already demonstrated in the previous sections, the
combination of immunoassays, microfluidics, and SERS yields fruitful synergy, and
it was also applied for the detection of hepatitis B virus antigen (HBsAg) in human
blood plasma [214]. In Fig. 1.15, the working principle of a microfluidic SERS-
based immunoassay is depicted. GaN/Au-Ag was used as the capturing substrate.
The substrate was modified with 6-amino-1-hexanethiol to form amino-terminated
linkages. The thiolated metallic substrate was placed in the measuring chamber of
the microfluidic chip fabricated on polycarbonate. A mixture of a hepatitis B virus
monoclonal antibody (anti-HBsAg) and an activation solution was injected via one
of the inlet ports. After 1 h, the remaining active surface was blocked by BSA, and
the antibody-immobilized substrate was stored at 4 �C until the measurements were
performed. The Raman reporter molecule, basic fuchsin, was designed to chemisorb
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on thiol-modified gold nanoflowers and to covalently bind to the antibody via a
terminal amino group. For the measurements, human blood samples from ten
healthy volunteers were spiked with HBsAg in different concentrations. The samples
were injected via the Y inlet, while the antibody-modified Raman reporter-labeled
nanoflowers were supplied via the Z inlet of the microfluidic chip. After 3 min, the
flows were stopped and for 30 min all reagents were incubated in the detection area
of the microfluidic chip to generate the sandwich immunocomplex, which was then
measured by Raman spectroscopy. A calibration curve was obtained from the SERS
intensity of the Raman marker band of fuchsin. HBsAg was successfully detected at
concentrations as low as 0.01 IU/ml (0.2 ng/ml corresponds to 0.05 IU/ml) with a
relative standard deviation of less than 10%. In addition to this study, hepatitis B
virus was also detected by employing plasmonic nanorice antennae on triangle
nanoarrays [215] and spatially reinforced nano-cavity arrays [216]. A SERS-based
lateral flow assay biosensor for the highly sensitive (down to 0.24 pg/ml) detection
of human immunodeficiency virus (HIV-1) DNA was described by Fu and
coworkers, and it is depicted in Fig. 1.16 [44]. The working principle of the platform

Fig. 1.16 SERS-based lateral flow assay for the quantification of HIV-1 DNA (Reprinted from Fu
et al. [44]. Copyright # 2015 Elsevier B.V., with permission from Elsevier)
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can be described as “DNA-conjugated Au NPs target DNA-capture DNA.” Namely,
on the nitrocellulose membrane, streptavidin-biotinylated capture DNA, which is
complementary with a part of the target DNA, and streptavidin-biotinylated control
DNA were immobilized at the test and control line, respectively. The control DNA
was complementary with the detection DNA probe immobilized on the malachite
green isothiocyanate (MGITC) functionalized Au NPs. The MGITC Au NPs were
dispersed on the conjugated pad, which was designed to bind specifically the target
DNA. The sample was applied on the sample pad and diffused toward the absorption
pad due to capillary action. When the sample crossed over the conjugate pad, the
target DNA, if it was present in the sample, and the detection DNA immobilized on
the Au NPs hybridized to form a complex. The immunoassay complexes reaching
the test line were captured by the DNA probe present there based on a second
hybridization step between the target DNA and the capture DNA, yielding sandwich
complexes. Finally, the excess DNA-conjugated Au NPs reached the control line and
were captured by the probe DNA pre-immobilized on the strip. For quantitative
analysis, SERS spectra were recorded at the test line with a bench top Raman
spectrometer. The Raman characteristic bands of the Raman label molecule,
MDITC, were considered for analytical performance assessment. The authors
claim that a detection limit of 0.24 pg/ml was achieved based on the IUPAC
regulations for LOD calculation. However, the lowest concentration that could be
measured was 8 pg/ml, and it showed only low-intensity Raman bands. For an
accurate estimation, measurements of solution with lower concentrations of HIV-1
DNA would be required. Furthermore, future experiments testing the feasibility of
the platform to detect the target DNA in biological fluids instead of pure solvent are
expected. As a simplified sample preparation protocol is of high interest for point-of-
care applications, it will have a major impact on the commercialization of the device.

With more than 50 known species that can be easily spread through the air as
aerosols, Legionella can rapidly infect a large number of people. As main clinical
symptoms, acute fever appears after a short incubation period, followed by pneu-
monia symptoms. Therefore, rapid identification of Legionella is important. The
study by Jing et al. [51] focuses on the discrimination between virulent and weak
Legionella strains in five commercially available Legionella species (ATCC33152
L. pneumophila, strong virulence; ATCC33156 L. pneumophila, strong virulence;
ATCC43878 L. brunensis, weak virulence; ATCC35249 L. spiritensis, weak viru-
lence; and ATCC35252 L. cherrii, weak virulence) and three L. pneumophila strains
(strain 1, strong virulence; strain 2, strong virulence; and strain 3, weak virulence)
isolated from different samples. For this, the different Legionella strains were
measured by SERS, using Au-tiopronin NPs. For the preparation of these NPs, Au
NPs were first prepared by the standard citrate reduction method followed by seed
growth by first mixing 0.24 ml of 15 nm Au NPs with 2.49 ml 10 mMHAuCl4�3H2O
solution with stirring and then adding 100 ml 0.4 mM ascorbic acid at a 10 mL/min
rate. Finally, excess tiopronin solution was added and allowed to react. The resulting
NPs were washed and added to the Legionella colonies as follows: each grown
colony was picked into a clean microslide onto which 5 μl NPs were added and
incubated for 5–10 s before performing the SERS measurements. The results
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obtained upon PCA analysis denote the potential of differentiating between
Legionella species based on their virulence and support the notion that this technique
could be further developed into an analytical tool for both environmental and
medical applications.

Wu et al. [217] used a SERS Ag nanorod array substrate, fabricated by the
oblique angle deposition (OAD) technique, to analyze and differentiate 27 different
bacteria species, strains, and serotypes isolated from chicken carcass rinses (denoted
USDACR in Fig. 1.17), patients from a medical center (denoted WRAMC in
Fig. 1.17), and patients from an army medical center (denoted BAMC in Fig. 1.17.
For the substrate fabrication, a glass slide was first cleaned and then positioned
perpendicular to the incident vapor direction for the deposition of a 20 nm titanium
film followed by a 200 nm silver film. The substrates were then rotated to an angle of
86� with respect to the incident vapor, resulting in the growth of Ag nanorods. Rods
of two different thicknesses were created: 2000 nm for pristine Ag nanoroads and
800 nm for vancomycin (VAN) Ag nanoroads. Finally, the 800 nm Ag nanorods
were immersed into a 1 mM vancomycin solution to achieve VAN functionalization
of the 800 nm for VAN Ag nanorods. For the measurements, either a 2 ml droplet of
a sample containing a single bacterial species was applied to the pristine Ag nanorod
substrate or the VAN Ag nanorod substrate was immersed in 2 ml of the single-
species bacterial culture for 2 h, rinsed with DI water, and measured. Upon statistical
analysis of the data, different visualization procedures were tested. As shown in
Fig. 1.17, it was possible to differentiate between gram-negative and gram-positive
bacteria, but it was still challenging to differentiate between different serotypes of the
same bacteria species.

The same SERS-active substrates were also used for the differentiation of patients
infected with Pseudomonas aeruginosa (denoted PA+ in Fig. 1.18) and Staphylo-
coccus aureus (denoted PA+/SA+ in Fig. 1.18) or patients that tested negative for
Pseudomonas aeruginosa infections (denoted PA- in Fig. 1.18), by analyzing spu-
tum samples [218]. Since the target analyte for Pseudomonas aeruginosa identifi-
cation was the redox-active blue green pigment pyocyanin (PCN), PCN was
extracted from sputum samples by mixing 100 μL of processed sputum with
50 μL of chloroform and then refrigerate the mixture for 2 min. Subsequently, the
chloroform layer was transferred to a new tube, a 1 μl droplet of the sample was
dropped on the SERS-active substrate, the contaminants on the substrate surface
were removed using Ar+ plasma generator, and the substrate was dried inside a
plasma generator chamber and measured by SERS. The LOD for the SERS detection
of PCN in aqueous solution was detected to be 5 ppm (2.38 � 10�8 M). This
information was used together with the calibration curve obtained by measuring
chloroform-treated sputum control samples spiked with different concentrations of
PCN (reproduced in Fig. 1.18a) to predict the presence of Pseudomonas aeruginosa
in patient sputum samples and to classify the patients based on this information.
Upon measuring 15 patient sputum samples and using the mentioned calibration
curve, it was found that the concentration of PCN ranges from 18.7 to 64.9 ppb in the
PA+ samples, from 5.1 to 21.5 ppb in the PA+/SA+ samples, and from 1.1 to 2.9 ppb
in the PA� samples (Fig. 1.18b). Considering that the LOD for detecting PCN was
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5 ppm, the authors concluded that the patients in the PA� group were not infected by
Pseudomonas aeruginosa. However, to better visualize and confirm this result, the
authors also performed PLS-DA analysis on the measured data, and the results are
also reproduced in Fig. 1.18c. Considering that by using the chloroform extraction
procedure introduced by Wu et al. [218] the total experimental work time is
approximately 5 min, this represents a promising analytical approach.

Rapid identification of bacteria has also been reported in the case of urinary tract
infections and the detection of E. Coli, Enterococcus faecalis, Staphylococcus

�

Fig. 1.17 Bacteria species, strains, and serotypes isolated from chicken carcass rinses (denoted
USDACR), from patients at a medical center (denoted WRAMC), and from patients at an army
medical center (denoted BAMC) used during the measurements (a). 3D PCA score plot differen-
tiation of five different serotypes of Salmonella species based on the chemometric analysis of the
SERS spectra (b). Partial least squares discriminant analysis (PLS-DA) score plot: gram-positive
(G+) bacteria are indicated as unfilled symbols, and the gram-negative (G-) bacteria are indicated as
filled symbols (c) (Reprinted from Wu et al. [217]. Copyright # 2015 Elsevier B.V., with
permission from Elsevier)
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Fig. 1.18 Intensity ratio of two peaks belonging to PCN in the PCN-spiked sputum samples (a).
Estimated PCN concentration in clinical sputum samples (b). PLS-DA plot of SERS spectra of the
clinical sputum samples (c) (Reprinted from Wu et al. [218]. Copyright# 2014 Elsevier Inc., with
permission from Elsevier)
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aureus, Staphylococcus saprophyticus, Klebsiella pneumoniae, Staphylococcus
haemolyticus, and Proteus mirabilis [219]. In this case, however, a bacterial culture
was required. The authors cultured the bacteria on nine different nutrient agar plates
and incubated them for different times: 1, 2, 4, 6, 8, 10, 12, 18, and 24 h. At the end
of each time frame, the bacteria were measured by SERS, using Ag NPs prepared
according to a simple procedure introduced by Leopold and Lendl [50]. As already
mentioned, it was found that a 1-h incubation was enough to discriminate between
the different bacteria.

Differentiation of the Mycobacterium tuberculosis complex (MTC), including
M. tuberculosis, M. bovis BCG, M. canettii, M. abscessus, and M. szulgai, was
attempted using a bead-beating module in combination with a lab-on-a-chip SERS
(LoC-SERS) system [90] and NPs prepared according to the Leopold-Lendl protocol
[50]. In this study, it was found that M. abscessus and M. szulgai can be differen-
tiated with an accuracy of 100%, whereas the bacteria in the MTC group (containing
M. bovis BCG,M. tb Beij,M. can, and M. tb H37Rv) could only be differentiated as
follows: M. can was separated from the others with an accuracy of 100%, while the
separation of M. bov BCG and M. tb H37Rv only reached 75.3% by applying a
principal component analysis-linear discriminant analysis (PCA-LDA) model.

As has been largely discussed in the literature, it is important to properly consider
and plan the growth conditions [220] as well as the steps prior to the measurement
[221] when working with cell and bacteria culture, since even small quantities of
culture medium present in the sample during the SERS measurement can give rise to
a strong SERS response [221] and also because more extreme culture growth
conditions (i.e., starvation) can modify the main components of the cell wall. Indeed,
according to a recently published study by Premasiri et al. [220], cell wall SERS
spectra of bacteria that were starved before performing the measurements at 785 nm
show that the cell wall is not dominated by peptidoglycan layer components such as
N-acetyl-D-glucosamine, N-acetylmuramic acid, lipids, and proteins, which would
be the normal cell wall composition suggested by the literature, but by molecular
species such as purine phosphoribosyltransferases, enzymes that convert purine
mononucleotides to purine bases. Moreover, according to this study, these purines
are the result of metabolic degradation of nucleic acids and nucleotides (i.e., RNA,
adenosine triphosphate, guanosine triphosphate, and other nucleotide containing
molecules). They are produced when bacteria are placed in a nutrient-free environ-
ment [220]. In contrast, the cell wall SERS spectra of starved bacteria measured at
514/532 nm were nearly equivalent to those of flavin adenine dinucleotide [220].
Figure 1.19 reproduces some of the example figures presented by the authors. However,
it is important to mention that the conditions of the SERS measurement play a very
important role. For example, whether NPs can interact with any other part of the
bacteria or whether they come in contact only with the cell wall will have an impact
on the results. Also, it is important to notice whether the NPs are functionalized or
not and how this induces a binding preference toward certain molecules of the cell
wall. In the particular case presented above, an aggregated Au NP-covered SiO2

SERS-active substrate was prepared by the hydrolysis of tetramethoxysilane in an
acidic methanol solution of HAuCl4 (containing methanol, water, and Si(OCH3)4).
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This resulted in the formation of metal-doped sol-gels, which were dried at room
temperature before mixed with aqueous sodium borohydride and exposed to water-
saturated air for 1 h. Subsequently, the solution was drained and the gel chips were
covered with water and gently shaken for 30 min. Finally, the substrates were

Fig. 1.19 Comparison of SERS spectra of bacterial species with model compounds (a). Empiri-
cally determined best fits (red) of the bacterial spectra (black) of some of the spectra shown in the
left side graph of the figure (b). Best-fit-determined relative (%) purine contributions to the bacterial
spectra on the graphs on the right upper side of the figure (c) (Premasiri et al. [220]. Copyright #
Springer-Verlag Berlin Heidelberg 2016, with permission of Springer)
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incubated for 24 h in a diluted NaBH4 solution for the slow growth of Au NPs. The
resulting substrates were covered with a 1 μL bacteria loop and measured 2 min later
[52, 220].

In the above paragraphs of this section, we presented themost promising findings on
pathogen detection. Different SERS platforms were applied in these studies, starting
with Leopold-Lendl colloids and microfluidic devices and reaching to SERS immu-
noassays and easy to prepare SERS planar substrates. Depending on the type of
substrate, different measurement methods were also chosen. Both very simple mea-
surement conditions, such as a simple mixing of the analyte with the pathogen
suspension or dropping the analyte on planar substrates and measuring the resulting
dried substrate, andmore complicated approaches, such asmicrofluidic platforms, have
been tested. Additionally, owing to the high resemblance of SERS spectra from
pathogens belonging to the same species, statistical analysis is often required for
reliable identification. Moreover, even though discrimination of pathogen species is
often reported in the literature, separation of different strains belonging to one species is
still challenging. However, there are numerous other reports proving the high potential
of SERS for medical diagnosis of infectious diseases, and with further work carried out
with clinical samples, SERS might yield a wide range of applications.

5.4 Other Fields of Application with Clinical Relevance

5.4.1 Therapeutic Drug Monitoring
The cost of medical treatments could be significantly lowered, while the patient
outcome could be considerably improved, by the practice of personalized medicine.
Therapeutic drug monitoring is of especially high value, as several drugs have a
narrow therapeutic range and the concentration of the active agent in the human
body strongly varies among individuals. Currently, different physiological indices
(lipid concentrations, blood glucose, blood pressure) are routinely used to monitor
the pharmacological response and determine the pharmacokinetic and pharmacody-
namic characteristics of drugs. However, there are many drugs with insufficiently
sensitive or no direct indicator of their therapeutic response. In these cases, thera-
peutic drug monitoring relies on measurements of the concentration of the prescribed
xenobiotic that, with an appropriate interpretation, could directly influence the
prescribing procedure and lead to the desired clinical outcome [222].

In clinical chemistry, the determination of drug levels in biological fluids is
performed by methods based on chromatographic separation or immunological
assays [98, 101, 223–230]. The first approach offers great specificity and sensitivity
for, theoretically, all existing drugs, but it is mainly available in reference clinical
laboratories and academic centers because of the high initial financial investment
required. On the other hand, immunological assays (or immunoassays) are easy to
integrate in a clinical setting, but they are available for only a limited number of
drugs because they require specific antibodies. In recent years, multiple SERS
studies for the determination of various drugs at clinically relevant concentrations
in biological fluids were reported. Thanks to the high sensitivity of the method and
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the narrow Raman bands, SERS is optimal for the determination of trace amounts of
molecules in complex matrices. Although SERS cannot compete with chromatog-
raphy for sensitivity and specificity in an academic lab setting, it finds its place in
on-field applications and near-patient settings thanks to the development of high-
performance portable and handheld Raman setups.

Anticancer drugs are notorious for their toxic effects when their concentration in
the human body exceeds their therapeutic range. Methotrexate is generally admin-
istered at high doses (5000 mg/week) for cancer therapy. However, its action is not
restricted only to cancerous cells, and a concomitant administration of leucovorin is
recommended to avoid side effects. According to most medical guidelines, a plasma
methotrexate concentration �0.2 μM allows the clinician to stop leucovorin admin-
istration [231]; 42 h after the start of methotrexate infusion, the target concentrations
are �1 μM, while high-risk toxic effects are associated with concentrations 	10 μM
[232]. The direct, quantitative determination of methotrexate in diluted human serum
samples spiked with different concentrations of the target drug was achieved by
employing gold NP deposited on paper as SERS-active substrate [233, 234]. Specif-
ically, a mixture of citrate-reduced gold NPs and sodium citrate, used as aggregation
agent, was added to a glass vial containing a 1 cm2 filter paper at the bottom. After
1 week, all particles were deposited on the surface of the paper. The supernatant was
removed, and the paper was dried in air and stored in Milli-Q water. The relative
standard deviation of the SERS signal from different analytes measured with sub-
strates from different batches was 15%. Relative standard deviations of 10–20% are
commonly reported in SERS studies and have their origin in the low homogeneity of
hot spots on the solid SERS-active substrate and on the random orientation of the
molecules on the metallic surface. Nevertheless, the SERS community is continu-
ously aiming at improving this and increasing the reliability of the SERS measure-
ments. For the determination of methotrexate with the abovementioned SERS-active
substrate, calibration standards were prepared by spiking drug-free human serum
with different amounts of methotrexate stock solutions. The final concentration of
the drug in the fivefold diluted serum was 0.1–300 μM. The data were evaluated by
employing chemometric methods, and the used model yielded a root mean square
error of prediction of 31.57 μM, with an R2 linear regression coefficient of 0.63.
These values show that the method yields poor predictions, emphasizing the chal-
lenge of quantitative SERS measurements. Paclitaxel, another highly antineoplastic
active drug against a wide spectrum of human malignancies, was also detected by
SERS in blood plasma using microwave-treated gold film polystyrene beads
[235]. Although the concentration window where the drug was detected was
narrower than that of the previous case (10�8–10�7 M), the accuracy was consider-
ably higher (3.8 � 10�9 M). The authors attributed this great accuracy to the direct
absorption of the molecule on the metallic surface owing to its high chemical affinity.
However, as in the preceding case, the authors had to dilute the paclitaxel/blood
mixture with ethanol to reduce strong matrix effects.

Clinical guidelines for antibiotic administration are most often derived from dose-
establishing clinical trials carried out with healthy volunteers instead of patients.
However, it was demonstrated that fix-dose administration will fail in the case of
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patients in the intensive care unit [236]. Therefore, it is of high interest to determine
the actual concentration of the active drug in the human body in order to guarantee
treatment success and avoid the emergence of antibacterial resistances. The
aminoglycoside tobramycin [237], the fluoroquinolone levofloxacin [42, 238], and
nitroxoline [89] were successfully detected by SERS. A 1000-fold dilution of human
serum samples spiked with tobramycin was required prior to SERS detection with
Au NPs prepared according to the traditional citrate reduction protocol and modified
with dithiobis-(2-nitrobenzoi acid) as a Raman reporter. Unfortunately, the authors
did not carry out quantitative measurements, but the intense Raman spectrum
recorded at 4 μM shows great promise for further studies.

SERS is a great analytical method owing to its specificity and sensitivity. How-
ever, it is challenging to achieve reproducible and automated measurement condi-
tions. The synergy between microfluidic platforms and SERS can overcome this
limitation, as demonstrated in numerous reports [60–68]. Hidi et al. took advantage
of a droplet-based SERS microfluidic platform and conducted measurements on
human urine samples collected from patients and healthy donors [42, 89]. As none of
the donors had previously taken levofloxacin or nitroxoline, the two antibiotics were
artificially added to the sample. In this way, the influence of the complex matrix on
the SERS signal of the target molecules was carefully characterized. The authors first
demonstrated that the two antibiotics can be successfully and reliably quantified in
the complex matrix by employing silver NPs prepared at room temperature. Specif-
ically, urinary levofloxacin concentrations in the range of 0.1–1 mM and urinary
nitroxoline concentrations in the range of 3–42.8 μM were detected with a good
linear response, covering the clinically relevant concentration window. The distinct
detection regions for the two antibiotics were explained based on the different
chemical affinity of the two molecules for the metallic surface. The detection limit
for levofloxacin dissolved in high purity water was found to be 0.8 μM, whereas that
for nitroxoline was 2.5 μM. The latter antibiotic showed a clear preference for
binding on the metallic surface, as its detection limit was not significantly affected
by the complex matrix, and this facilitated its detection.

Most of the reported SERS studies confirm that the technique can offer quantita-
tive measurements under well-controlled, known conditions; however, very seldom
the concentration of the target molecules is determined in patient samples containing
an unknown amount of the molecules. This has numerous reasons. First, the chemical
composition of the clinical samples varies strongly between patients, or even between
samples collected from the same patient at different time points. Therefore, if no
thorough sample cleanup procedure is applied, quantification based on previously
established calibration curves will fail, as the SERS signal is very sensitive to the
chemical species present in the sample. Second, the low batch-to-batch reproducibil-
ity of metallic NPs also inhibits the traditional quantification procedure, as signals
measured with NPs of different batches cannot be reliably compared. To overcome
these drawbacks, the SERS community directed its attention toward the standard
addition method (SAM) [91, 239–242]. Here, all analytical measurements, including
the calibration curve, are performed using the sample itself, and the slight variation
between colloid batches will have no impact on the final results.
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The SAM experiments are carried out as follows: (1) equal amounts of the sample
are pipetted into several volumetric flasks, (2) increasing volumes of standard are
added to each flask, and (3) the content of each flask is diluted to the same volume
(Fig. 1.20). Therefore, every flask contains the same concentration of the unknown
sample and different concentrations of the standard solutions, which contain the
same analyte as the one to be quantified. The number of flasks minus one represents
the number of the standard addition steps (SAS). The signal intensity from all flasks
is measured and plotted as shown in Fig. 1.20. The data are fitted by linear
regression, and the x-axis intercept gives the analyte concentration in the unknown
sample, which is the ratio between the intercept at y = 0 and the slope of the
regression. By combining this method with microfluidic SERS measurements and
multivariate statistical analysis, the authors were successful in determining the
unknown concentration of nitroxoline in four simulated clinical samples. In the
repots described above, sample dilution was carried out in order to reduce interfer-
ence from the matrix molecules. Nevertheless, in a recent study, the β-blocker
propranolol spiked into human serum, plasma, and urine was detected at physiolog-
ically relevant concentrations without the need for matrix dilution [243]. For this, the
authors employed silver NPs synthesized according to the Lee-Meisel citrate reduc-
tion method and multivariate data analysis. In this study, stock solutions of the drug
were prepared directly in the biological fluids, and serial dilutions of propranolol
with each biological fluid of interest were then performed using these stock solutions
in the range of 0–120 μM. In the case of the plasma samples, proteins were removed
by centrifugation prior to the measurements. Metallic NPs were mixed with the
samples in a 1:1 ratio, and 0.5 M sodium chloride was used as aggregation agent.

Principal component analysis of the SERS spectra demonstrated a clear differen-
tiation between pure biofluids and biofluids spiked with varying concentrations of
the target drug. To provide quantitative results, the authors used the partial least
square regression method. The limit of detection for propranolol was estimated to be
0.45 μM, 0.53 μM, and 0.57 μM for serum, plasma, and urine, respectively. The

Fig. 1.20 The principle of the standard addition method: (1) equal amounts of the sample are
pipetted into several volumetric flasks, (2) increasing volumes of the standard solution are added to
each flask, and (3) the content of each flask is diluted with water to the same volume. The signal
intensity for all flasks is measured and plotted. The intercept of the linear regression with the x-axis
will give the concentration of the analyte in the unknown sample
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reported results showed a linear response in the 1–10 μM range for serum,
10–100 μM range for plasma, and 10–120 μM for urine. In conclusion, the authors
were successful in detecting the target molecule in various biofluids with conven-
tional silver NPs, demonstrating the high potential of SERS.

Finally, in two recent studies, approaches based on a vertical-flow paper system
[244] and hierarchical zwitterion-modified SERS platforms [245] were reported and
were used successfully for the detection of various drugs owing to the inhibition of
substrate fouling by the components of the matrix. In the first approach, a sample
droplet was applied to a membrane selected to trap serum components while
transmitting the drug 5-fluorocytosine. An inkjet-fabricated paper-based SERS
sensor was placed below the filtering membrane. In this way, large molecules from
the serum were trapped, while the target molecule could interact with the metallic
surface. The SERS signal was measured with a portable Raman spectrometer. This,
and the fact that the no additional apparatus was required for sample cleanup, is very
promising for bedside applications. However, it would be interesting to see the
platform extend to whole-blood samples and to the determination of drug levels in
clinical samples. Concerning the analytical performance of the platform for
5-fluorocytosine spiked into human serum, a limit of detection of 93 μM and
linearity up to 1.16 mM were reported by the authors. An alternative strategy to
avoid substrate fouling and to trap the target analytes was reported by Sun et al.
[245]. In this study, the authors functionalized the optofluidic platform with two
different layers. The role of the first layer was to capture the target molecule via
functional thiols situated in the proximity of the SERS substrate. Thus, the surface
could be enriched with substances exhibiting weak surface affinity, and the SERS
signal could be enhanced. The second layer consisted of non-fouling zwitterionic
poly(carboxybetaine acrylamide) (pCBAA) grafted via surface-initiated atom trans-
fer radical polymerization, and it protected the metallic surface from the proteins in
whole blood. This SERS platform could detect the anticancer drug doxorubicin
when spiked into plasma sample. Doxorubicin is known to be deactivated upon
protein binding; hence the detection of the free drug is of clinical interest. Owing to
the presence of the polymer brush on the surface of the metallic substrate, only the
unbound amount of doxorubicin could get into the close proximity of the hot spots.
This phenomenon was confirmed by liquid chromatography-mass spectrometry
measurements. Furthermore, doxorubicin measurements were proved to be revers-
ible by carrying out experiments whereby drug-spiked plasma was injected into the
optofluidic platform, followed by injection of pure plasma after 250 s. The contin-
uously collected SERS spectra showed that doxorubicin detection was reversible
with exponential response constants of 43 and 95 s for partitioning and
departitioning, respectively. Furthermore, owing to the presence of thiol layers, the
authors were successful in detecting the tricyclic antidepressant amitriptyline hydro-
chloride and antiseizure medications carbamazepine and phenytoin at 20 μM in
spiked plasma. In conclusion, the same substrate could be used for multiple drug
detection, which is a very promising approach. The scientific community is looking
forward for further research developments to demonstrate the quantification power
of the platform applied to clinical samples.
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Although not exclusively related to the necessity of therapeutic drug monitoring,
SERS was shown to be powerful also in the detection of illicit drugs. The system
integration and miniaturization carried out in the last decade considerably increased
the chances of Raman and SERS spectroscopy to be employed in the field of clinical
forensics. Liu and coworkers published three consecutive studies during the last
3 years regarding the determination of amphetamines in human urine samples
[246–249]. The group also developed a portable kit, shown in Fig. 1.21, to facilitate
the multiplex determination of 3,4–methylenedioxymethamphetamine and
methcathinone. The study was carried out with 30 volunteers providing urine
samples. Briefly, the portable kit contains two sealed reagent containers, a standard-
ized packet of highly reproducible gold nanorod 2D arrays on silicon wafers, and a
handheld Raman device. Prior to the measurements, the human urine samples spiked
with the drugs were subjected to a 3-min pretreatment. The obtained results were
confirmed also by chromatographic measurements.

Overall, owing to the fingerprint specificity of Raman spectroscopy and the high
sensitivity of SERS, the technique can determine therapeutic and illicit drugs at
clinically relevant concentrations. However, work directed toward inhibiting the
fouling of the SERS-active substrate and the specific capturing of the drugs still

Fig. 1.21 Illustration of a portable kit for rapid SERS detection of drugs in real human urine: (I )
the urine sample and reagents; (II) the sampling of certain amounts of urine; (III) the mixing of urine
with T1 and T2; (IV) the layering of the mixture after fully shaking by hand; (V ) 2 μL of the
supernatant dropped and dried on 2D gold nanorods arrays, which were assembled on silicon wafer
and deposited on glass slides; (VI) SERS detection with a handheld Raman device (Reprinted with
permission from Han et al. [249]. Copyright (2015) American Chemical Society)
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needs to be performed before SERS can compete with the well-established reference
methods currently used in clinical chemistry laboratories.

5.4.2 Enzyme Activity Assays
Enzymes regulate almost all metabolic processes in cells, and the assessment of their
activity is crucial to either identify a special enzyme in order to prove its presence or
absence in the sample or to quantify the amount of the enzyme in the sample
[250]. SERS-based assays have been applied to assess the activity various enzymes,
including telomerase [193, 251–253], thiopurine S-methyltransferase [254–256],
and protease [257–261] activity.

Telomeres protect the ends of eukaryotic chromosomes by inhibiting the loss of
base pair sequences and conserving the genetic information stored in the chromo-
somes [262]. Telomere activity is controlled by erosion during cell division and, in
addition, determined by the telomerase activity. Telomerase or telomere terminal
transferase elongates chromosomes by adding TTAGGG sequences to their ends. In
normal somatic cells, this enzyme is highly suppressed; however, it was found that in
more than 85% of cancerous cells, telomerase activity is enhanced. This leads to the
so-called cell immortality and uncontrolled proliferation. Therefore, telomerase
activity is considered an important biomarker for cancer diagnosis
[263–265]. Zong and coworkers reported a dual-mode detection approach for
assessing telomerase activity based on colorimetry and SERS [251]. Using telomeric
elongation-assisted magnetic capturing of gold nanotags, a fast preliminary screen-
ing of the samples could be performed by the naked eye, using the colorimetric
functionality, while SERS quantitative analysis could also be carried out. The
platform employs two types of NPs: telomere substrate oligonucleotide
(TS primer)-modified gold shell-coated magnetic nanobeads (MBs) as the capturing
substrate and telomeric repeat complementary oligonucleotide (ATE)- and Raman
reporter-conjugated gold NPs (Au-Tag). If the clinical sample possesses telomerase
activity, then tandem telomeric repeats will be added to the TS primers on the
surfaces of the MB@Au@TS particles. The elongated telomeric sequences will
capture the Au-Tag NPs upon hybridization with ATE. This leads to a color change
and enhancement of the SERS signal due to the aggregation of the magnetically
separated NPs. If the sample does not present telomerase activity, the ATE-modified
Au-Tag cannot hybridize with the MB@Au@TS, and neither a color change nor a
SERS signal will be detected. Telomerase enzymes were extracted from human
cervical cells (HeLa), human breast cancer cells (SKBR3, MCF7), and normal
embryonic lung fibroblasts (MRC5). Quantitative analysis was carried out by dilut-
ing the cell extracts, and it was shown that telomerase activity of 1 cell/ml could be
reliably detected.

Shi and coworkers recently published a very well-founded study regarding the
detection of telomerase activity by SERS [193]. The authors first assessed the
feasibility of their approach by performing quantitative measurements with crude
telomerase extracts from HeLa cells. Then, they evaluated the selectivity of their
method by measuring the telomerase activity in the cancer cell lines HeLa, HT29,
and A549 and in the normal cell line HEK293. Furthermore, to test the capacity of
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their platform for ultra-early diagnosis of malignant disease, they mixed normal
HEK293 cells and HeLa cells in four different ratios. Additionally, samples from
colon cancer patients were also investigated, and their results were validated by the
gold standard method (see Fig. 1.22). In total, five samples from patients were
investigated. Finally, a telomerase inhibition assay was also carried out. For these
studies, quadratic SERS signal amplification via telomerase-triggered silver NP
assembly combined with ions-mediated cascade amplification was used. Namely,
silica microbeads were conjugated with the telomerase substrate primer via the
streptavidin-biotin binding reaction. In the presence of telomerase activity in the
sample, the primer will be extended via the TTAGGG repeat units.
Sulfhydryl-labeled single-stranded DNA served as the capture probe, and by
hybridizing with the extended part of TSP, a long double-stranded DNA would
form. This would provide numerous sulfhydryl groups for subsequent Ag NP
conjugation via Ag-S bonds. This assembly works as the primary amplification
element. Subsequently, the conjugated silver NPs were dissolved into Ag+ upon
the addition of H2O2. Ag

+ induced the aggregation of 4-amino-benzenthiol-mod-
ified gold NPs, creating highly active SERS hot spots. Based on the results
presented in this study, the platform could offer reliable and valuable information
for early cancer diagnosis.

In addition to telomerase activity, abnormal expression of certain proteases has
also been related to the presence of cancer or Alzheimer’s disease [266, 267]. Yazgan
and coworkers investigated two different SERS-based platforms for the quantifica-
tion of protease activity [258]. Spherical and rod-shaped gold NPs were used as
SERS-active substrates, while the molecule DTNB was employed as a Raman

Fig. 1.22 Results of telomerase activity SERS-based platform carried out on colon cancer tissues.
(a) SERS spectra of telomerase extracts of carcinoma tissue (purple), para-carcinoma normal tissue
(green), and the heat-inactive control (black). The Raman bands originate from the vibrational
modes of 4-amino-benzenethiol Raman reporter. (b) Histogram showing the results from five
patients with colon cancer. Purple bar represents carcinoma tissue, while green bar represents
para-carcinoma tissue (I0 and I are the SERS intensities at 1440 cm�1 in the absence and presence
of telomerase) (Reprinted from Shi et al. [193]. Copyright # 2015 Elsevier B.V. with permission
from Elsevier)

1 Surface Enhanced Raman Spectroscopy for Medical Diagnostics 51



reporter. The first analysis platform used gold-coated glass slides conjugated with
11-MUA (11-mercaptoundeconic acid) as a support material. When the sample
possessing protease activity was incubated on the surface of the platform, the
covalently immobilized Raman-labeled SERS probe was released from the surface
via the hydrolytic reaction catalyzed by the protease. Therefore, the SERS signal of
the DTNB molecule was negatively correlated with the enzyme concentration in the
sample. The second analysis platform used casein- or BSA-modified polystyrene
microtiter plates, coated with the labeled SERS probe. Upon hydrolytic activity, the
Raman probe with the peptide fraction was released from the surface and transferred
to the supernatant. The SERS signal measured in the aliquoted supernatant positively
correlated with the enzyme concentration. The platform with rodlike NPs on gold-
coated glass slides yielded the best results. Namely, a linear correlation between
protease activity and SERS signal in the range of 0.1–2 mU/ml and LOD and LOQ
of 0.43 and 0.3 mU/ml, respectively. At the end of their study, the authors success-
fully quantified the protease activity in a commercial enzyme preparation. A second
research group employed a novel “turn-on” SERS strategy based on non-cross-
linking aggregation of gold NPs [257]. Specifically, by first stabilizing
4-MBA-modified Au NPs with a short peptide substrate, their aggregation was
inhibited owing to their low isoelectric point. However, in the presence of a protease,
this peptide was cleaved and the gold NPs formed hot spots, considerably enhancing
the SERS signal of the reporter. Trypsin and thrombin were used as protease models,
considering their importance in clinical diagnosis, and diluted human serum samples
as matrix. The limit of detection was 85 fM for trypsin, and the experiments showed
good selectivity over other proteases.

As described in the previous section, therapeutic drug monitoring is crucial for
positive patient outcome. The pharmacokinetic and pharmacodynamic activity of
drugs is often governed by the metabolic characteristics of the individual patient. In
particular, the genetic differences in metabolic enzymes, such as thiopurine
s-methyltransferase (TPMT), in humans have a major impact on the therapeutic
response of drugs. This is the case for the immunosuppressive drug 6-mercaptopu-
rine, which is deactivated in the presence of high TPMT activity, reducing the
amount of parental drug available to form the active metabolite. Therefore, determi-
nation of TPMT activity in each patient before treatment is required in order to
improve the therapeutic response. März et al. performed lab-on-a-chip SERS mea-
surements on lysed red blood cells to assay TPMT activity [254], whereas Han et al.
investigated the conversion of 6-mercaptopurine to 6-mercaptopurine-ribose in
living cells by label-free SERS imaging [256]. In the first report, TPMT activity
was assessed based on the methylation of 6-mercaptopurine to
6-methylmercaptopurine in lysed red blood cells. The parental drug and the metab-
olite developed specific Raman signatures based on which the two molecules could
be clearly discriminated using linear discriminant analysis (LDA) (see Fig. 1.23).
Furthermore, confirmation of TPMT activity in lysed red blood cells was obtained
using a support vector machine classifier. The resulting accuracies were above 92%.

In the second study, the different orientation of 6-mercaptopurine and 6-mercap-
topurine-ribose on the surface of the SERS-active Au@Ag NPs also generated
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specific Raman spectra. In this study, the authors used a straightforward ratio of two
marker Raman bands to follow drug uptake and intracellular distribution, as well as
metabolism. For these tests, the concentrated Au@Ag NPs were incubated with
different concentrations of 6-mercaptopurine. After the removal of the free drug by
centrifugation, the drug-conjugated NPs were re-suspended in culture media and
incubated for 5 h with human lung adenocarcinoma cells. After washing steps to
remove the loosely attached NPs, measurements were carried out at 0, 2, 4, 6, 8, 10,
16, 20, and 24 h. The authors noticed that owing to the uneven distribution of the
parental drug in the cells, the transformation ratio of 6-mercaptopurine to 6-mercap-
topurine-ribose was less at sites of high concentration, and it reduced at sites of low
concentration. This and other SERS studies [268–285] on drug metabolism path-
ways can offer valuable information for drug development.

Overall, SERS offers multiple ways to monitor and assess enzymatic activity that
can have a crucial impact on, i.e., cancer diagnosis, drug uptake, and drug metab-
olism. This is very important for improving patient outcomes and to reduce the costs
associated with medical treatments.

6 Conclusions and Future Perspectives

The studies described in this chapter are just a small fraction of the publications
related to SERS as an analytical method for medical diagnosis and were selected
based on their significance. However, we are convinced that we did not manage to
fully cover all the developments in the field, and we ask our readers who are
interested in this topic to use this book chapter as a starting point for their research.

SERS was discovered more than 40 years ago. During these years, it transitioned
from fundamental studies where metal-molecule interactions were investigated, such
as food and environmental safety, to medical diagnosis. As demonstrated in this
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Fig. 1.23 LDA model of incubated test blood sample and test blood samples without incubation.
(a, b) Histograms of LDA values of spectra from each group. (c) LDA loading with assignment of
bands appearing in SERS spectrum of 6-mercaptopurine (blue) and 6-methylmercaptopurine
(green) (März et al. [254]. Copyright # Springer-Verlag 2011, with permission of Springer)
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chapter, SERS can be used for biomarker detection for Alzheimer’s disease, myo-
cardial infarction, diabetes, various types of cancer, and malaria, and it can offer
information for therapeutic drug monitoring and enzyme activities. Despite the large
number of publications, SERS is still not commercially available and is mainly used
in academic research laboratories. There are multiple reasons behind this. One of the
challenges is related to the preparation of SERS-active substrate. As described in the
previous sections, most of the time, preparation of these substrates is labor-intensive.
Additionally, their shelf life is seldom tested and needs to be considered for future
studies and applications. Ideally, these platforms must offer high stability over time,
reliable SERS enhancement, ease of use, and cost-efficiency. This is especially
important for medical diagnosis, where a large number of samples is expected to
be analyzed in a short time in non-laboratory environments, such as during field
screening. Once the challenge with the platform is overcome, it could be easily
combined with the existing high-performance portable Raman spectrometers. But
before clinical applications, researchers must present proof that SERS brings con-
siderable improvements as compared with chromatographic separation-based
methods or traditional immunoassays. The topic is extremely interesting, and the
work of researchers in the next years will demonstrate whether SERS could replace
the reference methods in the clinical chemistry laboratories.
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In this chapter, we describe the applications of organic dyes, metal complexes,
fluorescent biomacromolecules, and nanoparticles (such as polymers, quantum
dots (QDs), carbon-based nanomaterials, upconversion nanoparticles (UCNPs),
noble metal clusters, and Si-based hybrid nanoparticles) for NIR fluorescence
imaging of living subjects.

2 Overview

Fluorescence is a useful noninvasive tool for visualizing the morphological details
in vivo with subcellular resolution and for effective medical diagnosis and thera-
peutics. Except for high sensitivity and high spatial resolution, it possesses fast
imaging, low-cost, and facile multiplexing properties. Thus, ideal contrast agents
with bright fluorescence, desirable excitation and emission wavelength, high photo-
stability, small size, and good biocompatibility are vital for fluorescence imaging
in vivo.

However, the major obstacle of fluorescent imaging in vivo is limited by the
tissue attenuation and autofluorescence. To minimize these effects, scientists have
focused on NIR fluorescent probes that are excited and emitted in the spectral range
of 650–950 nm, since tissues are virtually transparent and have typically no auto-
fluorescence in this optimal NIR region. Compared with UVor visible light excita-
tion, in vivo imaging excited from NIR light has noticeable advantages including
deep penetration, weak autofluorescence, minimal photo-bleaching, and low photo-
toxicity. Especially, two-photon-excited fluorescence imaging on account of the anti-
Stokes luminescence process provides a powerful approach to reduce auto-
fluorescence for bioimaging. Furthermore, in vivo NIR fluorescence bioimaging is
important to explore fundamental biological mechanism and pathological progres-
sion and offers key information to the disease diagnosis and therapy. An equally
important issue worth to study is to invasively outline the healthy tissues from
diseased ones. Thus, these methods require further optimization of design to gain
effective NIR imaging agents with high brightness, excellent biocompatibility, good
water solubility, and tissue-specific targeting ability.

Herein, we describe how to employ NIR fluorescent organic dyes, biomacro-
molecules, metal complexes, and nanoparticles (such as QDs, UCNPs, carbon-based
nanomaterials, noble metal clusters, polymers, and Si-based hybrid nanoparticles) with
NIR excitation or emission for fluorescence imaging in vivo in order to clearly define
the physical margins of tumorous and vital tissues for disease diagnostics and therapy.

3 Introduction

Although biomedical imaging technologies have been developed for disease diag-
nosis and therapy, researchers still face great challenges in precisely viewing and
understanding the disease processes, since these processes usually occur at the
subcellular and molecular levels [1]. To date, a variety of techniques have been
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used for imaging the structures and functions of bio-samples, which include ultra-
sound imaging, computed tomography (CT), magnetic resonance imaging (MRI),
positron-emission tomography (PET), single-photon emission tomography (SPET),
and optical imaging (bioluminescence and fluorescence imaging). Among these
techniques, fluorescence provides a unique path to noninvasively visualize morpho-
logical details of living cells and animals with high resolution and becomes a useful
tool for in vivo imaging. Unlike CT and PET imaging techniques, fluorescence
imaging utilizes nonionizing and noninvasive radiation that can visualize the targeted
tissue in situ with high spatiotemporal resolution in a real-time manner [2, 3].

However, there are still some limitations existing in fluorescent imaging, such as
the interference from less penetration depth of light, tissue attenuation, and auto-
fluorescence. To address these problems, various fluorescent probes with NIR
excitation and emission have been continuously designed and developed. In contrast
to visible light excitation for in vivo imaging, NIR light excitation possesses many
merits including deep tissue penetration, weak autofluorescence, minimal photo-
bleaching, low light scatter, and less phototoxicity, thus allowing engineered contrast
agents to operate effectively by avoiding the disruptive background signal present at
lower wavelengths. These properties are highly important for future clinical trans-
lation and should be maintained throughout the developmental process. These
characteristics afford high signal-to-background ratio (SBR) that is recognized as
the paramount parameter for successful contrast agents. High SBR paired with cost-
effective lasers and detectors as well as the inherent innocuous nature of NIR light
makes NIR fluorescence imaging a promising technology for further development.

Currently, many kinds of NIR fluorescent probes lie within this research focus,
including small-molecule fluorophores (such as cyanines, porphyrin-based
fluorophores, squaraine-based fluorophores, and metal complexes), biological spe-
cies (such as fluorescent proteins and DNA aptamers), and synthetic nanoparticles
(such as polymers, QDs, UCNPs, carbon-based nanomaterials, noble metal clusters,
and Si-based hybrid nanoparticles).

In vivo NIR fluorescence imaging is important to explore fundamental biological
mechanism and pathological progression and provides lots of important information
for disease diagnosis and therapy. Specific, sensitive detection of tumors in patients
is a long-standing challenge in oncology. Successful detection of small premalignant
lesions and diagnosis of early-stage tumors can significantly benefit cancer treatment
and improve the survival rate for patients. To improve the target-to-background ratio,
fluorescent labels are typically conjugated to a tumor-targeting moiety, instead of
exploiting passive dye accumulation resulting from the enhanced permeability and
retention effect (EPR) of tumors. Many affinity scaffolds against cancer markers
have been developed for in vivo tumor targeting, ranging from conventional anti-
bodies and peptide-based probes to receptor-targeted natural ligands, small-molecule
antagonists, and DNA or RNA aptamers. All of these representative agents must be
tailored to achieve sufficient stability, specificity, and safety for human use. Before
NIR imaging could be successfully employed in the clinic, contrast agents must be
designed to satisfy a very particular set of parameters that are requisite to future
success. The research efforts place an emphasis on improvements in terms of low
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cytotoxicity, high photostability, NIR emission, two-photon excitation, and long
fluorescence lifetime, which are crucial for longtime tracking of biological pro-
cesses, tissue and body imaging with deep penetration and low autofluorescence,
and time-resolved fluorescence imaging.

Recent advances in bioimaging provide great promises to fulfill the requirements,
as targeted contrast agents have been successfully developed for visualizing both
tumors and vital tissues by simultaneously utilizing spectrally different fluorophores.
These tissue-specific contrast agents can be versatile warehouse to physicians for
real-time intraoperative navigation and image-guided targeted therapy. NIR fluores-
cence light has played an important role in clinical bioimaging via providing highly
specific fluorescent images of targeted tissues. Further research requires optimizing
designs to gain effective NIR imaging agents with high brightness, good water
solubility, excellent biocompatibility, and tissue-specific target ability.

Although there are many reviews highlighting organic fluorophores and nano-
particles for fluorescence imaging [1–56], there is still no review to systematically
summarize various organic fluorophores and nanoparticles with NIR fluorescence
for in vivo bioimaging. Herein, we discuss recent significant research progress about
NIR fluorescent probes, including small-molecule fluorophores, biological species,
and synthetic nanoparticles, for in vivo NIR fluorescence bioimaging.

4 Experimental and Instrumental Methodology

4.1 Confocal Laser Scanning Microscopy (CLSM)

CLSM is a noninvasive optical imaging technique with high contrast and resolution
of images through the addition of a spatial pinhole placed at the confocal plane of the
lens to eliminate out-of-focus light. This technique has been widely employed in
bioimaging applications. It enables the reconstruction of three-dimensional struc-
tures from sets of images obtained at different depths within a thick object, although
the penetration depth of CLSM is restricted and only acquires images one depth level
at a time. Currently, CLSM has been used for fixed or slowly evolving cellular
structures due to its noninvasiveness, high resolution, and real-time optical section-
ing capabilities. For instance, upconversion-enabled optical microscope usually
comprises an inverted microscope, an NIR (980, 915, or 808 nm) continuous wave
(CW) diode laser, a charge-coupled device (CCD) camera, and optical components
like dichroic beam splitter and excitation and emission filters. A CLSM setup for
upconversion-based imaging based on an inverted microscope and a confocal
scanning unit is depicted in Fig. 2.1 [57]. The CW laser emitting at 980 nm is
conducted by galvanometer mirrors and then focused by objective lens into the
specimen. Light emitted from the location of the scanning spot is deflected by the
galvanometer mirrors, separated from the excitation by a reverse excitation dichroic
mirror, passed through a confocal pinhole and a filter, and finally captured by a detector
consisting of photomultiplier tubes. Multiplexed imaging can be simultaneously

70 G. Liu et al.



obtained by detecting individual emission wavelength channels. In addition, live cell
incubator systems can enable long-term and real-time tracking of cells.

For upconversion luminescence (UCL) in vivo imaging, UCNP dissolved in
physiological saline is injected into specially targeted site of mice. After being
anesthetized, mice are imaged by utilizing an NIR optical fiber-coupled laser as
the excitation source under a safe power (usually no more than 0.2 W/cm2). A short-
pass emission filter is used to prevent the interference of excitation light to the CCD
camera. In vivo spectral imaging is carried out with a rate of 10 nm per step and with
an enough exposure time due to rather low quantum yield of UCNPs.

4.2 Two-Photon Fluorescence Microscopy

Two-photon fluorescence (TPF) microscopy (Fig. 2.2) is a noninvasive imaging
technology for cell and tissue imaging, which shows enhanced penetration depth,
increased spatiotemporal resolution, diminished tissue autofluorescence interfer-
ence, and reduced photodamage as compared to one-photon imaging. Unlike in
the case of traditional fluorescence microscopy, the shorter wavelength of emitted
light in TPF microscopy is excited by the longer wavelengths of two exciting
photons. Generally, the excitation lights employed for TPF technology are in the
NIR region. Using NIR light can highly minimize the scattering from the tissues,
leading to an increased penetration depth for bioimaging. Meanwhile, the back-
ground signal is also greatly suppressed because of the two-photon absorption. Thus,
two-photon excitation can be a superior alternative to confocal microscopy because
of its deeper tissue penetration, efficient light detection, and reduced phototoxicity.

For two-photon in vivo imaging experiments, mice are first anesthetized and
subsequently injected with the solution of NIR fluorescent probes at the targeted
area. The images are obtained by utilizing a two-photon microscope with a tunable
680–1080 nm laser. When using zebra fish as animal models, zebra fish are first
incubated with NIR fluorescent probes [59]. After washing with PBS (pH 7.4) to
remove the remaining probe, TPF fluorescence images are observed under multi-
photon laser scanning confocal microscope using a mode-locked titanium-sapphire
laser source set at a targeted wavelength with suitable laser power.

specimen
z scanning stage

filter
Detector

confocal
pinhole

CW Laser at 980 nm

reverse excitation
dichroic mirror

Galvanometer
mirrors

objective lens

Fig. 2.1 Schematic
illustration of a laser scanning
upconversion luminescence
microscopy (LSUCLM)
system setup. The excitation
laser beam pathway is
depicted in red, and the
emission path is displayed in
green [57] (Reprinted with
permission from Ref. [57],
Copyright 2009 the American
Chemical Society)
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4.3 Fluorescence Lifetime Imaging Microscopy (FLIM)

Apart from imaging techniques based on luminescence intensity, FLIM can offer
images by measuring the emission lifetime of a signal. The main merit of FLIM is
that it can provide quantitative information and monitor cellular dynamic activities
with high spatial resolution [14]. Generally, a pulsed light source is necessary, and
time-correlated single-photon counting (TCSPC) is adopted in common FLIM. To
carry out FLIM, an external frequency-doubled picosecond Nd:YAG laser, operating
at 532 nm with a pulse width of 7 ps and a frequency of 50 MHz, is coupled through
a single-mode optical fiber into the Leica microscope featuring a FLIM system
(Fig. 2.3). Fluorescence is measured by using a 63� oil-immersion objective and
detected with an APD at a wavelength of 650–850 nm through a band-pass filter. A
time-correlated single-photon counting system is applied to detect the fluorescence
lifetime, where time-gated images are acquired with the SymPhoTime software.

5 Key Research Findings

5.1 Organic Fluorophores

Organic fluorophores including NIR dyes, fluorescent proteins, DNA aptamer, and
metal complexes are widely used NIR-emitting molecules for bioimaging due to
their versatile structures and facile synthesis. In this section, we will discuss the
utilizations of these organic fluorophores for NIR imaging.

Fig. 2.2 Schematic illustration of two-photon microscope. The excitation laser beam path is shown
in red, and the emission pathway is displayed in green [58] (Reproduced with permission from
Annual Reviews, Copyright 2000)
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5.1.1 NIR Dyes
Inspired by fascinating colors of dyes widely used in staining, chemists and materials
scientists have greatly widened the applications of fluorescent dyes for in vivo
imaging [8–10, 18, 35, 39, 40, 49, 60–64]. Particularly, great zeal has been focused
on NIR dyes whose absorption and emission lie in the region of 750–900 nm, since
tissues are virtually transparent and have no autofluorescence in this NIR window.
Up to now, a large number of NIR fluorescent dyes have been designed and
developed for in vivo imaging, such as cyanines [65], porphyrin-based fluorophores
[66], xanthene dyes [67, 68], squaraine rotaxanes [26], and phenothiazine-based
fluorophores [69]. All of these representative agents are tailored to achieve sufficient
stability, specificity, and safety for practical use [39].

Cyanine dyes, as well-known NIR fluorochromes, are usually featured by poly-
methine chain bridged with two aromatic heterocycles containing nitrogen
[70–72]. The absorption and emission of cyanine can be adjusted to NIR region
by altering the length of polymethine bridge with the addition of vinylene group to
achieve about a 100 nm bathochromic shift. Generally, cyanine dyes are weakly
luminescent, since the polymethine bridge in the excited state is flexible and easy to
the isomerization [73]. To enhance the quantum yield of cyanine, an effective
approach is to stiffen the backbone by introducing chlorocyclohexenyl moiety on
the polymethine chain [71]. Traditional cyanine dyes, in essence, are easy to
aggregate in aqueous solution. Fortunately, the phenomenon of self-aggregation
can be largely alleviated by the introduction of two sulfonate groups to the
nitrogen-containing heterocycles. Poor photostability is a major limitation for cya-
nine dyes, since the fluorophore molecules are quite sensitive to the dissolved
oxygen. A promising approach to enhance the photostability is incorporating cya-
nines into the silica nanoparticles where the nanoparticle shell can effectively protect

Fig. 2.3 Schematic illustration of the experimental FLIM setup
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the fluorophore molecules. Due to the excellent biocompatibility, a variety of
cyanine-based dyes with NIR florescence were effectively used for medical diag-
nostic imaging in vivo [74–77].

A typical strategy for constructing targeted fluorescent imaging agents requires
covalently conjugating the separate target and fluorophore domains. On the other
hand, it is possible to develop a single NIR fluorophore-based perform with both
targeting and imaging by their inherent chemical structures [76]. For instance, NIR
contrast agents were developed to target cartilage with high specificity and
performed well for biomedical imaging of bone in vivo [78, 79]. By conjugating
with biofunctional groups, zwitterionic NIR fluorophore based on cyanine outper-
forms commercially available NIR fluorophores IRDye800-CW and Cy5.5 in vivo
for image-guided surgery [80]. Recently, NIR fluorescence probes based on cyanine
were used for noninvasive in vivo imaging of endogenous H2S without interfering
with biological autofluorescence and for detecting tumors in mice [77]. Covalently
conjugating cyanine dye with human serum albumin (HSA) was also used to
conduct multimodality (NIR fluorescence/photoacoustic/thermal) imaging and elim-
inate tumor by intravenously injecting the nanosystem into tumor-bearing mouse
model [75]. In addition, it is useful to specifically image different tissues by NIR
fluorophores based on their inherent chemical structures. For example, a halogenated
fluorophore based on cyanine dyes with NIR emission has been synthesized to
successfully identify and preserve parathyroid and thyroid glands in vivo. By
means of dual-channel NIR imaging approach, parathyroid and thyroid glands can
be unambiguously observed and distinguished in the coexisting blood and surround-
ing soft tissues [81]. Unlike cationic cyanine, pyrrolopyrrole cyanine (PPCy) is a
nonionic cyanine-type dye with NIR absorption and emission, which is favorable for
bioimaging after the biofunctionalization [82].

Squaraine dyes are featured with resonance-stabilized zwitterionic structures and
consist of a central oxocyclobutenolate-based core linked with two aromatic or
heterocyclic moieties on both sides [83–87]. Squaraines usually show sharp and
intense absorption and emission bands, which are ascribed to the unique donor-
acceptor-donor (D-A-D) electron-transfer structure. However, most of them are
water-insoluble and emit below 600 nm with low extinction coefficients, making
them unsuitable for deep tissue imaging. Furthermore, the strong tends to aggregate,
and the susceptibility of the central cyclobutene ring to undergo chemical attack
greatly impede their usage for in vivo imaging [83, 85–87]. These drawbacks can be
favorably overcome by the physical encapsulation of squaraines in tetralactam
macrocycles. Based on this strategy, various NIR-emissive squaraine dyes were
synthesized for in vivo imaging [88]. For example, unsymmetrical NIR squaraines
(USq) was successfully developed as an exogenously produced fluorescent probe for
fluorescence and photoacoustic imaging of thiol variations in vivo [83]. USq absorbs
a wavelength of 680 nm and emits a strong NIR emission at 700 nm, which is
suitable for deep tissue fluorescence imaging. Dependent on the presence of different
thiols, the fluorescence and photoacoustic signals can selectively disappear. Upon
food uptake, bright imaging of aminothiols in blood can be confirmed by in vivo
imaging (Fig. 2.4).
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Boron dipyrromethenes (BODIPYs) can be regarded as rigid cross-conjugated
cyanine dyes with small Stokes shifts but high molar extinction coefficients
[89–94]. Moreover, spectroscopic properties of BODIPYs show sharp spectra,
shiny fluorescence, high quantum yields, and less influence by solvent polarity and
pH [18]. Small chemical modifications on BODIPY structures could induce large
emission shifts and improve water solubility as well as the extinction coefficient [72,
73, 95, 96]. The combined features of BODIPYs make them a useful platform to
develop NIR-emitting contrast agents for in vivo imaging [63]. Generally, the
absorption and emission of pristine BODIPY core exhibit at ~500 nm, but it can
be shifted in the NIR regions via various strategies of extending the conjugation
length or reducing the resonance energy [89, 90, 92]. Compared with phenyl-
substituted counterpart, the absorption and emission of aza-BODIPY attached with
thiophene at 1-, 3-, 5-, and 7-positions redshift to 733 and 757 nm, respectively
[91]. For example, an NIR-emitting probe based on BODIPY showed
non-fluorescence with Cu(II). When injected with Na2S in mouse, it performed a
remarkable fluorescence “switch on” response at 790 nm [97]. More and more NIR
fluorophores based on BODIPY were successfully constructed for imaging in vivo
with high selection and sensitivity [96–98]. For instance, aniline-substituted
aza-BODIPY with pH-response was employed to selectively image tumor. Mean-
while, photodynamic therapy (PDT) and therapeutic self-monitoring were also
achieved via encapsulating it in cRGD-functionalized micelle (Fig. 2.5) [98].

Fig. 2.4 (a–f) In vivo fluorescence images acquired from postinjection of USq in fasting (set 1)
and post-food (set 2) mice [83] (Reprinted with permission from Ref. [83], Copyright 2016 the
Royal Society of Chemistry)
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Xanthene dyes, as a type of classical fluorophores, possess good photostability
and moderate hydrophilicity [15]. After rational chemical modifications, they show
excellent NIR emission and are favorable for biological imaging applications in
living animals [99–102]. For example, several rhodamine-based NIR dyes were
developed for imaging endogenously generated HClO in the living animals
[101]. Moreover, NIR fluorescent Si-rhodamine dyes were developed to be powerful
labeling tools for multicolor bioimaging [102].

Porphyrins are conjugated tetrapyrrolic macrocycles and considered as “pig-
ments of life,” thanks to their extensive presence in biological systems
[103–105]. Due to outstanding and versatile features, porphyrins can be easily
functionalized and undergo various supramolecular interactions [104]. The
remarkable and strongly tunable luminous features of porphyrinoids enable
them with a great potential for bioimaging with strong NIR emission [103]. Up
to now, an effective approach to gain bright NIR fluorescence is to extend the
conjugation of ring. This strategy has been demonstrated by the expansion of ring
conjugation in Pt(II)-porphyrins through exploring the substituent effect in meso
positions [105]. Porphysomes were developed from self-assembled porphyrin
bilayers, which possess large extinction coefficients, structure-dependent fluores-
cence, and unique photothermal and photoacoustic features. The optical features
and relatively good biocompatibility of porphysomes prove the multimodal
potential of organic fluorophores for bioimaging and therapy [106]. For example,
a cleavable folate-photosensitizer conjugate was successfully used for both
NIR fluorescence imaging and PDT of cancer cells with high specificity
(Fig. 2.6) [107].

Phthalocyanines, termed tetrabenzotetraazaporphyrins, are analogs of tetra-
benzoporphyrins containing N atoms in the meso position of the ring in place of C
atom. They are featured by two sets of absorption bands in the UV-Vis region. One
called B band is located at around 350 nm, and the other one termed Q band is placed
in the region of 600–700 nm. It should be noted that protonation could cause
remarkable redshift of the Q band and accordingly the emission peak is present at

Fig. 2.5 (a) In vivo NIR fluorescence imaging sensitivity and (b) depth of U87MG cells labeled
with cRGD-Net2Br2BDP NP [98] (Reprinted with permission from Ref. [98], Copyright 2015 the
Royal Society of Chemistry)
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longer wavelength. Moreover, it can also achieve redshift of the fluorescence and
absorption by expanding the π-conjugation structure of the macrocycle [64]. Phtha-
locyanines can host many metal ions in the core and undergo wide chemical
modifications.
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Fig. 2.6 (a) Schematic illustration of cleavable folate-photosensitizer conjugate for NIR fluores-
cence imaging and photodynamic therapy. (b) Chemical structure of the conjugate [107] (Reprinted
with permission from Ref. [107], Copyright 2014 the Royal Society of Chemistry)
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Except for the abovementioned NIR fluorescent dyes, other NIR dyes or
two-photon excited fluorophores were also developed for in vivo imaging
[107–111]. For example, red emitting dicyanomethylenebenzopyran probe
(DCMC-N3) was successfully used to detect the presence of HS in vivo by
employing two-photon microscopy [31, 112]. NIR-II molecular fluorophores based
on shielding unit-donor-acceptor-donor-shielding unit (S-D-A-D-S) structure devel-
oped very recently may offer rich opportunities to improve the performance for
NIR-II bioimaging [109].

5.1.2 Metal Complexes
Transition metal complexes are a versatile type of emitters that provide a series of
inherent merits over traditional fluorescent materials [62]. Firstly, they show large
Stokes shifts due to the S1-T1 intersystem crossing, which can effectively discrim-
inate the excitation and emission light, and prevent fluorescence quenching caused
by self-absorption. Secondly, the emissive excited state displays long lifetime within
the range of μs to ms. Thus, metal complexes can be used for time resolution
imaging. Furthermore, metal complexes such as d6, d8, and d10 metal ions – Re(I),
Os(II), Ru(II), Ir(III), Pt(II), Au(III), Au(I), and Cu(I) – possess emission in the NIR
region. Metal complexes exhibit high luminescence efficiency through a rational
modification of ligand frameworks including the inclusion of donor-acceptor push-
pull systems, the change of the π-conjugation length, or the addition of heterocycles.
Thus, metal complexes present many advantages including easily tunable chemical
and photophysical properties, high emission quantum yields, long phosphorescence
lifetime, large Stokes shifts, and emissive properties that are highly sensitive to
subtle changes in the local environment, which collectively enable metal complexes
with a great potential in bioimaging [113].

Some metal complexes show two-photon absorption. Due to the excitation of
NIR light in two-photon absorption metal complexes, they possess features of deep
tissue penetration, weak autofluorescence, low photo-bleaching, and low phototox-
icity for bioimaging [114]. For instance, by illumination with 840 nm laser,
two-photon active Zn(salen) complex was employed for imaging of living cells
and organism with high signal-to-noise contrast and good membrane permeability
[115, 116].

5.1.3 Fluorescent Proteins
Fluorescent proteins are widely used as contrast agents for bioimaging with high
spatiotemporal resolution [48, 55, 117–119]. A prerequisite for in vivo fluorescence
imaging is the safety of contrast agents. As a fluorescent probe from biological
system, NIR fluorescent proteins are safe enough and would be useful to increase the
sensitivity of in vivo imaging [55, 120]. For instance, fluorescent proteins were used
for whole-body and deep tissue imaging to explore the metastasis, cell migration,
tumor distribution, and embryogenesis.

To obtain the fluorescent proteins with NIR excitation and emission, several
feasible approaches have been developed. A useful strategy is the exploration of
phytochromes for NIR fluorescence imaging. Phytochromes root in plant and
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bacterial photopigments, which can absorb NIR light and emit weak fluorescence.
Through chemical modifications, engineered NIR fluorescent proteins from phyto-
chromes show excellent NIR absorption and good aqueous quantum yield [117]. For
example, NIR fluorescent proteins selected by using bacterial expression method
showed low toxicity in bacterial expression experiments. After distributed in mice,
they presented relatively high brightness and no toxicity [121]. In contrast to far-red
green fluorescent protein (GFP)-like proteins, NIR fluorescent proteins display a
considerably higher SBR in mice because of their infrared-shifted spectra. NIR
fluorescent probes could facilitate the imaging of biological processes in living
tissues with low autofluorescence and light scattering. For example, NIR fluorescent
proteins with bright luminescence were used to label live mammalian cells and show
low scattering and absorption in most tissues (Fig. 2.7) [122]. The bright
phytochrome-based proteins are stable and low cytotoxic and exhibit bright fluores-
cence in both tissues and whole animals with high SBR.

Fluorescent proteins with bright NIR emitting are undoubtedly suitable for
whole-body imaging in vivo. However, it is not easy to develop fluorescent proteins
with NIR emission. Proteins labeled with NIR fluorescent dyes would be an

Fig. 2.7 (a–d) Comparison of near-infrared fluorescent protein (NIRFP) with far-red GFP-like
proteins in mouse phantom [122] (Reprinted with permission from Ref. [122], Copyright 2011
Nature Publishing Group)

2 In Vivo Near-Infrared Fluorescence Imaging 79



alternative approach for targeted tumor imaging with NIR light. Epidermal growth
factor receptor (EGFR) protein, a vital transmembrane protein in the family of
tyrosine kinase receptors, plays an important role in physiological and pathological
processes. Since aberrant overexpression of EGFR is related to many kinds of
cancers, it was used for noninvasive imaging of tumor in vivo. For example,
Eaff800, an EGFR-specific Affibody molecule labeled with NIR fluorescent dye
IRDye800CW maleimide, was successfully used to identify A431 xenograft tumor
in mice. Interestingly, combined with a human EGFR type 2 (HER2), Eaff800 could
clearly distinguish the overexpression of EGFR and HER2 in tumors by showing
different organ distribution pattern and clearance rate [123].

Fluorogen-activating proteins (FAPs) are single-chain variable fragment-based
fluoromodules that bind to non-fluorescent dyes (fluorogens), yielding thousandfold
fluorescence enhancements. It can specifically bind targeting moieties and activate
non-fluorescent dyes to visualize tumor with low nonspecific tissue staining, high
contrast, fast clearance, and good tissue penetration. Affibodies, small peptides of
58 amino acids with high affinity and specificity to target proteins, are used to
conjugate organic fluorophores and fluorescent proteins (affiFAP) for in vivo
tumor imaging. Alternatively, FAPs binding to triphenyl methane analogs of mala-
chite green (MG) dyes with NIR fluorescence emission may also be helpful, where
probes can be targeted to a tumor site and fluorogens added serve for fluorescence
visualization. For example, an FAP/MG complex was successfully employed to
prepare responsive fluorescence probes for in vivo tumor imaging. Compared with
conventional fluorophore-conjugated Affibodies, preincubated affiFAP/fluorogen
complex could label EGFR-enriched tumors with similar perivascular tumor distri-
bution but with higher target specificity. Due to specific fluorescence activation upon
the FAP binding, no nonspecific background fluorescence was observed. The rapid
FAP/fluorogen association and probe clearance allowed either sequential adminis-
tration of probe and dye or local dye application with high tumor-to-background
ratio (TBR). The fluorogen activation, coupled with rapid clearance of unbound
small-molecule fluorogen when employing a pre-targeting approach, should signif-
icantly reduce background fluorescence from probes. Stepwise labeling can poten-
tially provide more temporal and spatial control during the labeling procedure
[124]. This pre-targeted activation approach may substantially improve the TBR
and highly enhance the sensitivity for early or residual tumor diagnosis and surgery.

Directly conjugated IR dyes possess useful properties for in vivo imaging, but the
conjugation often substantially alters the circulation dynamics of targeting moieties.
A new tumor-targeting probe, affiFAP, was developed, which consists of an FAP and
a protein that specifically binds EGFR (Affibody) [125]. This compact molecular
recognition reagent can reversibly bind and activate fluorescence of otherwise
non-fluorescent dyes and allows tumor visualization with low nonspecific tissue
staining. Molecular pre-targeting of affiFAP with fluorogenic dye was employed to
achieve high contrast, fast clearance, and good tissue penetration. Due to the
instability of proteins, fluorescent proteins are still not employed for in vivo imaging
in the purified form. By coating an NIR fluorescent protein with a silica nanoshell,
the obtained system showed high quantum yield and photostability due to the
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protection of silica shell and can be successfully used as safe and robust NIR
fluorescence probe for whole-body imaging of mouse via the injection from the
tail vein (Fig. 2.8) [126].

5.1.4 Aptamers
Aptamers are single-stranded DNA or RNA and can specifically recognize their
targets. For instance, aptamers could be integrated into the DNA nanostructures
either via base pair hybridization or as a component in the assembly procedure. DNA
nanostructures have good biocompatibility, high tissue penetration, and sufficient
stability in biofluids, enabling them for in vivo imaging. Due to inherent binding
abilities of aptamers and superior properties of DNA nanostructures, increasing
attention has been focused on the establishment of aptamer-integrated DNA nano-
structures for bioimaging [19, 33, 127]. In addition, aptamers with many desirable
features including small size, simple synthesis, facile chemistry, and lack of immu-
nogenicity can specifically bind to a variety of target molecules. Aptamers,
engineered with substantially enhanced biochemical functions and unique specific-
ity, are powerful in bioimaging applications [128].

Although aptamers have emerged as promising fluorescence probes for cancer
imaging, limitations including limited contrast and high background still hamper
their applications in bioimaging. Aptamers, conjugated with dyes or nanoparticles as
activatable probes, can change their optical properties upon biological interactions
for the fluorescence imaging [127]. Thus, an activatable aptamer probe (AAP) was
developed to specifically bind the membrane proteins of cancer cells, exhibiting
contrast-enhanced tumor visualization in vivo (Fig. 2.9). The fluorescence of AAP
can be activated by undergoing a conformational change upon targeting to cancer
cells. After imaging a type of cancer cells in vivo, AAP can be specifically activated
by targeted tumor cells with a considerable fluorescence enhancement. In contrast to
other aptamer probes, AAP performs significantly enhanced image contrast, minimal
background signals, and shorten diagnosis time [129].

Aptamers have been demonstrated for target imaging of cancer cells in vivo.
However, due to limited affinity and the nuclease degradation of aptamers, typical

Fig. 2.8 Schematic layout of procedures for individually coating NIR fluorescent protein with a
silica nanoshell [126]. EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride, NHS
N-hydroxysuccinimide, TEOS tetraethyl orthosilicate (Reprinted with permission from Ref. [126],
Copyright 2013 the Royal Society of Chemistry)
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aptamers have not yet been used in practical in vivo imaging. Polyethyleneimine
(PEI) can substantially lower the degradation rate of aptamers and improve their
pharmacokinetics. Thus, PEI/aptamer molecular complexes were successfully used
for tumor imaging in vivo by utilizing deoxyribonuclease (DNase)-activatable
fluorescence probes (DFProbes) to detect the DNA degradation. Compared with
free aptamer, the complexes exhibited excellent passive tumor targeting and pro-
longed circulation time in tumor-bearing mice [130].

Hybridization chain reaction (HCR), featured as multiplexed, enzyme-free, and
isothermal molecular signal amplification, enables simultaneous imaging of multiple
target mRNAs [131]. For instance, a multiplexed fluorescence in situ hybridization
method on account of orthogonal amplification with HCR was developed to simul-
taneously map five target mRNAs in fixed zebra fish embryos with deep penetration,
high SBR, and sharp signal localization (Fig. 2.10) [132].

5.2 Nanoparticles

Previous sections are concentrated on the advances of organic NIR fluorophores. On
the other hand, there are significant advantages to locate the contrast agents inside a

Fig. 2.9 Schematic representation of in vivo cancer imaging by using AAP on account of cell
membrane protein-triggered conformation alteration [129] (Reprinted with permission from Ref.
[129], Copyright 2011 National Academy of Sciences)
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nanoparticle for diagnosis and therapy. Nanoparticles with large sizes and well steric
protection can effectively extend the circulation times. Generally, the preparation of
nanoparticles for bioimaging contains several steps, including the synthesis, coating,
surface modification, and bioconjugation. Nanoparticles with desired ligands onto
their surface can be easily engineered by physical adsorption or chemisorption.
Nanoparticles engineered by chemisorption not only exhibit high colloidal stability,
good biocompatibility, and sufficient water solubility but also can covalently link
functional groups for further bioconjugation.

The judicious design of nanoparticles with multiple functionalities has fueled
significant progress in bioimaging. Fluorescent probes based on nanoparticles have
blossomed in recent years thanks to their superior properties, making them hopeful
alternatives to organic dyes and fluorescent proteins for cancer imaging and therapy.
For instance, inorganic semiconductor QDs show much better fluorescent perfor-
mance for bioimaging than traditional organic fluorophores due to their tunable
emission, enhanced photostability, and high quantum yields. Thus, the rational
choice of suitable nanoparticle compositions and the implement of surface
functionalization would facilitate the design of fluorescent nanoparticle probes that
emit enhanced fluorescence and display increased selectivity.

5.2.1 Polymer Nanoparticles
To date, polymer nanoparticles have been widely developed and used for fluorescent
imaging [133–136]. In general, polymer-based nanoparticles with various morphol-
ogies can be prepared by physical encapsulation or chemical conjugation of contrast
agents (such as inorganic nanoparticles or fluorescent dyes). In these nanosystems,
polymers play a vital role in enhancing the aqueous stability of contrast agents,
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Fig. 2.10 (a–d) Multiplexed mapping in fixed whole mount and sectioned zebra fish embryos
[132] (Reprinted with permission from Ref. [132], Copyright 2010 Nature Publishing Group)
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efficiently transporting contrast agents to pathological areas, and improving the
imaging [137].

Conjugated polymers (CPs), featured by a backbone with a delocalized electronic
structure, were demonstrated to bind analyte receptors with obvious responses [138,
139]. To enhance the water dispersibility of neutral CPs, a variety of physical
processes including nano-precipitation [140], mini-emulsion polymerization [141],
and solvent extraction single emulsion [142] can be used. Usually, bare CP nano-
particles possess high photostability, good biocompatibility, and efficient permeabil-
ity to cellular cytoplasm. CPs with NIR emission can be easily obtained by doping
hydrophobic dyes into CP nanoparticles. Since the polymeric backbone of CPs is
connected by conjugated electrons, any small perturbation of the conjugated system
would result in large signal change and subsequently affect the entire assembly.
Moreover, CPs with hyperbranched structures and biocompatible side chains could
covalently couple many biological probes or drug molecules and efficiently transport
them into live cells, which allow the diagnosis and therapy simultaneously possible.
Thus, their structures and function can be tuned easily for target applications through
the judicious choice of the composition and surface modification. To enhance the
brightness and cell uptake efficiency, CP-based nanoparticles (CPNs) with tunable
size and optics, excellent biocompatibility, and low toxicity were designed and
synthesized for bioimaging [141–146].

Generally, the quantum yields of CPs would drop greatly by the nanoparticle
formation. Exceptionally, cyano-substituted derivatives of poly(p-phenylene
vinylene) in the aggregated film state showed efficient interchain excitonic photo-
luminescence in the NIR region with reasonably high quantum yields, which
enabled researchers to develop NIR fluorescent probes based on CPs [147]. For
instance, nanoparticle probes based on cyanovinylene backbone CPs with bright
NIR fluorescence were successfully used for real-time sentinel lymph node mapping
(SLNs) in mice and displayed high chromophore density and strong fluorescence,
which can precisely and noninvasively identify superficial SLNs and fluorescently
visualize deep SLNs (Fig. 2.11) [141].

Furthermore, polymer dots (P-dots) are an emerging class of fluorescent probes
due to their large absorption coefficients, excellent brightness, high photostability,
and nontoxicity [148–155]. Although the research of P-dots for bioimaging is still at
an early stage, various strategies have been developed to enlarge the versatility and
biofunctions of P-dots for in vivo imaging, such as tuning the emission wavelength,
developing new preparation approaches, modifying the nanoparticle surface, and
doping functional molecules. Recently, an emerging strategy was developed to
effectively construct P-dot bioconjugates, demonstrating their features of specific
cellular targeting and bio-orthogonal labeling. For example, a highly fluorescent
P-dots based on CPs with benign toxicity and bright NIR emission were covalently
attached with cancer-specific peptide ligands and successfully applied for target
imaging of malignant brain tumors in mice (Fig. 2.12) [152].

In contrast to CPs, conjugated polyelectrolytes (CPEs) are water-soluble poly-
mers, featuring as π-conjugated backbones and ionic side chains [12]. CPEs possess
tunable size, high photostability, and good biocompatibility and can react with a

84 G. Liu et al.



variety of biofunctional groups and desired biorecognition elements. Similar with
CPs, their absorption and emission properties can be finely tuned by backbone
modifications. For example, grafted CPEs complexed with cisplatin were success-
fully demonstrated not only as effective contrast agents for NIR imaging in vivo but
also to monitor the drug distribution in vivo by intravenous injection [156].

In addition, micellar nanocarriers containing amphiphilic block copolymers can
also be developed for bioimaging, because of the drug and NIR fluorophore encap-
sulation capability of the hydrophobic micelle core and the biocompatibility and
targeting resulted from the hydrophilic corona [157]. For example, in vivo tumor
diagnosis and therapy were simultaneously achieved by using micellar nanocarriers
based on the combination of pH-responsive micelle and a photosensitizer. In the
system, pH-responsive micelles can efficiently deliver the encapsulated protopor-
phyrin IX to tumors, displaying clear imaging of tumors in vivo [158].

5.2.2 Quantum Dots
Semiconductor QDs are colloidal nanocrystals with sizes between about 1 and 10 nm
close to the exciton Bohr radius. In general, each nanocrystal is composed of
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elements from the periodic groups of II–VI or III–V with hundreds to thousands of
atoms. They are typically synthesized from combinations of zinc(II), cadmium(II),
selenide, and sulfide. QDs are famous for the quantum confinement effect, endowing
them with unique size-dependent emission feature. In addition to tuning the emission
wavelength of QDs by changing their size, engineered QDs with different materials
can cover the spectral range from the ultraviolet to the infrared. In addition, QDs
possess a lot of advantages including high photostability, strong luminescence with
narrow and symmetric emission, size-tunable emission wavelength, large Stokes
shift, good solution processibility, and versatile surface chemistry, which make QDs
with a bright potential for NIR fluorescent imaging in vivo [36, 38, 45, 159, 160].

Most QDs applied for bioimaging are constructed with core/shell structures,
where the nanocrystal core is usually coated with another material to protect and
even enhance their optical properties. Meanwhile, to meet the requirement of in vivo
imaging, QDs must have remarkable NIR emission, excellent biocompatibility, high
photostability, and good water solubility. However, many of the existing QDs
synthesized from hydrophobic conditions show water insolubility, preventing their

Fig. 2.12 (a) Fluorescence imaging of healthy brains (left) and medulloblastoma tumor ND2:
SmoA1 (right) by PBdot. (b) Quantified fluorescence signals in ND2:SmoA1. (c) Histological
examination of the mouse brains in (a). (d) Biophotonic images of resected livers, spleens, and
kidneys from wild-type and ND2:SmoA1 mice. (e) Biodistribution of the PBdot probes in the
resected organs [152] (Reprinted with permission from Ref. [152], Copyright 2011 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim)
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further bio-applications. Thus, hydrophilic modification is a vital step prior to the
bioimaging application. To date, a variety of strategies developed to functionalize
the hydrophobic QDs are focused on modifying their surfaces or constructing
additional shells, including direct encapsulation by hydrophilic polymers, ligand
exchange with hydrophilic ligands, and passivation of the QD surface. One useful
approach for enhancing the dispersity of QDs in aqueous solution is the surface
modification with anionic carboxylate groups. In addition, QDs with bright fluores-
cence and high quantum yields are important for their in vivo imaging application.
QDs with narrow emission wavelength and high quantum yields are often obtained
by solvothermal methods using organometallic precursors in nonpolar organic
solvents. Due to the hydrophobic surface coating, QDs obtained from these methods
require hydrophilic modifications for bioimaging purposes. 3-Mercaptopropionic
acid-capped CdTe QDs emitted in the range 700–800 nm were prepared with
microwave-assisted aqueous synthesis, and they were highly accumulated in the
liver after intravenous injection. Although QDs can passively target tumorous sites
in living mice resulted from EPR effect, the underlying targeting mechanism limits
their applications to further distinguish tumors with different phenotypes. In this
context, an active targeting strategy is important for the tumor detection by
QDs [161].

Numerous methods have been developed to synthesize QDs directly in aqueous
solution, since these hydrophilic QDs with lower toxicity might be more favorable
for imaging in vivo. For instance, NIR Ag2Se QDs with tunable fluorescence and
low cytotoxicity were synthesized by using Na2SeO3, silver ions, and alanine at
90 �C in aqueous solution and subsequently used for bioimaging in living mice
[163]. Moreover, such aqueous QDs with NIR emission were also employed for
bioimaging in vivo with enhanced distribution, extended circulation time, and
targeting tissue ability [162, 164, 165]. In another case, CdTe/CdS core/shell QDs
with tunable NIR fluorescence were prepared in aqueous solution by a facile
one-step method and showed high-sensitive imaging in targeted tumor sites
in vivo [166]. Moreover, ultrasmall CdTe QDs with excellent water dispersibility
and tunable NIR emission were synthesized by microwave method and successfully
employed for tumor-targeting imaging in mice (Fig. 2.13) [162].

NIR QDs were also constructed to track the stem cells and labeled neutrophils to
monitor their behavior inside living animals by noninvasive imaging [167]. For
instance, due to minor autofluorescence of tissues in the second NIR region (NIR-II,
1.0–1.4 μm), Ag2S QDs in NIR-II region were successfully used for dynamic
monitoring of human mesenchymal stem cells (hMSCs) in vivo detectable of as
few as 1000 cells [168]. The in situ translocation and dynamic distribution of
transplanted hMSCs in the lung and liver can be detected up to 14 days with a
high temporal resolution no more than 100 ms (Fig. 2.14).

In addition, NIR QDs were employed to stain the whole body of small animals
with multiple color emission. For example, glutathione-coated QDs conjugated with
glutathione S-transferase (GST) tagged luciferase were employed for whole-body
fluorescence imaging in vivo [169]. Moreover, the sensitivity of NIR QDs was
systematically investigated for in vivo imaging. Commercial Q-dot 800 QDs were
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conjugated with cell-penetrating peptides (CPPs) and subsequently employed to
label oral carcinoma cells via endocytosis. Then, the QD-labeled cells were inocu-
lated in several parts of nude mice in different amounts. The results displayed a
sufficient signal with at least 104 QD-labeled cells, and the longest observable time
extended to more than 16 days [170].

Multifunctional NIR fluorescence probes based on QDs were also developed for
targeted tumor imaging in vivo [171]. Moreover, functionalized QDs have been
widely explored for multimode bioimaging. Thus, it is important to develop suitable
surface coatings to construct efficient QDs for bioimaging. In order to obtain
functionalized QDs, a variety of surface coating methods have been applied, such
as compact ligands [172], polymer immobilization [173], micellar encapsulation
[174, 175], and polyethylene glycol (PEG) coating [176]. For instance, the Cerenkov
luminescence of [64Cu] CuInS2/ZnS QDs, which were optimized by controlling the
QD amount and 64Cu radioactivity level, were successfully employed for in vivo
tumor imaging [177]. Two-photon excitation technique is an attractive tool for
in vivo tissue imaging, since it makes QD excitation in the NIR window with deep

Fig. 2.13 (a) UV and (b) photoluminescence spectra of ultrasmall CdTe QDs with controllable
emission in the range of 700–800 nm (λ excitation, 450 nm). Photographs of QDs in aqueous
solution under (c) ambient light and (d) UV irradiation (λ excitation, 365 nm) [162] (Reprinted with
permission from Ref. [162], Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim)
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tissue penetration and negligible autofluorescence. Except for imaging QDs inside
the tissue, they can also be applied for coating glass pipettes that are used to target
visually identified neurons for electrophysiological studies. For example, glass
pipettes coated with QDs that can exhibit excellent two-photon excitation signals
were used for deep brain tissues imaging [178].

5.2.3 Carbon Dots
Carbon dots (C-dots), as fluorescent nanocarbons with sizes below 10 nm, are
accidently discovered by purifying the single-walled carbon nanotubes (SWCNs)
[179]. C-dots possess sp2 character ascribed to three-dimensional nanocarbons,
which are different from nanocrystalline graphite. Similar with traditional QDs,
C-dots combine several favorable features such as size- and wavelength-dependent
emissions, less photo-bleaching, and ease of bioconjugation. In addition, C-dots
have many additional merits including easy preparation, low toxicity, easy excre-
ment, weak protein adhesion, low disturbance by the immune system, and versatile
surface chemistry. Due to the excellent photoluminescent properties and good
biocompatibility, C-dots are attractive and eco-friendly candidates for bioimaging
applications [46, 180–185].

Up to now, many strategies have been developed to produce C-dots in low cost
and at a large scale [186–190]. Approaches for preparing C-dots can be usually
classified into two categories: top-down and bottom-up approaches. Top-down

Fig. 2.14 (a–c) In vivo tracking of hMSCs via intravenous injection of Ag2S QDs in mice [168]
(Reprinted from Ref. [168], Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim)
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approaches for the fabrication of C-dots from prime materials like graphite powder
or multi-walled carbon nanotubes (MWCNs) are generally executed under severe
physical or chemical conditions such as laser ablation, arc discharge, and electro-
chemical oxidation [191]. Generally, C-dots obtained by laser ablating method are
not fluorescent, but the surface passivation could substantially enhance their fluo-
rescence intensity. Bottom-up approaches usually employ molecular precursors such
as glucose and fructose with external energy source including ultrasonication,
microwave pyrolysis, and heating. Typically, the surfaces of raw materials are
oxidized by nitric acid (HNO3) and then purified by separation processes such as
centrifugation, dialysis, and electrophoresis. Besides, C-dots prepared by hybrid
strategies combining elaborate functionalization with mild carbonization processing
may show distinct surface functionalities.

Due to abundant carboxylic acid moieties spreading on the surface, C-dots
possess sufficient water solubility and are facile to be functionalized with a variety
of organic, inorganic, polymeric, and biological species. Moreover, C-dots possess
great advantages including nearly isotropic shapes, ultrafine dimensions, tunable
surface functionalities, as well as simple and cheap synthesis, making them highly
potential in fluorescent bioimaging. However, pure C-dots are generally not fluores-
cent and do not display biofunction because of their poor interaction with biological
species. Thus, it is important to engineer the functional surface of C-dots with
tailored biological coatings for improving the fluorescence intensity [192].

Fluorescent C-dots are usually water-soluble with high photostability and good
stability [193]. For instance, C-dots obtained from the passivation of commercial
lampblack can be stored for up to 6 months [194]. Meanwhile, systematic cytotox-
icity evaluations demonstrated that both raw C-dots and passivated C-dots exhibited
low cytotoxicity at the concentration required for fluorescence bioimaging
[182]. Thus, to meet the imaging application in vivo, it is important to engineer
the surface functionality of C-dots with NIR emission, high quantum yield, excellent
biocompatibility, and durable photostability [6].

NIR fluorescent C-dots, deemed as benign nanoprobes, have attracted great
attention for imaging in vivo. It is necessary to understand the in vivo kinetic
behavior of these particles which is required for clinical translation. For instance,
C-dot-ZW800 conjugate was prepared by coupling C-dots with NIR dye ZW800, to
monitor the in vivo kinetic behavior and the effect of tumor uptake via three injection
routes: intravenous (i.v.), subcutaneous (s.c.), and intramuscular (i.m.) routes. The
C-dot-ZW800 conjugate showed high photostability and rapid renal clearance with
relatively low retention in the reticuloendothelial system and displayed effective
passive tumor-targeted imaging with high tumor-to-background contrast
(Fig. 2.15) [195].

Great efforts have been made to tailor C-dots for targeting tumors in vivo. For
instance, photosensitizer-conjugated C-dots (C-dots-Ce6) possessing excellent imag-
ing and tumor-homing ability were successfully developed, showing simultaneous
enhanced NIR fluorescence imaging and remarkable photodynamic efficacy of
gastric cancer tumor in vivo (Fig. 2.16) [196]. In addition, C-dot-based hybrid
nanosystems can also be used for in vivo determination of various biologically
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relevant species. For example, C-dot-based two-photon fluorescent probe has been
applied for imaging and biosensing of pH gradients in living tissues at depths of
65–185 μm without the interference resulted from other biological species [197].

Fig. 2.15 (a) NIR fluorescence images of SCC-7 tumor-bearing mice obtained at different time
points: control (without injection), i.v. injection, s.c. injection, and i.m. injection (white arrow points
to tumor; red arrow points to the kidney). (b) Tumor region-of-interest analysis. (c) Ex vivo
fluorescence images obtained to demonstrate tumor uptake of the nanoparticle conjugate [195]
(Reprinted from Ref. [195], Copyright 2013 the American Chemical Society)

Fig. 2.16 Real-time in vivo NIR fluorescence images of intravenously injected C-dots-Ce6 in nude
mice upon time [196] (Reprinted from Ref. [196], Copyright 2012 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim)
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Intravenous injection plays a vital role in the study of pharmacokinetics,
biodistribution, and toxicological evaluations of C-dots. Due to the small size and
high solubility, C-dots can be excreted efficiently via urine with negligible accumu-
lation in the internal organs. For example, polymer-coated nitrogen-doped C-dots
with diameters of 5–15 nm were prepared by solvothermal reaction for tumor-
targeted imaging in vivo. The C-dot-based nanosystem was intravenously injected
into glioma-bearing mice, displaying an enhanced accumulation within the glioma
based on the EPR effect [185].

5.2.4 Carbon Nanotubes
Carbon nanotubes (CNTs) with a unique one-dimensional structure and inherently
physical, mechanical, and chemical properties are classified into two structural
forms: SWNTs and MWNTs [198]. In general, CNTs display NIR fluorescence
with relatively low quantum yield and exhibit excellent resistance to photo-
bleaching and low cytotoxicity.

The bandgap between each semiconducting SWNT is in the order of 1 eV, which
allows for the fluorescence located in the NIR-II (900–1600 nm) region upon NIR-I
excitation [199]. Furthermore, the large Stokes shift between the excitation at
550–850 nm and emission at 900–1600 nm would substantially reduce the auto-
fluorescence resulted from biological tissues during bioimaging, providing enhanced
imaging sensitivity. Despite the encouraging properties of SWNTs with NIR fluo-
rescence, the low quantum yield of SWNTs is the main obstacle for further in vivo
imaging applications. It has been demonstrated that the photoluminescence quantum
yield is closely related to the length and surface coating of CNTs. Thus, the coating
exchange approach can effectively enhance the quantum yield of SWCNTs, and the
resulted bright fluorescence can directly visualize the small tumor vessels beneath
the thick skin [200]. Enhanced fluorescence of SWNTs was also obtained from the
modification with gold that shortened radioactive lifetime through resonance cou-
pling of SWNT emission to plasmonic modes in the metal [201].

CNTs can be synthesized by various approaches including laser ablation, arc
discharge, and chemical vapor deposition (CVD) [202]. Generally, CNTs obtained
by laser ablation produces are clean but accompanied by relatively low yield. In
contrast to laser ablation, arc discharge can produce larger quantities of CNTs but
with poor purity. In contrast to arc discharge and laser ablation, CVD is relatively a
mild approach for the production of CNTs with lower operated temperature and good
scalability. However, MWNTs or SWNTs obtained from traditional CVD processes
always show large diameter distribution and poor quality. Thus, more advanced and
facile strategies for CNT production are highly desirable. Generally, the purification
of SWNTs includes removing the structural impurities generated during the synthe-
sis process and screening out SWNTs with homogeneous size distribution. Com-
monly used purifying techniques include acid treatment, oxidation, cutting,
ferromagnetic separation, annealing, microfiltration, ultrasonication, functiona-
lization, ultracentrifugation, and chromatographic separation.

A research advance involves the use of SWNTs as NIR-II fluorescent imaging
agents [203–209]. A great number of fundamental and biological studies using CNTs
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showed excitation bands ranging from 600 to 800 nm and emission bands at the
range of 950–1300 nm. Fluorescent imaging in the NIR-II window holds high
promise on account of minimal autofluorescence and tissue scattering. For instance,
high-frame-rate video in vivo imaging can be visually observed by intravenously
injecting SWNTs into mice. Compared with the conventional NIR-I window
(700–900 nm) by indocyanine green, SWNTs displayed much longer remain of
feature contrast and integrity with increasing feature depth by tissue phantom
studies. By combining with principal component analysis (PCA), NIR-II fluores-
cence imaging may become a powerful way to image deep tissues with high
resolution, which is useful for a wide range of applications from bioimaging to
disease diagnosis [210].

Generally speaking, SWNTs used for bioimaging applications are a complex
mixture of semiconducting and metallic species with random chirality, which greatly
prevent simultaneous resonant excitation of all CNTs and strongly decrease the
emission at a single well-defined wavelength. Based on the structure-dependent
interaction of SWNTs with an allyl dextran size-exclusion gel, brightly fluorescent
SWNTs consisting of predominantly (12,1) and (11,3) chirality were successfully
produced and achieved for real-time NIR-II fluorescence imaging of deep organs
with high-magnification imaging of hind limb vessel in mice (Fig. 2.17) [211].

To meet the requirement of cancer imaging, contrast agents should be selectively
accumulated in the tumor area rather than distributions in healthy tissues. For
instance, polymer-functionalized SWNTs were successfully used to achieve ultra-
high accumulation in tumors with long blood circulation in vivo (Fig. 2.18)
[212]. Based on the intrinsic NIR-II fluorescence of SWNTs, both video-rate imag-
ing and dynamic contrast imaging of tumors were performed through PCA. The
fluorescent imaging showed unambiguous tumor identification up to 72 h after the
injection. In addition, the 3D reconstruction of SWNT distribution revealed highly
passive tumor uptake of SWNTs that mainly resulted from the EPR effect. In
addition, fluorescent SWNTs engineered with multifunctional M13 phage were
successfully achieved for targeted fluorescence imaging of tumors, showing a
great potential for specific diagnosis and therapy monitoring of hard-to-detect
areas [213].

5.2.5 Graphene-Based Nanomaterials
Graphene-based nanomaterials include graphene, graphene oxide (GO), reduced
graphene oxide (rGO), graphene quantum dots (GQDs), and their derivatives.
Graphene, an atomically thick sheet of two-dimensional honeycomb monolayer, is
the basic building block for all other dimensionalities of carbon nanomaterials, such
as CNTs, fullerene, and carbon nanohorns. GO is a highly oxidized form of chem-
ically modified graphene, which comprises of single atom thick layer of graphene
sheets with hydroxyl (-OH) and epoxide (-O-) functional groups on the two acces-
sible sides and carboxylic acid (-COOH) groups at the edges. By the reduction
treatment of GO, the oxygen content, surface charge, and hydrophilicity of GO are
decreased, and then rGO is produced with restored electrical conductivity and
enhanced optical absorbance. GQDs are two-dimensional graphene fragments
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sized in 10–60 nm, usually not single-layer but multilayers (~10 layers of rGO). On
account of their versatile surface functionalization and ultrahigh surface area,
graphene and its derivatives can be easily functionalized by small molecular dyes,
polymers, nanoparticles, drugs, or biomolecules to obtain graphene-based nano-
materials for various biomedical applications. Due to intrinsic optical properties in
the visible and NIR spectral region, low cytotoxicity, intrinsic aqueous solubility,
and versatile surface functionalization, graphene-based nanomaterials have attracted
considerable interest for bioimaging [4, 11, 23, 42, 53, 214–218].

Graphene can be synthesized by either bottom-up or top-down strategy
[219]. The bottom-up strategy mainly includes CVD, organic synthesis, and
solvothermal synthesis [217]. The top-down strategy mainly involves mechanical,
physical, and chemical exfoliation methods [220]. GO is typically produced by the
Hummers’ method through the oxidative exfoliation of graphite using KMnO4/
H2SO4. rGO can be obtained by treating GO with reducing agents, such as hydra-
zine, hydrazine hydrate, L-ascorbic acid, and so on [221]. GQDs are usually
prepared by thermal oxidation of GO or other carbon precursors [11, 214].

Compared with classical QDs, GQDs have merits of low cytotoxicity, good
biocompatibility, and physiological solubility and can be used directly for
bioimaging without further surface functionalization or processing. In addition,
GQDs have unique optical properties of upconversion fluorescence and pH depen-
dence, which make them suitable for safe and efficient bioimaging [223]. To elim-
inate the autofluorescence interference of biological tissues, lots of efforts have been

Fig. 2.17 (a) Optical and fluorescence images of (12,1) and (11,3) SWNT solution. (b) Initial
NIR-II fluorescence image of nude mouse without the injection of SWNTs. (c, d) NIR-II fluores-
cence images after the injection of SWNTs with different time. (e–g) PCA images of positive,
negative, and overlaid components. Green represents lungs, pink represents kidneys, and blue
represents the liver [211] (Reprinted from Ref. [211], Copyright 2012 the American Chemical
Society)
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expended in constructing NIR fluorescent GQDs for imaging in vivo [222]. For
example, NIR graphene nanoparticles (GNPs) were synthesized from carbon fibers
through a simple reaction. Due to the excellent biocompatibility, sufficient water
solubility, and high luminescence stability, GNPs were proven to be greatly attrac-
tive NIR fluorescence probes for high-contrast bioimaging of deep tissues and
organs (Fig. 2.19) [222]. In addition, GQDs with bright fluorescence emission
around 815 nm were synthesized by one-step pyrolysis of L-glutamic acid and
subsequently used to image biological targets in vivo with high sensitivity due to
their large Stokes shift of 455 nm [224].

By taking advantage of photostable, nontoxic, and easy conjugation properties,
GQDs can also be designed and applied for in situ drug delivery and imaging. For

Fig. 2.18 (a–i) NIR-II fluorescence images and dynamic contrast-improved images using
polymer-functionalized SWNTs based on PCA analysis. Yellow arrows indicate the tumor [212]
(Reprinted from Ref. [212], Copyright 2012 the American Chemical Society)
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example, biodegradable polymers, such as hyaluronic acid (HA), were selected as
linkage groups for loading fluorescent species onto the surfaces of GQDs. The
obtained GQD-HA composites were demonstrated as efficient targeting agents to
achieve specific targeted delivery, since the tumor tissues showed more brighter
fluorescence during the investigation of in vivo biodistribution in mice [225].

Two-photon fluorescent probes with bright photoluminescence are highly desir-
able to be able to visualize biological activities with high spatial resolution, deep
tissue penetration inside living organisms, low autofluorescence, and minor photo-
damage. For example, nitrogen-doped graphene quantum dots (N-GQDs), obtained
from a facile solvothermal method, were used as efficient two-photon fluorescent
probes for deep tissue imaging [226]. The obtained N-GQDs displayed high
two-photon absorption cross section, large imaging depth, and outstanding photo-
stability. In addition, another feasible approach to improve the in vivo imaging
performance in complex biological conditions is introducing a two-photon dye
(TP dye) as the signal reporter. For instance, by the combination of GO with the
two-photon excitation (TPE) technique, a GO/aptamer-TP dye conjugate was suc-
cessfully constructed and achieved for in vivo imaging of ATP with high sensitivity
and selectivity [59]. In another case, GO nanoparticles grafted with PEG polymer
were injected into mouse body from the tail vein, the flow and distributions of GO
nanoparticles in blood vessels can be clearly observed by using a deep-penetrating
two-photon imaging technique, and the imaging depth could reach 300 µm or more
(Fig. 2.20) [227].

For practical NIR imaging using functional graphene nanomaterials, real-time
imaging of in vivo photo absorber distribution and monitoring of posttreatment
therapeutic outcome are vital to optimize personalized cancer treatment. The devel-
opment of multifunctional probes combined with therapeutic functions and imaging
capabilities thus becomes important. For example, rGO-IONP-PEG, prepared from

Fig. 2.19 (a) Side and (b) front view fluorescent images of mice using GNPs [222] (Reprinted
from Ref. [222], Copyright 2013 the Royal Society of Chemistry)
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rGO-iron oxide hybrid nanoparticles (rGO-IONP) with PEG modification, was
successfully employed for tumor imaging in vivo and triple modal imaging-guided
photothermal therapy for cancer [228].

Moreover, graphene can also be developed as multifunctional nanomaterials in
biomedical applications of bioimaging, diagnosis, and therapeutics. For instance, a
multifunctional graphene (MFG) having water dispersible, fluorescent, and magnetic
functions was developed through microwave-heated sonication-assisted method.
The MFG was demonstrated as a useful in vivo imaging probe, which exhibited
even distribution in whole zebra fish for in vivo imaging. Furthermore, taking
advantage of the magnetic property, MFG could also be utilized in biomedical
diagnostics [216]. By covalently grafting UCNPs with nanographene oxide (NGO)
via bifunctional PEG and then loading phthalocyanine (ZnPc) on the surface of
NGO, nanocomposites named UCNPs-NGO/ZnPc were formed. The obtained
UCNPs-NGO/ZnPc can be applied not only for in vivo imaging with high contrast
for diagnosis but also for generating singlet oxygen for photodynamic therapy. The
nanosystem could also efficiently convert the 808 nm laser energy into thermal
energy for photothermal therapy [229].

Fig. 2.20 (a) Two-photon
luminescence microscopy and
corresponding image of
GO-PEG nanoparticles in a
mouse brain. (b) A
reconstructed image
illustrating the three-
dimensional distribution of
GO-PEG nanoparticles
in vivo [227] (Reprinted from
Ref. [227], Copyright 2012
Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim)
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5.2.6 Nanodiamond
Fluorescent nanodiamond (FND) is an emerging nanomaterial based on sp3-carbon
for bioimaging and cell tracking [230]. FND possesses unique and well-established
nitrogen-vacancy (NV) emission centers that endow it with excellent photostability
and inherent biocompatibility [7, 32, 231]. NV has an absorption maximum at
550 nm, and when exposed to green-orange light, it emits bright fluorescence at
700 nm with a lifetime of more than 10 ns. In addition, the NV center is perfectly
photostable without photo-bleaching and blinking and could be little affected by
surface functionalization. Unlike other fluorescent nanoparticles that can be synthe-
sized with wet chemistry methods, FND can be fabricated only by physicochemical
means under extreme conditions. Together with facile surface modification on
diamond nanoparticles, high sensitivity of NV centers endows these nanoparticles
with unprecedented performance in bioimaging and long-term cell tracking, espe-
cially in stem cell research (Fig. 2.21) [7, 32, 34, 232, 233].

The unprecedented biocompatibility of FND was successfully evaluated and
demonstrated by long-term imaging for Caenorhabditis elegans [234]. The toxicity
assessments showed that the FND present in cells was stable and nontoxic and did
not induce any change in longevity and reproductive potential of the worms. The
outstanding photostability and excellent biocompatibility feature of FND enabled
continuous imaging of the whole digestive system and monitoring of cellular and
developmental processes of the living organism for several days.

However, to meet the requirement of practical imaging, some limitations such as
weak brightness and tough bioconjugation have to be overcome. Chang et al.
developed FND particles by utilizing nitrogen-rich type Ib diamonds, which showed
high fluorescence and ready functionalization with proteins for cell imaging [235,
236]. Additionally, the surfaces of diamond nanostructures play an important role in
determining the utility and biocompatibility of these nanostructures in biological and
medical applications. The first step of diamond surface modification often involves
harsh treatment with strong chemicals or plasma irradiation to introduce functional
groups onto the surface. Once surface functional groups are established, various
linker molecules or biomolecules, including biomarkers, therapeutic drugs, and
genes, can be grafted onto the surface. The surface of diamond can be flexibly
tuned through the surface modification methods such as oxidative treatment, halo-
genation, reduction, hydrogenation, and thiolation [237–239].

Based on the surface modifications of FND with various functional groups,
including targeted probes and drugs, a multifunctional platform for combined
targeting, imaging, and therapy using diamond nanoparticles was demonstrated.
This combination allows simultaneous diagnosis and therapy and also enables
monitoring therapeutic delivery, transport, and response. In addition, FND is chem-
ically inert and does not release toxic chemicals even in harsh environments. Thus,
these properties endow diamond nanostructures with intrinsic biocompatibility.
Thanks to their inherent photochemical and chemical inertness and their emission
in the NIR region, FND has been widely employed for in vivo imaging and long-
term tracking as cellular biomarkers [230, 237]. For instance, FND-based platforms
can be used for long-term imaging without eliminating in vivo cell migration and
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differentiation into type I and type II pneumocytes. Moreover, by using the com-
bined technology of FND labeling, FLIM, and fluorescence-activated cell sorting
(FACS), researchers can unequivocally monitor and identify the transplanted
CD45�CD54+CD157+ lung stem/progenitor cells in vivo under single-cell resolu-
tion and further quantify their engraftment and regenerative capabilities over a week
(Fig. 2.22) [233].

In order to meet some demanding bioimaging applications and to integrate with
existing advanced protein labeling technologies, there is a need to reduce the particle
size down to at least 10 nm. FND performs in vivo tracking of cells with good
sensitivity, resolution, and precision. The fluorescence intensity of NV centers
sensitively depends on the ground-state spin configuration that can be tuned by

Fig. 2.21 (a) Structure and (b) energy level diagram of the NV center in diamond. The red sphere,
blue dashed circle, and black spheres in (a) denote nitrogen, vacancy, and carbon atoms, respec-
tively. The green, red, and blue sinusoidal and black dashed arrows in (b) denote optical excitation,
fluorescence emission, microwave excitation, and intersystem crossing relaxation, respectively.
(c) Comparison between the fluorescence spectrum of FND excited with a 532 nm laser and the
NIR window of biological tissue. (d) Comparison between the fluorescence lifetime of FND in
water and endogenous fluorophores in cells. Time gating at 10 ns is indicated for background-free
detection [7] (Reprinted from Ref. [7], Copyright 2016 the American Chemical Society)
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electron-spin magnetic resonance. By means of real-time selective fluorescence
imaging of NV centers, successful long-term monitoring of a single nanodiamond
in both Caenorhabditis elegans and mice was conducted, with extraordinary imag-
ing contrast even in the presence of strong background autofluorescence [240].

Due to the excellent photostability and nontoxicity, FND was used as photostable
labels and tracers for the intercellular transport of proteins. For example, FND coated
with yolk lipoprotein complexes was successfully microinjected into intestinal cells
to monitor the transportation of fat molecules and cholesterol in vivo. The results
indicate that FND can be used as a safe and efficient nanocarrier for biomolecules
without obviously changing the functionality of the cargos for cell-specific targeting,
intercellular transport, and long-term in vivo imaging applications [232].

5.2.7 Upconversion Nanoparticles
UCNPs, featured as upconversion luminescence (UCL), are a unique class of
lanthanide-doped nanoparticles with fluorescence emission upon NIR light excita-
tion. UCL is a process where low-energy NIR light is converted to higher-energy
light through the sequential absorption of multiple photons or energy transfers. Most

Fig. 2.22 FLIM, transforming growth factor (TGF) and corresponding bright-field hematoxylin
and eosin (H&E) staining images of lung tissues using FND. White and black arrows indicate the
FND-labeled lung stem/progenitor cells [233] (Reprinted from Ref. [233], Copyright 2013 Nature
Publishing Group)
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UCNPs consist of hexagonal NaYF4 nanocrystals doped with trivalent lanthanide
ions such as Er3+, Yb3+, or Tm3+. Usually, UCNPs display multiphoton emission,
and the peak wavelengths depend on the lanthanide dopant used. The size of UCNPs
highly affects the quantum yields and is widely tunable in the range of 10–100 nm.
Unlike in the case of C-dots, the emission wavelength of UCNPs is independent of
the excitation wavelength. Remarkably, the quantum yields of UCNPs depend on
both the power density of the laser and the particle size.

Compared with conventional contrast agents with downconversion, UCNPs
possess a lot of merits as bioimaging probes: minimal autofluorescence, deeper
penetration depth, less photodamage, hardly attacked by the immune system, narrow
emission bands, tunable emission, no photo-bleaching, long luminescence lifetime at
micro- to milliseconds scale, low toxicity to living systems, high cell permeability,
and excellent chemical and physical stability. Due to their superior optical and
chemical properties, UNCPs have been deemed as perfect fluorescent contrast agents
for NIR imaging in vivo.

To use UCNPs as successful fluorescent labels, some major requirements must be
met. Firstly, suitable size and uniform shape are the prerequisites for bioimaging
[241]. Up to now, a number of approaches and considerable research efforts have
been devoted to preparing UCNPs with different shapes and tunable sizes from
10 nm to sub-mm. Thermal decomposition and hydro(solvo)thermal synthesis are
the two most common approaches for the production of uniform hydrophobic
nanocrystals [242]. A variety of UCNPs with monodispersed size and uniform
shapes have been successfully prepared by the modified thermal decomposition
method [243, 244]. For instance, monodispersed NaYF4:Yb

3+/Tm3+ nanocrystals
with enhanced NIR-to-NIR upconversion photoluminescence were successfully
synthesized by using a modified co-thermolysis method [241]. Unlike in the case
using thermal decomposition method, highly crystalline materials can be prepared
by hydro(solvo)thermal approach at much lower temperature and without the
requirement of annealing process. However, the UCNPs synthesized by thermal
decomposition and hydro(solvo)thermal approach are hydrophobic. Since the
UCNPs as biological fluorescent probes should be water-soluble, a facile surface
modification or functionalization is needed to convert hydrophobic UCNPs into
hydrophilic ones for bioimaging applications. Currently, many surface modification
strategies have been developed to convert the hydrophobic UCNPs into water-
soluble ones. These methods include ligand exchange, cation-assisted ligand assem-
bly, organic ligand-free synthesis, ligand oxidation reaction, layer-by-layer method,
hydrophobic-hydrophobic interaction, host-guest interaction, and silanization. Gen-
erally, UCNPs processed by ligand exchange have no obvious changes for their
morphology, crystallization, and chemical properties. Similarly, UCNPs treated by
the ligand oxidation process also show no obvious adverse effects on the morphol-
ogy and luminescence properties. Cation-assisted ligand assembly is also an efficient
way to convert UCNPs into water-soluble ones. For example, oleylamine (OM)-
coated NaYF4:Yb,Er/Tm UCNPs are hydrophobic and can be converted into water-
soluble system by cleaving OM along with the cation exchange. By taking advan-
tage of hydrophobic-hydrophobic interaction, hydrophobic UCNPs can be converted
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into hydrophilic forms by coating hydrophilic small molecules or polymers [245,
246]. Moreover, hydrophilic ligands can be linked on the surface of hydrophobic
nanoparticles mediated by host-guest interactions [247]. For instance, oleic acid
(OA)-coated NaYF4:Yb,Er/Tm nanoparticles were successfully transferred into
water-soluble forms via the robust host-guest interaction between α-cyclodextrin
(α-CD) and OA [248]. The size of nanoparticles can be remained on account of
hydrophobic-hydrophobic interaction and host-guest interaction. In addition,
silanization is a powerful and popular tool for the surface functionalization of
nanoparticles on account of high biocompatibility of silica, and silica-coated
UCNPs were employed for bioimaging. Both hydrophilic and hydrophobic
UCNPs can be modified with silica coating. For UCNPs with hydrophobic ligands,
reverse micro-emulsion method is often employed to conduct silica coatings [249,
250], while UCNPs with hydrophilic ligands can be modified by the Stöber method
[251]. Among the abovementioned surface treatment strategies, silanization is the
only inorganic modification approach, offering a core/shell structure and inducing
–NH2, –COOH, or –SH groups for further bioconjugation. However, the sizes of
UCNPs are often enlarged by the silanization.

To simplify the procedure of synthesis and posttreatment, a variety of one-step
synthetic strategies [252], including polyol process assisted by hydrophilic ligands
[253], hydrothermal route assisted by binary cooperative ligands (HR-BCL) [254],
and ionic liquid-based synthesis [255], were used to prepare water-soluble UCNPs.
In general, the one-step synthetic method can greatly simplify the procedure of
reaction and posttreatment. However, UCNPs with small and uniform sizes are
hardly obtained. Although usually requiring complicated posttreatment, two-step
approaches are convenient for tuning the size, shape, and crystallinity of UCNPs. In
short, both one-step and two-step methods for converting the hydrophobic UCNPs
into hydrophilic forms are under active developments.

The application of UCNPs in fluorescence imaging of tissues and living subjects
has attracted increasing attention. Unquestionably, great research progress has been
achieved in the development of uniform, ultrasmall-sized, water-soluble, and
surface-functionalized UCNPs with multiplexed colors and high quantum yield.
However, only few UCNP examples could thoroughly meet all the requirements
for in vivo imaging. There are still many challenges to synthesize UCNPs with
controllable size, hydrophilic properties, and biofunctionality as fluorescence probes
for in vivo imaging. To date, NaYF4:Yb,Tm nanoparticles with a diameter of
11.5 nm are the smallest UCNPs obtained from solvothermal method and coated
with polyacrylic acid (PAA) [256]. These hexagonal NaYF4:Yb,Tm nanoparticles
were successfully used for the long-term tracking of the biodistribution in vivo.

Some UCNPs are ideally suited for in vivo fluorescent bioimaging due to their
merits of NIR-to-NIR upconversion. For example, core/shell α-NaYbF4:Tm3+/CaF2
nanoparticles exhibited highly efficient NIR emission at ~800 nm when excited at
~980 nm, which enabled their applications for high-contrast deep tissue bioimaging
[257]. However, the 980 nm laser, typically employed to trigger the upconversion
process, is highly absorbed by water in biological structures and could induce severe
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overheating effect. To address the issue of NIR laser-induced tissue damage, Nd3+

ion was introduced as NIR absorber and sensitizer in conventional Yb3+-doped
UCNPs [258]. The integrated Nd3+ ! Yb3+ energy transfer to conventional Yb3+-
sensitized upconversion processes is a versatile method to extend the single NIR
excitation band of Yb3+ to shorter wavelengths. The excited band at 808 nm could
offer high upconversion excitation efficiency similar to that of 980 nm excitation,
while having substantially minimized tissue overheating effect. A similar approach
was proposed to excite UCNPs by using 915 nm laser light, which showed the depth
range in vivo imaging [259].

UCNPs, featured with distinct narrow emissions, are deemed as good color
markers to simultaneously trace different biochemical species and monitor multiple
organs [260]. For instance, UCNP-dye complexes based on NaYF4 nanocrystals
were synthesized by simultaneously modifying with amphiphilic polymer and fluo-
rescent dyes via physical adsorption. The obtained supramolecular UCNP-dye
complexes exhibited controllable visible emission spectra ascribing to the lumines-
cence resonance energy transfer (LRET) from UCNPs to the organic dyes upon NIR
excitation and achieved multicolor UCL imaging in vivo (Fig. 2.23) [261].

Targeted monitoring and bioimaging of special chemicals in biological systems
are important, since these molecules or ions often play an important role in organ-
isms. For example, efficient and sensitive monitoring of methylmercury (MeHg+)
in vivo is of great importance, because a certain amount of methylmercury accumu-
lated in the organs of animals would result in prenatal nervous system and visceral
damage. Considering the superior UCL of UCNPs, cyanine dye-assembled UCNPs
were synthesized for UCL sensing and bioimaging of MeHg+ in vivo (Fig. 2.24)
[262]. The cyanine dye hCy7, a MeHg+-sensitive dye, was loaded on the surface of
lanthanide UCNPs, achieving the monitoring of MeHg+ in vivo with high sensitivity.
Moreover, targeted tumor imaging is also important for tumor diagnosis and therapy.
This target-specific recognition includes ligand-acceptor and antigen-antibody inter-
actions. For instance, recombinant chlorotoxin-mediated NaYF4:Yb,Er/Ce UCNPs
showed highly specific binding of tumors and can be used to directly visualize
tumors in living mice with high-contrast images [263].

Common approaches to study the deep tissue imaging of most UCNPs mainly
rely on direct injection of abundant UCNPs into tissue or special site of animals,
which may cause long-term biosafety issues. Thus, an advanced approach is to
develop highly sensitive UCNP-based fluorescence probes for in vivo imaging.
UCNP-labeled cells delivered into injured muscles would undoubtedly offer useful
insights for real-time monitoring of the myoblast transplantation therapy [261]. For
example, sub-10 nm Gd3+-doped NaLuF4 UCNPs, synthesized via thermal decom-
position, were effectively used with tracking limits of 50 and 1000 UCNP-labeled
cells via subcutaneous and intravenous injection, where high-contrast UCL whole-
body imaging of a black mouse with a penetration depth of ~2 cm was
achieved [264].

In addition, the spatiotemporal regulation of light-gated ion channels is a useful
tool to study physiological pathways and develop personalized theranostic
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modalities. Recently, a simple strategy based on native metabolic glyco-biosynthesis
was used to achieve site-specific covalent localization of NIR light-responsive
UCNPs on the cell surface through a copper-free click reaction under living condi-
tions. Upon 808 nm light irradiation, the blue emission (at 480 nm) from UCNPs
could remotely activate the photosensitive ion channel and effectively manipulate
the cation influx in living zebra fish [265].

Fig. 2.23 (a–e) Multicolor UCL imaging of UCNP-dye complexes [261] (Reprinted from Ref.
[261], Copyright 2011 the American Chemical Society)

Fig. 2.24 Schematic layout of cyanine-modified UCNPs for in vivo imaging of methylmercury
[262] (Reprinted from Ref. [262], Copyright 2013 the American Chemical Society)
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5.2.8 Noble Metal Nanoclusters
Noble metal nanoclusters (NCs), as a new type of luminescent nanomaterials, have
been attracting extensive interest due to convenient surface bioconjugation and
unique optical properties [266]. NCs are composed of a few to hundred atoms, and
typically have diameters below 2 nm, making their dimensions between metal atoms
and small nanoparticles. Since their sizes are close to the Fermi wavelength of
electrons, NCs possess molecule-like properties such as discrete electronic states
and size-dependent fluorescence [267]. Therefore, NCs are referred as fluorescent
noble metal QDs. NCs have several distinct features including strong photo-
luminescence, good photostability, and large Stokes shift. To date, water-soluble
NCs with different ligands and tunable emission have been developed in various
biocompatible scaffolds, enabling them as useful fluorescence probes for bioimaging
applications [268–275].

Various methods have been employed to prepare metal NCs with considerable
quantum yield and sufficient brightness for the applications of bioimaging. However,
NCs obtained from the reduction of metal ions tend to aggregate into large nano-
particles in aqueous solution. In addition, the emission properties of NCs can be
easily affected by the ligands capped on the particle surface. Therefore, a judicious
choice of capable agents or stabilizers is vital to obtain small metal NCs with high
stability and enhanced fluorescence.

Thiol-containing small molecules are the most commonly used stabilizers in
metal nanoparticle production due to the strong interaction between thiols and
Au/Ag. For instance, glutathione as an excellent stabilizer was widely used to
synthesize Au NCs with visible luminescence through the reduction of Au3+ with
sodium borohydride (NaBH4). Except for glutathione, a variety of thiols including
tiopronin, thiolated cyclodextrin, phenylethylthiolate, and 3-mercaptopropionic acid
are also good stabilizers and have been used for the preparation of metal NCs
[267]. In addition, fluorescent metal NCs can also be prepared by etching large Au
nanoparticles with thiols or capping agents, such as mercaptosuccinic acid. On
account of their capability of sequestering metal ions from solution, both dendrimers
and polymers with a mass of carboxylic acid groups were used as templates to
produce metal NCs. Biomacromolecules such as DNA, peptides, and proteins were
also employed to fabricate various fluorescent metal nanostructures [277–280]. Par-
ticularly, DNA oligonucleotides are excellent stabilizers for preparing small Ag
NCs, due to the high affinity between silver ions and cytosine bases on single-
stranded DNA.

Fluorescence imaging relies heavily on stable, biocompatible, highly specific, and
sensitive markers. Conventional fluorophores such as organic dyes and fluorescent
proteins with limited photostability greatly limit the long-term monitoring tests
in vivo, and QDs also showed potential safety concerns for in vivo applications. In
contrast, fluorescent metal NCs exhibited bright emission as well as good biocom-
patibility, making them attractive alternatives as fluorescent probes for bioimaging.
For instance, ultrasmall bovine serum albumin-stabilized Au NCs exhibiting bright
NIR fluorescence and high photostability were successfully used for in vivo
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fluorescence imaging of tumor [276]. Due to the high photostability and low toxicity,
the Au NCs could be employed for continuous in vivo imaging. For example,
fluorescent Au NCs were injected intravenously into mice for whole-body real-
time in vivo imaging. As shown in Fig. 2.25, Au NCs showed spectrally distin-
guished emission with different brightness depending on locations and the dose of
Au NCs injected. The fluorescence of Au NCs could also be visualized upon the
injection into muscles by up to a few millimeters on account of their NIR light
excitation. The fluorescence of superficial vasculature of mouse was immediately
visualized after tail vein injection, remained visible after 5 h, and decreased notice-
ably after 24 h. Due to the EPR effect, ultrasmall Au NCs were found to accumulate
at a high concentration in the tumor sites under in vivo imaging test.

It is important to develop contrast agents with efficient renal clearance for in vivo
bioimaging applications. Ideal nanoparticle-based fluorescent probes should be
effectively excreted out of the body, with low accumulation in normal organs and
minor interference from background noise. Although NCs with hydrodynamic

Fig. 2.25 In vivo tumor imaging upon (a) subcutaneous (a, 0.235 mg mL�1; b, 2.35 mg mL�1)
and (b) intramuscular (2.35 mg mL�1) injection of 100 μL Au NCs into mice. (c) Real-time in vivo
fluorescence image of abdomen after intravenous injection with Au NCs (200 μL, 2.35 mg mL�1) at
different time. (d) Ex vivo optical images of a mouse treated with the injection of Au NCs (200 μL,
2.35 mg mL�1) and some dissected organs [276] (Reprinted with permission from Ref. [276],
Copyright 2010 the Royal Society of Chemistry)
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diameters smaller than 10 nm are usually considered to be stealthy to the reticulo-
endothelial system (RES), fluorescent NCs are still severely hampered by their slow
renal clearance. To overcome the problem, 2 nm glutathione-coated luminescent Au
NCs with good renal clearance were developed. In this case, less than 5% particles
were accumulated in the liver, and more than 50% particles were found in urine
within 24 h after intravenous injection [281]. Due to the ultrasmall size of fluorescent
nanoparticles and biocompatible glutathione ligand, most of Au NCs can keep stable
during blood circulation and efficiently be cleared out of the body via the kidney
filtration.

In vivo fluorescence imaging of tumors is one of the most important topics in
nanomedicine and biomedical engineering for early, accurate tumor diagnosis and
imaging-guided surgery and therapy. Due to the facile function of engineered NCs,
multimodal imaging-guided combinational phototherapy by integrating various
building blocks would be used for cancer diagnosis and therapy. For example,
nano-assembly of nanorods (NR) and UCNPs engineered by DNA hybridization
was successfully employed for multimodal imaging and combinational phototherapy
(Fig. 2.26) [282]. Upon the execution into mice, the assembly exhibited outstanding
cancer-targeting ability via EPR effect and substantially eliminated the tumor for
in vivo cancer therapy.

5.2.9 Fluorescent Silica Nanoparticles
Since silica nanoparticles (SiNPs) feature optical transparency, robustness, chemical
and mechanical stability, low toxicity, easy excrement, and resistance to microbial
attacks, they are also suitable for bioimaging [21, 56, 283–287]. However, as SiNPs
are optically silent in visible and NIR region, improving their bioimaging capability
is focused on doping them with other fluorescent materials to form silica-based
hybrid nanomaterials. Fortunately, due to the facile modification on the surface,
SiNPs are easily functionalized by lots of existing NIR fluorescent materials such as
metal-organic and metallic fluorophores [288], organic dyes [22, 289–291], protein
[126], UCNPs [292], and QDs [51]. Thus, different fluorescent SiNPs can be
obtained by using different kinds of fluorophores.

Most fluorescent SiNPs consist of silica coating on outside of fluorophores,
because silica coating enables excellent properties and enhanced performance,
such as high stability over a wide range of solution pH, nontoxicity, non-swelling,
and efficient light transmission. Furthermore, silica coating offers a variety of
targeting ligands by covalent binding, including antibodies, peptides, sugars, and
nucleotides.

Doping SiNPs with NIR fluorescent dyes is a simple and convenient approach to
prepare NIR fluorescent nanoparticle probes for in vivo imaging. Recently, SiNPs were
successfully used for in vivo biomedical applications. For example, 20–25 nm-sized
NIR dye-doped silica nanoparticles (ORMOSIL) were synthesized by a normal micellar
route and subsequently radiolabeled with iodine-124. The biodistribution of ORMOSIL
determined by NIR fluorescence and radiolabeling studies in vivo displayed a major
accumulation in RES in mice. Nearly all of the nanoparticles were cleared out of the
body through the hepatobiliary excretion, without any sign of organ toxicity [293]. In
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addition, cyanine dye is a type of NIR dye with excellent NIR emission, but with poor
photostability strongly limiting its in vivo imaging applications. A promising approach
to overcome the problem is incorporating cyanines into SiNPs, where the nanoparticle
shell can effectively protect the fluorophore molecules. In a similar case, a unique
fluorescent system (CyN-12@NHs) constructed by amphiphilic block copolymer-
based nanoscale micelles (NHs) encapsulating NIR fluorescent dye (CyN-12) exhibited
good photo and chemical stability, water solubility, and bright NIR fluorescence, making
it a suitable fluorescent probe for bioimaging. CyN-12@NHs also showed bright
fluorescence with a long retention in tumor by injecting intratumorally into mice and
displayed selective accumulation in the liver via intravenous injection [294].

Although fluorescent proteins might be the safest fluorescent probes for in vivo
imaging, their instability in the purified forms strongly impeded their uses. Fortu-
nately, near-infrared fluorescent proteins (NIRFPs) coated with a silica nanoshell,
named NIRFP@silica, can increase the stability of proteins and simultaneously
improve the quantum yield and photostability of the coated NIRFPs. When injected
by the tail vein, NIRFP@silica with a small nanoparticle size, narrow distribution,
and good dispersibility can be distributed all over the mouse body, and then
efficiently eliminated through urine in 24 h, indicating its high potential as a safe
and robust NIR fluorescence imaging agent for whole-body imaging. To avoid the
adverse interference of pulmonary damage resulted from the aggregation/agglomer-
ation of nanoparticles, nanoprobes with slightly bigger size than a single fluorescent
protein were produced via lysine-catalyzed Stöber method [126].

A multifunctional core/satellite nanotheranostic (CSNT) constructed by decorat-
ing ultrasmall CuS nanoparticles onto the surface of a silica-coated UCNP could not

Fig. 2.26 Schematic layout of DNA-hybridized core-satellite assembly of NR dimer and UCNPs
for multimodal imaging-guided combinational phototherapy [282] (Reprinted with permission from
Ref. [282], Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim)
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only convert NIR light into heat for effective thermal ablation but also cause highly
localized radiation dose boost to trigger remarkably enhanced radiation damage
in vivo. Moreover, the CSNT can be used as an excellent trimodal imaging agent
based on upconversion luminescence, magnetic resonance, and computer tomogra-
phy technology (Fig. 2.27) [292]. Similarly, mesoporous SiO2 can be modified by
UCNPs. For example, a microcarrier (Fig. 2.28) based on mesoporous SiO2-
Nd@SiO2@mSiO2-NH2@SSPI (SSPI, succinylated soy protein isolate polymer)
was successfully used to noninvasively monitor the gastrointestinal drug release
in vivo through the NIR-II fluorescence signals of lanthanide-based downconversion
nanoparticles (DCNPs) [295].

In another example, chlorin e6 (Ce6) photosensitizer conjugated with silica-
coated gold nanoclusters (AuNC@SiO2-Ce6) can be used for NIR fluorescence
imaging of gastric cancer tissue through intravenous injection into MDA-MB-435
breast cancer-bearing mice [296]. Moreover, the persistent emission (5–13 ms) of
NIR luminescent nanoparticles made of porous silicon is long enough to permit
time-resolved fluorescence imaging and can be distinguished in the time domain
from signals associated with tissue autofluorescence or interfering organic
chromophores [285].

Compared with other semiconductor nanocrystals, silicon quantum dots (Si QDs)
possess many merits including high natural abundance of silicon, low cytotoxicity,
unique size, and surface-dependent optical properties [297]. Strategies for the
preparation of Si QDs generally include solution-phase-based methods, micro-
emulsion synthesis, and thermally induced disproportionation of solid hydrogen
silsesquioxane in a reducing atmosphere. The approaches for the functionalization
of Si QDs include surface oxidation and etching, covalent functionalization,
non-covalent functionalization, and bioconjugation [34]. Si QDs can be used in
multiple cancer-related in vivo imaging, such as tumor vasculature targeting, sentinel
lymph node mapping, and multicolor NIR imaging. For example, a type of Si QDs
was developed through a combination of unique nanoparticle synthesis, surface
functionalization, PEGylated micelle encapsulation, and bioconjugation. The encap-
sulated Si QDs with nanospheres showed stable luminescence and long tumor
accumulation time (>40 h) in live mice [298].

Fig. 2.27 Schematic layout
of a synergistic therapy based
on CSNT for enhanced
radiotherapy (RT) and
photothermal ablation (PTA).
UCNP cores are responsible
for the RT, and CuS satellites
are used to convert the 980 nm
laser into heat for PTA [292]
(Reprinted from Ref. [292],
Copyright 2013 the American
Chemical Society)
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6 Conclusions and Future Perspective

NIR fluorescence is a powerful imaging technique that not only noninvasively
visualizes biological processes in cells and organisms but also permits tracking of
molecules and cells in real time for disease diagnosis and treatment. Thus, ideal NIR
fluorescent materials with strong luminescence, desirable excitation and emission
wavelength, high photostability, small size, and good biocompatibility are pivotal for
in vivo imaging. However, the lack of desirable NIR fluorescent probes is the major
reason that NIR fluorescence imaging in vivo is still in its infancy of clinical
diagnosis and therapy. Moreover, some problems still limit clinical applications of
NIR fluorescence imaging, such as the degradation of imaging agents, the toxicity to
bio-samples, and color fading.

NIR fluorescent materials with excellent photophysical properties and smart
functionality are not only basic elements of theranostic techniques for biology and
pathophysiology but also practically significant toward clinical applications. For
optimal monitoring and deciphering of physiological structures and functions with
the maximum temporal and spatial resolution as well as minimal perturbation to
biological systems, NIR fluorescent probes should have high brightness, adequate
water dispersibility, excellent biocompatibility, and facile bioconjugation. Among
many NIR fluorescent materials, small fluorophores (such as NIR dyes and metal
complexes) and fluorescent proteins have been extensively studied for bioimaging

Fig. 2.28 Schematic illustration of NIR-II fluorescent mesoporous microcarrier preparation with
protein drugs loading and SSPI grafting. NPTAT, nickel(II) phthalocyanine-tetrasulfonic acid
tetrasodium; CTAC, cetyltrimethylammonium chloride [295] (Reprinted from Ref. [295], Copy-
right 2017 Nature Publishing Group)
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in vivo. However, these small fluorophores and fluorescent proteins generally show
photo-bleaching that limits their maximum effectiveness for long-range and three-
dimensional in vivo imaging. Despite great advances that have been made in the field
of NIR dyes for bioimaging, there are still a lot of rooms for further improvement.
For instance, some cyanine dyes still suffer from low photostability, which should be
further improved. The ease of aggregation in aqueous media greatly limits
squaraines for medical and biological imaging. To improve the photostability of
cyanine dyes and reduce their cell toxicity, tremendous efforts have been given to
cyanine-based contrast agents. Rational incorporation of the cyanine platform with
nanoparticles or polymers has provided great opportunities to efficiently monitor the
biological species in tissue and animal body. The approaches for the conjugation of
nanoparticles such as UCNPs or QDs could be built up to enhance the performance
of NIR dyes for bioimaging.

Nanoparticles like QDs have been frequently employed for bioimaging applica-
tions. However, these QDs usually contain inherently toxic elements including
cadmium and selenium that are easy to leak and harm to live organisms, which
severely restrict their uses to most in vivo work and narrow their scope of applica-
tions. Furthermore, QDs with dynamic surface structures tend to aggregate in
biological environments, which also constrain their physiological utilities and clin-
ical implementation. To overcome these limitations, silicon nanocrystals, C-dots,
and GQDs featuring higher photostability and better biocompatibility have been
developed. On the other hand, it is not easy to tune broad photoluminescence
emission for GQDs and to gain pure samples of CNTs with desirable photo-
luminescence intensity. Although silicon nanocrystals and C-dots have demonstrated
increasing importance in the field of biological imaging, some questions regarding
the complete understanding of their fluorescence mechanism and rational control of
their emission characteristics still remain. Unlike these materials, the photo-
luminescence of nanodiamond is known to rely mainly on the formation of well-
established fluorescent NV centers. However, nanodiamond possesses low extinc-
tion coefficient and their emission is not easily tunable.

As discussed in this chapter, numerous NIR fluorescent probes, including organic
dyes, fluorescent proteins, and nanoparticles, have been used for fluorescence
bioimaging. Most of them for bioimaging take advantage of single-photon excita-
tion, emitting long wavelength fluorescence when excited by low wavelength light.
In contrast, by using the anti-Stokes luminescence process, two-photon-excited
fluorescence imaging offers a powerful approach for bioimaging of the living tissue
to eliminate autofluorescence. Due to the requirement of simultaneous absorption of
two coherent photons, these two-photon fluorescence materials usually exhibit
narrow two-photon absorption cross sections and low two-photon emission effi-
ciency. In addition, expensive pulsed lasers (usually a femtosecond laser) are needed
for two-photon fluorescence imaging.

On account of intrinsic upconversion luminescent features and narrow emission
lines, UCNPs have attracted significant attention, providing lots of uncommon
opportunities in bioimaging applications. On the other hand, their drawbacks include
less facile bioconjugation and larger size. The safety concern of UCNPs in
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biomedical application cannot be ignored. Thus, how to design and develop safer
and smarter UCNPs with enhanced quantum yields is a right research direction in
this rapidly developing field. For nanosystems based on SiNPs, they have very bright
fluorescence and possess excellent resistance to photo-bleaching. But, less facile
multiplexing and large size hamper their practical use. Thus, it is necessary to design
optimal and functional structures to enhance their biomedical performance by
chemical modifications and bioconjugation, and detailed in vivo biosafety and
performance investigations are also required. Furthermore, the synergistic combina-
tion of inorganic SiO2 and organic functionalities is expected to highly facilitate the
clinical translation of these nanosystems. In short, each type of fluorescent materials
possesses their own merits and shortages. Choosing a right system for NIR fluores-
cent bioimaging depends on their performance for a specific biological task.
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Alternative Title
MRI with Silicon Particles

1 Definition of Topic

Magnetic resonance imaging (MRI) is an inherently insensitive imaging modality,
due to low thermal spin polarization at typical clinical magnetic field strength and
room temperature. Dynamic nuclear polarization (DNP) has the potential to increase
the magnetic resonance signal of the underlying material by 3–4 orders of magnitude
through enhanced nuclear spin alignment. In this chapter, we describe the applica-
tion of the DNP technique to silicon particles and nanoparticles for background-free
real-time molecular MR imaging.

2 Overview

Silicon particles, on the nanometer to micron scale, are attractive for development as
biomedical imaging agents due to their biocompatibility and simple surface chem-
istry that is amenable to the addition of targeting moieties and therapeutic drugs. As
such, they hold potential as theranostic agents that may both detect and treat diseases
in real time. Because the 29Si isotope is detectable using magnetic resonance
imaging (MRI), silicon particles enable high-resolution, deep-tissue imaging of
different disease states. Because the achievable 29Si MR signal is insufficient for
imaging studies under normal conditions, a method termed “hyperpolarization” can
be used to temporarily increase the 29Si MR signal by several orders of magnitude.
This effect allows 29Si MRI signal to be visualized over the course of tens of minutes
(regardless of chemical environment), which is significantly longer than that of most
other hyperpolarized contrast agents (on the order of tens of seconds in vivo). The
long-lasting enhanced signal provides an elongated window to pursue molecular
imaging studies and overcomes one of the primary drawbacks of hyperpolarized
contrast agents – fast relaxation times. In this chapter, we describe the background
theory, experimental conditions, and recent breakthroughs in silicon particle hyper-
polarization, as they are developed for targeted molecular imaging of different
disease systems.

128 J. Hu et al.



3 Introduction

Silicon particles are biocompatible, functionalizable, and commercially available.
They have been used as fluorescent imaging agents for targeting tumor vasculature
[1], multistage drug delivery systems for therapeutic applications [2], as well as
additives to increase food shelf life [3]. Under physiologic conditions, silicon
particles degrade to orthosilicic acid (Si(OH)4), which helps bone mineralization
and collagen synthesis and reduces atheromatous plaques [4–9]. Orthosilicic acid
ultimately exits the body through renal clearance [10]. Incidentally, 29Si, a stable
isotope with 4.71% natural abundance, is also MR active with a nuclear spin of 1/2
[11], thus opening the possibility of MR imaging with silicon particles.

Unfortunately, because of the poor sensitivity of MRI, direct imaging of silicon
particles is not feasible. MR sensitivity of a given nucleus is proportional to the
gyromagnetic ratio (γ), magnetic field strength (B0), species concentration, as well as
nuclear spin polarization (P) (Eq. 3.1). For spin 1/2 species such as 1H, 13C, and 29Si,
polarization is defined as the difference of spin populations occupying the two
stationary energy levels. Since the spin populations conform to Boltzmann distribu-
tion, the polarization is extremely low under typical clinical magnetic field strength
and room temperature. As a result, MRI is an inherently insensitive imaging
modality with only around 10 per million protons detectable at 3 T and 25 �C.
However, due to the high water concentration in tissues (~80 M), conventional
proton MRI can be used to create 3D anatomical images with submillimeter resolu-
tion and excellent soft-tissue contrast [12]. For nuclei other than proton, the situation
is a bit more challenging. Except at low spatial (1 cm3) and temporal resolution
(5–10 min), direct in vivo imaging of trace nuclei such as 29Si is generally not
feasible, due to low sample concentration, lower natural abundance, and a smaller
gyromagnetic ratio compared to that of proton [13]. The conventional approach to
boost sensitivity is to increase the magnetic field strength, which leads to an
increasingly expensive proposition (~1 million USD/Tesla for MRI scanners). Tem-
perature also can be lowered to achieve higher polarization, but in order to reach a
high polarization, sample temperatures approaching absolute zero are needed, which
is not feasible for in vivo applications.

P ¼ nþ � n�
nþ þ n�

¼ tan h
γhB0

2kBT

� �
(3:1)

P = polarization for spin 1/2 nuclei; n+ = spin population aligned with the
magnetic field; n�= spin population antiparallel to the magnetic field; γ = gyromag-
netic ratio, a physical constant unique to each type of MR-active nucleus in units of
MHz/Tesla; h = Planck’s constant; B0 = magnetic field strength in Tesla; T = tem-
perature in Kelvin; kB = Boltzmann‘s constant. Net polarization quickly diminishes
as temperature rises above several degrees Kelvin.

One solution to the sensitivity conundrum is to hyperpolarize the silicon particles
using dynamic nuclear polarization (DNP), a technique that has the potential to

3 Real-Time Molecular MRI with Hyperpolarized Silicon Particles 129



increase MR sensitivity by 3–5 orders of magnitude. The DNP process requires the
presence of unpaired electrons, low temperature (approaching 0 K), high magnetic
field (typically >1 T), as well as a microwave source that matches the electron spin
resonance frequency under the chosen magnetic field (usually GHz range). At
around 3 K and 3 T, electron spin polarization approaches 100% and can be
transferred to nearby nuclear spins via continuous microwave irradiation of the
electron spin resonance condition. First proposed by Albert Overhauser in 1953
[14], DNP techniques are experiencing a recent resurgence, with a particular focus
on 13C-labeled compounds for metabolic imaging and spectroscopy. Mixed with
stable radicals and after several hours of DNP, the polarization of 13C-labeled
pyruvic acid can reach over 64%, representing >10,000-fold signal enhancement
[15]. A key development occurred in 2003 when Klaes Golman, Ardenkjaer-Larsen,
and colleagues developed the first modern dissolution-DNP polarizer that allows the
frozen hyperpolarized sample to be dissolved quickly in 180 �C superheated water,
thus paving way for in vivo imaging applications and determination of metabolic
flux in real time [16]. Recently, hyperpolarized pyruvic acid has been used in a Phase
I clinical trial for prostate cancer detection and identified tumorous regions in
patients that were not detected by conventional MRI [17]. For a detailed review of
hyperpolarization methods and hyperpolarized 13C compounds, please refer to the
following articles [18, 19]. Despite the significant gain in sensitivity, the major
limitation of hyperpolarized 13C-labeled compounds is the typically short character-
istic decay time, which only allows the hyperpolarized signal to be detected for
~1–2 min.

Silicon particles directly address this challenge with the hyperpolarized signal
lasting on the order of tens of minutes. In the atmosphere, the surface of silicon
particles can react with oxygen to form a thin silicon oxide (SiO2) layer of a few nm,
which contains naturally occurring surface defects [20]. Since the exposed bonds in
the Si/SiO2 interface can provide free unpaired electrons, no expensive and poten-
tially toxic stable radicals are needed for DNP of silicon particles [20]. Under proper
microwave irradiation, spin flip-flops are driven between nearby dipolar-coupled
electrons and nuclei, resulting in a net transfer of spin polarization from the highly
polarized surface electrons to nearby 29Si nuclei, which in turn gradually hyperpo-
larize the core 29Si nuclei via spin diffusion [21]. During depolarization, while the
signal relaxation of the polycrystalline shell portion of the silicon particle is fast,
depolarization of the core crystalline region is dominated by the slow spin-diffusion
process, leading to a significantly long-lived hyperpolarized signal that is on the
order of tens of minutes and unaffected by the in vivo environment, particle
tumbling, or surface functionalizations [22]. Thus, in effect, these unique nano-
particles behave as little “spin batteries,” storing the spin polarization for relatively
long periods of time, ready for release on demand.

In summary, radical-free hyperpolarization of 29Si nuclear spins is generated by
low temperature solid-state DNP, a nuclear magnetic resonance (NMR) process for
transferring spin polarization from electrons to nuclei, taking advantage of the
intrinsic defect sites that naturally occur at the surface of the particles. In contrast
to the hyperpolarization of conventional 13C, nucleus, wherein magnetic resonance
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signals are lost within 1–2 min, thus severely limiting applications in vivo, hyper-
polarization of 29Si produces MRI signals with a characteristic decay time in the
order of tens of minutes. Furthermore, silicon-based nanoparticles are attractive due
to their inert properties, biocompatibility and biodegradability. Coupled with low
cost and the fact that silicon particles can be surface-modified with relative ease,
hyperpolarized silicon particles have the potential to become a next-generation,
high-impact MRI contrast agent.

Due to the potential benefits of developing silicon particles as hyperpolarized
tracers, there has recently been increased interest in this new field. Given that the
majority of work has been conducted within the last 10 years by only a handful of
research groups, the authors felt that it would be worthwhile to provide an up-to-date
summary of the state of hyperpolarized silicon to help inform scientists and clini-
cians who may wish to learn more about this technique and its relevant applications.
This review serves as the initial comprehensive summary of the state of the art in
silicon particle hyperpolarization, and there are currently no other reviews
concerning this field. The authors hope that this will foster awareness and spur
interest in hyperpolarized silicon particles and help lead to new developments and
discoveries that will advance the field.

4 Methodology

4.1 Solid-State DNP Device

Even though the theoretical underpinnings of DNP are intricate, the experimental
conditions are relatively straightforward to satisfy in practice. As an example, the
home-built solid-state DNP device at UT MD Anderson Cancer Center is comprised
of a 2.9 T superconducting magnet and in situ cryostat that maintains the sample
temperature at ~3 K using a continuous flow of liquid helium (supplied from a 250 L
helium dewar; application of a vacuum pump achieves temperatures lower than 4 K).
The microwave source (80.9 GHz, 100 mW Gunn diode) is directed to the PTFE
sample tube (~120 μL, 5 mm ID) containing silicon particles through a waveguide
and slot antenna. In addition, the DC bias of the microwave source is modulated with
a function generator to provide uniform irradiation across the suitable electron spin
resonance spectrum (Δλ~60 MHz). The microwave output can be observed by a
spectrum analyzer after siphoning a portion of the ~80.9 GHz radiation into a
harmonic mixer, where it is mixed-down using an intermediate frequency source
(8 GHz). Inside the cryostat, an in situ saddle coil enables NMR spectroscopy of the
29Si nuclei in the sample, thus allowing observation of polarization buildup in real
time for fundamental studies and quality control (Fig. 3.1). Unlike the commercially
available dissolution-DNP polarizer “HyperSense” (Oxford Instruments), the sam-
ple remains in the solid state and requires manual removal, transport to the MRI
scanner, and dissolution (if needed) prior to usage. While the HyperSense unit is
capable of hyperpolarizing silicon particles, optimal DNP would require some slight
modifications to the normal operating procedure.

3 Real-Time Molecular MRI with Hyperpolarized Silicon Particles 131



Once the sample is retrieved from the polarizer, the hyperpolarized signal begins
to decay. As a result, the polarizer should be situated close to the MR scanner in
order to reduce the sample transit time. In addition, there should not be zero-
crossings of the magnetic field along the path to the scanner, which could instanta-
neously deplete the hyperpolarized signal. For preclinical animal experiments, once
the sample is warmed (by hand) and suspended in ~200 μL of buffer (such as
phosphate-buffered saline, “PBS”), it’s ready for administration to the animal via
oral gavage, intraperitoneal injection, enema, etc. [22, 23].

Fig. 3.1 (a) Solid-state DNP polarizer at UT MD Anderson Cancer Center showing relevant
components (labeled) [23]. (b) Schematic for the cryostat showing the sample port and connections
[24]
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4.2 Silicon Particles and Surface Functionalization

Silicon particles can be sourced from a variety of methods. These typically include
commercially purchased as a powder, silicon wafer that is crushed using a ball mill,
or grown in-lab through chemical synthesis. The commercially available nanoscale
particles are often formed via wet synthesis, plasma synthesis, or explosion synthesis
and are well-characterized by the vendor. Particles can also be created in-lab through
ball milling of a silicon wafer (which is either commercially purchased, grown
in-house, or procured through a collaborating laboratory). The benefits of ball
milling include simplicity, availability, and low price. The downsides include a
heterogeneous size distribution and potential contamination by the jar/ball material.
This can be particularly problematic for hyperpolarized MRI experiments, and
metallic contaminants into the silicon powder can shorten the lifetime of the hyper-
polarized signal while broadening the 29Si NMR line [23]. Alternatively, silicon
particles can be synthesized in the laboratory using a variety of established protocols
(e.g., Stober method, etc.). Utilization of a collaborating laboratory can be useful for
growing bespoke silicon particles, as often is the case that the research groups
interested in applying hyperpolarized silicon particles are not as well versed in
materials chemistry. Given the relatively low price, large available quantities
(multi-gram), and quality assurances, commercially procured particles often repre-
sent the simplest route. Additional characterization should be performed for com-
mercial nanoparticles, as aggregation can be problematic.

For the most part, the particles detailed in this review consist of elemental silicon,
with a natural abundance of 29Si (~4.7%). While it is possible to procure particles
that are isotopically enriched in 29Si (to further enhance MR signals), acquisition of
such particles typically proves elusive. Some particles in the results outlined below
employ silicon particles that are doped with other metals (boron, phosphorus, etc.).
These internal metallic impurities provide additional free electrons that speed up the
DNP process; however, they also serve as relaxation sinks as soon as DNP is
concluded. This results in comparatively shorter hyperpolarized T1 values
vs. undoped silicon. The silicon particles used for DNP studies are typically exposed
to the atmosphere, allowing an oxide shell to form on the surface of the particles; in
the absence of internal electronic defects, this oxide layer provides the free electrons
needed for DNP. To achieve the longest-lasting hyperpolarized 29Si signal, the
particles will consist of undoped silicon with a natural oxide surface layer; this
allows the polarization to be retained in the core of the particle for tens of minutes.

Relevant characterization criteria for silicon particles used in hyperpolarization
studies include the following: (1) electron microscopy (SEM or TEM) to examine
particle size, shape, and aggregation; (2) electron spin resonance (ESR) spectroscopy
to measure the number of available free electrons for DNP; (3) dynamic light
scattering (DLS) to determine hydrodynamic size and distribution; (4) x-ray diffrac-
tion (XRD) and Raman spectroscopy to measure particle crystallinity; (5) infrared
spectroscopy to monitor surface passivation; (6) nitrogen adsorption-desorption
volumetric isotherm analysis to estimate particle surface area; (7) zeta potential to
measure particle charge; and (8) nuclear magnetic resonance (NMR) spectroscopy
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(including solid-state magic angle spinning NMR, or MAS-NMR) to determine
chemical shift, linewidth, and thermal T1 timescale [24]. These standard character-
ization protocols (Fig. 3.2) provide key information to determine the likelihood for
successful DNP of silicon particles.

The surface silicon dioxide layer can be further utilized to functionalize the
particles for a variety of biomedical applications. While different functionalization
strategies may be employed, a common tactic is to aminize the surface by attaching
(3-aminopropyl)-triethoxysilane, or “APTES.” Successful amination can be verified
through a ninhydrin test or the use of fluorescent tags. With the free amine on the
particle surface, several robust functionalization strategies can be further pursued.
For example, to improve hydrostability and biocompatibility, polyethylene glycol
(PEG) can be used to coat the particles for in vivo studies. Furthermore, following an
amine-NHS ester reaction with heterobifunctional PEG linkers, targeting moieties
(such as aptamers, antibodies, or peptides) can be attached to the silicon particles via
a maleimide-thiol reaction [25]. Fluorescent tags may also be incorporated to allow
correlative optical imaging in addition to hyperpolarized MRI. A batch of silicon

Fig. 3.2 (a) Microwave frequency dependence of DNP-polarized 29Si NMR signal
[22]. (b) Magnetic field dependence of ESR signal at microwave frequency of 9GHz and 3.8 K.
The g-factor corresponding to flipping the sign of silicon NMR amplitude in (a) matches well with
the crossover g-factor of ESR signal in (b) [22]. (c) Comparison of 2 μm silicon particle XRD power
spectrum with peak locations of a known silicon standard (10 μmAPS, NIST) shows the particles used
have an approximately 80% crystallinity with an average crystallite size of 350 nm [22]. (d) Example
SEM image of the silicon microparticles used for in vivo imaging [22]. (e) Volume-weighted particle
size distribution determined by SEM image analysis shows an average particle size of 2 μm (black bars).
The gray bar corresponds to the average crystallite size (~350 nm) as determined by powder XRD
analysis
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particles can typically be functionalized with PEG or targeting moieties within
2–3 days with minimal batch-to-batch variations. Functionalized silicon particles
can be characterized using many of the physical characterization tools mentioned
above (Fig. 3.3), as well as using secondary antibodies and fluorescent tags to
determine primary antibody loading, and fluorescent microscopy of targeted parti-
cles in vitro.

4.3 Imaging Experiments

In order to detect hyperpolarized 29Si signal using an MRI scanner, a transmit/
receive MRI coil tuned to the 29Si resonance frequency is needed; some examples
include a 29Si surface coil or 1H/29Si dual-tuned volume coil (Fig. 3.4). When

Fig. 3.3 (a) Infrared spectroscopy of amine-terminated trimethoxysilane silicon nanoparticles
(~10 nm) [35]. (b) TEM of a ~70 nm silicon nanoparticle that is functionalized with an aptamer
(ESTA-1) to seek out E-selectin overexpression on ovarian tumors [23]. (c) Photograph of example
silicon particle samples: 2 μm dry-packed particles with bare surface chemistry (left) and 70 nm
silicon particles functionalized with APTES and PEG, suspended in solution (right). The change in
color between the samples is due to particle size differences, not surface chemistry
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multiple scans of the sample are required, a gradient echo sequence with variable flip
angle schedule is recommended. In addition, ultrashort echo time (UTE) or zero
echo time (ZTE) imaging sequences [26] could be employed to offset the short T2*
(~1–2 ms) of silicon particles. Even though silicon particles have short T2*, their T2
can instead be on the order of several seconds [27]. As a result, a fast spin-echo
sequence, such as RARE (rapid acquisition of refocused echoes), is suitable for
single-shot molecular imaging applications, if the refocusing pulse is applied suffi-
ciently fast [28]. When using spin-echo sequences for 29Si imaging, a 90-degree
excitation pulse is recommended, followed by a long echo train (e.g., 32) for phase
encoding. Because the long echo train will disrupt the longitudinal magnetization
(due to the likely inaccuracy of 180-degree pulses), it is recommended to proceed
with a 90-degree excitation pulse (regardless of its deleterious effect on
hyperpolarization).

Hyperpolarized 29Si signal is primarily depleted through two processes: T1 decay
and signal acquisition. The hyperpolarized signal is subject to T1 decay over time as
the spins realign to thermal equilibrium. While this is true of all hyperpolarized spin
systems, silicon particles benefit from a relatively long T1 timescale, making this less
critical compared to other hyperpolarized species. However, each time an MR signal
is acquired (spectra or image), it nonreversibly depletes a portion of the available
magnetization. Once these spins are perturbed through the application of radio wave
pulses, they revert back to thermal equilibrium; the magnitude of this effect corre-
sponds to the size of the tipping angle. Once they revert back to thermal equilibrium,
the spins cannot be hyperpolarized again unless the sample is removed from the
magnet and placed back into the DNP device for an appropriate amount of time (not
feasible once the particles are administered in vivo). It is typical practice to mini-
mally perturb the spins using a 10-degree pulse to acquire a 29Si MR spectra prior to
an imaging experiment in order to calibrate signal levels and help inform decisions
regarding how long to wait prior to the imaging experiment (particularly for molec-
ular targeting experiments).

Fig. 3.4 (a) Example MRI coils for silicon hyperpolarization studies: volume coil (left) and surface
coil (right). (b) Example preclinical MRI scanner (7 Tesla) for hyperpolarized 29Si MRI studies
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Most imaging experiments detailed in this review consist of silicon particle samples
either residing within their sample tubes (i.e. “imaging phantoms”) or suspended in
buffer and administered to an animal model. For the latter, care must be taken to
prepare the particles for administration following DNP. Because the hyperpolarized
29Si signal is constantly relaxing, and the relaxation rate changes with magnetic field
(faster for lower B0), it is best to prepare the particles for administration next to the
MRI scanner (after DNP). The animal model (mice, to date) should be anesthetized
(isoflurane or ketamine) and positioned on a heated MR-compatible cradle, while vital
bodily functions are monitored. It should be noted that, as suspended particles are
administered in vivo, they will disperse throughout the body and provide lower 29Si
MRI signals than when physically concentrated in one location (due to fewer silicon
particles per pixel/voxel). Because of this, higher 29Si nuclear spin polarization is
needed for in vivo experiments compared to imaging phantoms. All animal work
should be previously approved by the relevant Institutional Animal Care and Use
Committee (IACUC) and carried out by trained personnel.

5 Key Research Findings

5.1 Dynamic Nuclear Polarization of Silicon Particles

While dynamic nuclear polarization of silicon particles has progressed since the early
days of DNP in the 1950s [29], the field has only recently seen an increase in interest
due to the emergence of potential applications in both biomedical imaging [22] and
quantum computation [30]. In 2008, Dementyev et al. published their findings [31]
regarding DNP in undoped silicon microparticles at lower temperatures (1.4 K) and
higher magnetic fields (2.35 T) than had been previously studied [32, 33]. They found
that much of the hyperpolarized signal originated from the irradiation of the electron-
nuclear pairings in the amorphous regions of the silicon particles. The spin polarization
then can be transferred to 29Si in the crystalline lattice through spin diffusion. Optimal
microwave irradiation was achievable on either side of the electron spin resonance
(ESR) central frequency, albeit with opposite spin orientations. Because the crystalline
cores have few paramagnetic impurities to act as relaxation agents, the spin polariza-
tion is long-lived (tens of minutes). The silicon particles (99.999% purity) ranged in
size from 1 to 5 μm and were approximately 80% amorphous and 20% polycrystalline
(individual crystallites >200 nm). The study also differentiated between hyper-
polarized (HP) 29Si signal in the amorphous regions, which relaxes under short time
durations vs. HP 29Si signal in the crystalline regions (longer time durations). While
the NMR signal from the amorphous silicon provided an inhomogeneously broadened
spectrum, the silicon in the crystalline sections provided a stronger, narrower 29Si
NMR line (Fig. 3.5a). Furthermore, under DNP conditions, the 29Si NMR signal
contribution from the amorphous silicon contributes to a broad NMR line (Fig. 3.5b).
Because the amorphous regions of silicon relax faster than the crystalline portions, the
line significantly narrows after a period of ~1 h (as the only remaining signal
contribution is then from the crystalline 29Si).
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The measured T1 values for the silicon microparticles at 4.2 K was a little over 2 h
and generally agreed with simulations that took into account the size of the crystal-
lites in the particles, the spin-diffusion rate, and the natural abundance of 29Si in the
crystalline lattice. Overall, this work set the stage for a number of studies that
employed solid-state DNP in silicon particles on the nano- to microscale, with future
applications geared toward biomedical imaging and quantum computation.

5.2 T1 Values of Nanoscale Silicon Particles

Further studies from Aptekar et al. [34] investigated the T1 of nanoscale silicon
particles at room temperature (as opposed to cryogenic temperatures) and demon-
strated that the addition of surface functionalities does not affect the relaxation rate
of the nuclear spin polarization. The long T1 is a result of the low natural abundance
of 29Si spins that are relatively isolated within a lattice of 28Si nuclei (I = 0). As a
result, when combined with the weak dipole-dipole coupling of 29Si, the absence of a
quadrupolar moment, and the isotropic crystal structure, the silicon particles retain

Fig. 3.5 (a) 29Si NMR
spectra of polycrystalline/
amorphous silicon
microparticles for different
microwave irradiation times
[31]; (b) 29Si NMR spectra of
polycrystalline/amorphous
silicon microparticles during
DNP (solid line, 1.4 K and
5-degree flip angle) vs. after a
wait time of 1 h (dotted line,
240 K and 90-degree flip
angle) [31]
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their enhanced signal for tens of minutes regardless of nanoparticle tumbling in
solution. This study examined a variety of silicon particle sizes, ranging from 40 nm
to 1 mm, and particles were created via ball-milled silicon wafers, wet synthesis,
plasma synthesis, and electrical explosion synthesis. The longitudinal relaxation
times of these particles (non-hyperpolarized) were measured at room temperature
and at 2.9 T; the T1 values correlated with particle size, with the larger silicon
particles having the longest relaxation times (up to several hours (Fig. 3.6)). The
experimentally measured values were compared to a core-shell nuclear spin-
diffusion model. While the overall trends were similar, the experimentally validated
results typically exhibited a slightly lower T1 value. This is likely due to the presence

Fig. 3.6 T1 values of silicon particles at 2.9 T vs. particle diameter (d0). Vertical error bars from
data fits; horizontal error bars relate to particle size distribution. Inset: polarization buildup curve for
d0 = 0.17 μm silicon particles. T1 values were measured using a saturation recovery spin-echo
sequence [34]
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of impurities within the core of the particles (which vary with particle synthesis
route); the particles that contained highly doped silicon displayed a T1 � 200 s,
regardless of size (likely due to internal defects). While the T1 value changed by two
orders of magnitude across the studied particle sizes, the inhomogeneous dephasing
time (T2*) only varied by a factor of ~6�.

A sample of undoped ball-milled silicon particles (1.6 μm diameter) was hyper-
polarized via the brute-force polarization technique, where the sample was exposed
to low temperature (4.2 K) inside of a 5 T superconducting magnet for 60 h. This
enhanced the 29Si MR signal by a factor of ~16� compared to thermal equilibrium
and allowed for a 29Si MRI scan in an H-shaped phantom (Fig. 3.7). The same
sample at thermal equilibrium (i.e., without hyperpolarization) did not produce an
image under the same imaging conditions.

To further investigate the applicability of HP silicon particles for biomedical
applications, the surface of the nanoparticles was treated with either (3-aminopropyl)
triethoxysilane (APTES), bis-(triethoxysilyl)ethane (BTEOSE), or
(3-trihydroxysilyl)propyl methylphosphonate (THPMP). Treatment with any of
these surface ligands results in amination of the particles. These free amine groups
are then available for further linkage to targeting moieties or therapeutic drugs
(Fig. 3.8).

The amount of amine deposited on the particle surfaces was quantized by
fluorescence spectroscopy using a fluorescamine reporter. These aminated particles
were then further functionalized with polyethylene glycol (PEG), which improves
the stability and biodistribution of the particles. The PEGylated particles were stable
in phosphate-buffered saline (PBS) for a period of at least 48 h without a significant
change in the hydrodynamic radius. Overall, this study determined the room tem-
perature T1 values for a range of silicon particle sizes, demonstrated the first MRI
scan of brute-force hyperpolarized silicon particles, and confirmed that the particle
surface can be functionalized for future biomedical applications.

Fig. 3.7 29Si MRI scan of brute-force polarized silicon particles (1.6 μm) after transfer to room
temperature in a 4.7 T MRI scanner. (a) An H-shaped phantom that is to be filled with the HP
particles and (b) the corresponding 29Si MRI scan [34]
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5.3 Dynamic Nuclear Polarization of Nanoscale Silicon Particles

A later study by Atkins et al. [35] extended this concept an additional step by
synthesizing, characterizing, and then hyperpolarizing nanoscale silicon particles
via DNP. This work prepared silicon nanoparticles through colloidal synthesis to
produce particles with an average diameter of ~10 nm and room temperature T1
values of ~10 min. The synthesis included a metathesis reaction of sodium silicide
and silicon tetrachloride, from which only the larger particles were collected (�5 nm
particles were also produced, but not included in the study). The particles were then
surface passivated with different ligands (Fig. 3.9a–c) and confirmed using infrared
spectroscopy. The metathesis reaction produced particles that were mostly amor-
phous, as confirmed by x-ray powder diffraction and Raman spectroscopy. Silicon
nanoparticles terminated with aminopropyltriethoxysilane (APTMS – which allows
for further conjugation via the terminal amine) were previously annealed at high
temperature; these particles dispersed well in solution, were free of aggregation, and
exhibited high crystallinity (Fig. 3.9e). These are among the smallest particles
studied for 29Si DNP and potentially open the door to advanced biomedical imaging
opportunities that are not conducive to the use of microscale particles.

T1 values for the 10 nm hyperpolarized silicon particles ranged between 5 and
10 min, which is in line with results from 60 nm silicon particles that were previously
synthesized using alternative methods [36]. The amorphous (non-annealed) silicon
nanoparticles exhibited slightly longer T1’s compared to the annealed APTMS-
terminated particles; this could be due to the introduction of isolated point defects
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within the particle core during the annealing process. The two amorphous samples
also possessed a narrower ESR linewidth compared to the annealed particles
(Fig. 3.10a), indicating that the amorphous particles are likely polarized via a “single
electron-single nuclei interaction” (i.e., “solid effect”) rather than a “multielectron-
single nuclei interaction” (i.e., “thermal mixing”). The room temperature ESR
spectra correlate well with the low temperature DNP response to changes in micro-
wave irradiation (Fig. 3.10b), and all samples provided positively enhanced 29Si
hyperpolarized NMR spectra after a few hours of DNP (Fig. 3.10c).

Overall, this work successfully synthesized and characterized silicon particles on
the scale of 10 nm, demonstrated different surface passivation strategies, and
compared the hyperpolarization characteristics of both amorphous and crystalline
silicon particles. The relatively long (size-adjusted) T1 values, small size, and
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pyltriethoxysilane groups. (d) TEM images of silicon particles functionalized with 4-aminophenyl.
(e) TEM images of silicon particles terminated with aminopropyltriethoxysilane. Top right insets
(d and e) display size distribution of particles; bottom right inset on (e) shows crystallinity of
annealed particles [35]
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amenable surface chemistry provide promise for further development of nanoscale
hyperpolarized silicon particle as biomedical imaging agents.

5.4 29Si Spin Relaxation in Particles

Additional studies regarding the relaxation of 29Si MR signal were carried out by
Lee et al. [21] at room temperature and low ambient magnetic fields for silicon
microparticles. Previous studies had shown that the 29Si T1 increases with magnetic
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Fig. 3.10 (a) Electron spin resonance signal, (b) 29Si NMR response to microwave frequency
during DNP, and (c) 29Si NMR spectra after 3 h of DNP for samples of (A) octyl-,
(B) 4-aminophenyl-, and (C) APTMS-terminated silicon nanoparticles [35]

3 Real-Time Molecular MRI with Hyperpolarized Silicon Particles 143



field strength (due to the field dependence of electron-nuclear dipolar interactions)
and decreases with the addition of dopants (as they create an additional relaxation
sink within the particles) [37]. The T1 values were shown to increase with particle
size, due to longer spin-diffusion time from the core to the surface (where the
relaxation mostly occurs via interaction with surface defects) [34]. The work
highlighted by Lee et al. demonstrated that the particles relax via a bi-exponential
decay that consists of a slow-decaying component that is independent of magnetic
field and a fast-decaying component that shows a slight inverse relationship with
magnetic field strength. This new extended model of spin relaxation in silicon
particles accounts for sample heterogeneity. Nuclear spin relaxation occurs at the
particle surface, while the 29Si spins in the core of the particle relax via spin diffusion
to the surface.

These studies focused on silicon microparticles (5 μm diameter) made from
undoped, ball-milled silicon wafer, as well as boron-doped particles of 10 μm
diameter (from ball-milled silicon wafer that was doped with boron). The particles
were allowed to equilibrate inside a 2.9 T magnetic field for 8 h (room temperature);
then the signal decay was measured at different ambient fields (0.2 mT, 6 mT,
130 mT, and 300 mT). After fitting to a bi-exponential function, it was found that
the “slow” relaxing component is indifferent to ambient field, while the “fast”
relaxing component is inversely proportional to the applied field. This behavior
accounts for the two populations of 29Si nuclear spins that reside within the particles:
the “core” spins that slowly relax via spin diffusion to the surface and the “surface”
spins that relax quickly via an electron-nuclear interaction with paramagnetic defects
on the oxidized particle surface (Fig. 3.11). The work also noted that the surface
relaxation likely follows a three-spin process (two interacting electrons and a 29Si
nucleus), which matches well with experimental data.

For the boron-doped particles, both the buildup and decay of 29Si nuclear spin
polarization were hastened due to the readily available free electrons that were
evenly dispersed throughout the particles (instead of only at the particle surface).
Overall, this work established a bi-exponential decay model in undoped silicon
particles that can be attributed to the placement of the 29Si nuclei relative to the
surface, showed that the longer relaxation time of 29Si nuclei in the particle core is
independent of magnetic field, and demonstrated that the surface relaxation is likely
due to a three-spin process involving electron pairs.

Fig. 3.11 Model of spin
reservoirs and relaxation
pathways in undoped silicon
particles. “Core” silicon nuclei
relax slowly via spin diffusion
to the surface “shell region,”
which then relax quickly via
dipolar coupling to
paramagnetic centers in the
silicon dioxide surface
layer [21]
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5.5 Co-polarization of 1H Using Silicon Particles as Radicals

The presence of naturally occurring electronic defects allows silicon particles to be
hyperpolarized without the addition of an exogenous radical species, which are
commonly used for the hyperpolarization of 13C-labelled metabolites [38]. Because
the majority of the electronic defects reside on the particle surface, silicon particles
also may be used to hyperpolarize small molecules that reside close to the particle
surface. One such instance was demonstrated by Cassidy et al. [39], where 1H
nuclear spins in water and water-ethanol mixtures were hyperpolarized via DNP
while using the silicon particles as the sole source of free electrons. This technique
allows DNP without the addition of contaminating radicals that can be burdensome
to remove prior to in vivo MRI scans; while the radicals assist with hyperpolarization
during DNP, they act as relaxation agents as soon as DNP is completed, thus
shortening the T1 value. In this instance, natural abundance (4.7% 29Si) silicon
powder (3 μm diameter) was compared with isotopically enriched 29Si (91.4%)
particles of diameter ~200 nm to determine their effects on nearby 1H spins during
DNP. Both types of samples were suspended in water or water-ethanol mixture. The
particles were polarized at 4.2 K and 2.35 T, and the NMR coil was capable of
detecting both 29Si and 1H frequencies.

Hyperpolarized 1H NMR signal was shown to correlate with 29Si NMR signal as
the microwave frequency (which modulates the electron-nuclear dipolar interaction)
was swept across a range that is relevant for 29Si hyperpolarization (Fig. 3.12a–b).
For a control sample that was absent of silicon particles, there was no change in 1H
NMR signal; this is indicative that the electrons present on the silicon particles
contribute to the hyperpolarization of 1H spins that are close to the particle surface. A
second control confirmed that there was no discernable 1H NMR signal from
samples that consisted of dry silicon particles (i.e., absent of water), nor any changes
in room temperature 1H signal from non-hyperpolarized samples (over the course of
1 week). Furthermore, because both the 1H and 29Si signals demonstrated signal
inversion at the same microwave irradiation frequency, the enhanced signal for both
species was created using electrons with the same g-factor. The role of the surface
electrons was validated further by removing the surface oxide layer with
hydrofluoric acid, which resulted in a complete loss of both 1H and 29Si signals
under DNP conditions. Because the sign of the 1H and 29Si NMR signals are the
same, the polarization enhancement of 1H came directly from the electron bath
instead of dipolar interactions with the polarized 29Si nuclear spins (which have an
opposite gyromagnetic ratio and would result in oppositely aligned NMR peak
orientations). These results indicate that the changes in 1H NMR signal are caused
by hyperpolarization using the silicon particles as electron sources; a schematic of
this interaction is displayed in Fig. 3.12c–d. Interestingly, it was found that silicon
particles that were isotopically enriched in 29Si (91.4%) and of smaller diameter
(200 nm) provided slower polarization transfer to 1H as well as lower overall HP 1H
signal. This is despite the smaller enriched particles possessing a ~15� greater
surface-to-volume ratio compared to the larger (3 μm), naturally abundant 29Si
particles. The cause of this slower buildup and overall lower 1H signal is likely
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due to enhanced competition for the angular momentum from the polarized electrons,
on account of the greater abundance of 29Si nuclear spins in the sample; it may also be
affected by differences in the density of surface defects between particle types. It was
also estimated that the interface between direct nuclear spin polarization and polari-
zation via spin diffusion was approximately 3 nm for 1H and 4 nm for 29Si; TEM
images verified that the silicon dioxide layer was comprised of a similar thickness.

While the overall increase in 1H NMR signal within the sample was modest, the
signal enhancement for 1H within 10 nm of the silicon particle surface was estimated
to be ~50X higher compared to equilibrium at 4.2 K. Overall, this work demonstrates
that naturally occurring electronic defects present on the surface of silicon particles
can be used to directly polarize nearby 1H nuclei present in solutions used to suspend
the particles. This property can be developed as an easier method to remove sources
of free electrons for DNP of frozen solutions, as well as study surface chemistry at
the particle/solution interface.

5.6 Hyperpolarized Silicon Particles as In Vivo MRI Contrast
Agents

Following these studies regarding the technique development and fundamental
physics of DNP of silicon particles, more effort was contributed to their applications
in biomedical imaging. Cassidy et al. [22] published seminal work showing in vivo
29Si MR imaging of silicon microparticles injected into mouse models. While silicon
particles had been previously used for in vivo imaging using optical methods
(fluorescence) [2], radionuclides (PET scans) [40], or paramagnetic agents (1H
MRI) [41], no study had yet used silicon particles for 29Si MR imaging in vivo.
Commercially available silicon particles (polycrystalline/amorphous) with a mean
diameter ~2 μm were surface-functionalized with polyethylene glycol to improve
biodistribution and hydrostability (Fig. 3.13). The particles then were subjected to

Silicon:silica

e-

e-

μW

29Si

Biopolymer

Fig. 3.13 Schematic showing the core-shell structure of silicon particles; unbound electrons on the
surface polarize nearby 29Si nuclei via DNP process
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DNP at 3.4 K and 2.9 T, with spectroscopy and imaging experiments taking place in
a nearby 4.7 T small animal MRI scanner.

The particles were allowed to polarize for ~18 h, and studies focused on both dry
particles (in the sample tube) and PEGylated particles that were suspended in PBS
and injected intomousemodels. Both types of samples showed similar 29Si polarization
buildup times, overall signal enhancement (29Si polarization ~1%), and hyperpolarized
T1 decay rates (~38 min). A positive correlation was noticed regarding time spent
conducting DNP and the corresponding T1 value; it was noted that further improve-
ments to the T1 could be achieved via improved polarization efficiency or optimized
internal crystal structure of the particles. Imaging experiments were carried out in
phantoms to calibrate a relevant time window for imaging (Fig. 3.14a) and particle
concentration (Fig. 3.14b). It was found that HP 29Si MR images were still achievable
90 min following DNP and particle concentrations as low as 5 mg/mL can be success-
fully imaged. Taking into account the estimated number silicon particles per image

Fig. 3.14 (a) 29Si MRI of a segmented phantom of dry silicon particles (~15 mg per segment) at
different time points following DNP. (b) 29Si MRI of cylindrical phantom with decreasing silicon
particle concentration [22]
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pixel and coil geometry, an absolute 29Si sensitivity of ~7� 10�3mol/Lwas calculated,
which is comparable to paramagnetic MRI nanoparticle contrast agents [42].

The versatility of HP silicon particles was demonstrated further through a series of
in vivo imaging scans using PEGylated silicon particles injected into mouse models
(Fig. 3.15). The particles were injected into the intestinal tract, peritoneal cavity, and
vasculature and into the tumor of a prostate cancer mousemodel (TRAMP – transgenic
adenocarcinoma of mouse prostate). Imaging the intestines and peritoneal cavity at
different time points allowed visualization of themovement of the silicon particles both
internal and external to the intestines. Noninvasive MRI of the intestines is typically
difficult due to susceptibility artifacts as well as the use of positive and negative
contrast agents (delivered orally and intravenously) in order to define the intestines.
Because silicon particles are biocompatible and can be easily coupled to targeting
agents, they can provide an option for molecular imaging of intestinal maladies.
Particles injected directly into the vena cava provided an intense signal that began to
lessen over the course of 1–2 min, as the particles are distributed throughout the body
and taken up by the reticuloendothelial system. Injection of the particles directly into a
prostate tumor showed 29Si MR signal over the course of 10 min, with the particles
perfusing across the tumor from the injection site in the direction of the blood flow.
Areas of the tumor that did not display HP 29Si signal later were confirmed to be
necrotic.While this is not considered targetedmolecular imaging, it is an important first
step in developing silicon particles for the interrogation of cancer systems.

In vivo toxicity studies from this work indicated that the mice receiving injections
of silicon particles did not exhibit decreased viability over a 2-week period following
the injections, and a comparison of kidney and liver tissues, both 3 h and 2 weeks
after silicon particle injections, showed clearance of particles in the longer time
period (Fig. 3.16). Silicon particles are expected to degrade into silicic acid and be
excreted within a few days. This confirmation of the biocompatibility and biodeg-
radation of hyperpolarized silicon particles bodes well for their continued develop-
ment as in vivo imaging probes.

The authors note that room remains to improve the particle concentration thresh-
old and timeframe for imaging through optimization of the particle crystal structure
and surface defect density; they also note potential benefits to using isotopically
enriched silicon. The long in vivo 29Si T1 value may allow silicon particles to
transfer polarization in situ to nuclei with a higher gyromagnetic ratio to improve
the sensitivity of other MRI probes. The positive contrast, background-free signal of
HP 29Si can be monitored in real time using single-scan imaging acquisitions
(without the need for signal averaging), and hyperpolarization allows imaging to
take place in lower magnetic fields without sacrificing sensitivity. These lower fields
may alleviate any concerns regarding the specific absorption rate (SAR) that may
be incurred when using fast spin-echo imaging sequences for in vivo imaging
(however, the relatively lower gyromagnetic ratio of 29Si also reduces the likelihood
of this potential issue). Overall, this work was the first demonstration that hyper-
polarized silicon particles could be used for in vivo MRI and that they can provide
imaging times in excess of thirty minutes, thus allowing changes in particle distri-
bution to be monitored in real time.
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5.7 Development Toward Targeted Molecular Imaging

To further advance the utility of hyperpolarized silicon particles as targeted molec-
ular imaging agents, Whiting et al. [23] published a study that focuses on the
hyperpolarization characteristics and imaging procedures for targeted silicon micro-
particles. These 2 μm silicon particles were surface-functionalized with a
thioaptamer that targets E-selectin [43] – a glycoprotein that is overexpressed on
the endothelial surface of some forms of ovarian cancer. Previously, silicon and silica
particles had been functionalized with E-selectin thioaptamer (ESTA-1) for optical
tracking of particle binding in bone marrow [44], and ESTA-1 has been shown to
bind to E-selectin with nanomolar affinity. Because E-selectin is expressed on the
cell surface, binding is not dependent on endocytosis, which mitigates some of the
drawbacks that occur due to the large size of the microparticles.

Initial studies compared the effect of particle size on hyperpolarization charac-
teristics through a study of both 20 nm and 2 μm silicon particles that were not
surface-functionalized (Fig. 3.17). While the 20 nm particles achieved steady-state
HP 29Si signal relatively quickly (~40 min), the larger microparticles were still
increasing in 29Si MR signal after nearly 6 h of DNP. This is expected, given the
spin-diffusion model of hyperpolarization of silicon nuclei at a distance from
electronic defects. However, the 2 μm particles also provided ~25x as much 29Si
signal compared to the 20 nm particles. This is likely due to the prevalence of
endogenous electronic defects, which are necessary for DNP. While the monocrys-
talline nanoparticles contain some defects on their surface, the larger microparticles
are polycrystalline/amorphous and likely contain a significantly larger number of
defects (both on the surface and in the amorphous regions). This increase in electron
defects significantly boosts the achievable 29Si signal and so far has made the larger
microparticles more useful for in vivo imaging studies, despite their large size and
decreased mobility.

Differences in particle size also affected the relaxation rate of the hyperpolarized
signal, with the smaller nanoscale particles exhibiting a T1 on the range of
10–20 min, while the larger microparticles provided a T1 of approximately 1 h

3 h

Kidney Liver

100 μm

100 μm

100 μm

100 μm

2 weeks

Fig. 3.16 Histology of
kidney and liver tissue at a 3 h
(top) and 2-week (bottom)
time point following
intravenous delivery of silicon
particles; organs stained with
hematoxylin and eosin.
Arrows indicate the presence
of silicon particles. Particle
clearance appears to occur
after longer time span as
expected [22]
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(Table 3.1). Changes to the surface chemistry of the 2 μm particles, through
PEGylation or addition of ESTA-1, did not affect the overall achievable polarization
level or the T1 decay. This is expected since the 29Si nuclear spins in the core of the
particles are not thought to be affected by changes on the surface.

Because silicon particles represent a new “platform technology” that can interro-
gate a variety of diseases, it is important to optimize the delivery of particles to
different organ systems. In this study, PEGylated particles were administered to
normal mice via oral gavage, rectal enema, and intraperitoneal injection
(Fig. 3.18a–c), with wait times between particle administration and the 29Si MRI
scan ranging from 5 to 30 min. For the oral gavage administration, HP 29Si signal
was visible in the stomach at a time point of 5 min following administration.
The rectal enema provided signal in the lower intestinal tract (likely near the
cecum) at a time point of 5 min after injection. The intraperitoneal injection provided
signal –mostly at the site of injection – at a time point of 30 min after injection. This
illustrates one potential issue with the larger microparticles – a lack of mobility,
which is crucial in targeted molecular imaging. Given the long imaging window, it
could be that the largest particles (which retain signal the longest) settled at the

Fig. 3.17 Hyperpolarized 29Si NMR signal as a function of time during DNP for samples of
(a) 20 nm and (b) 2 μm silicon particles (normalized by mass). Insets: representative 29Si NMR
spectra for a given data point [23]

Table 3.1 Decay constant for hyperpolarized 29Si NMR signal as a function of silicon particle
size, surface chemistry, and time spent undergoing DNP [23]
29Si hyperpolarization decay times

SiNP size HP T1 DNP time

20 nm ~10 min ~80 min

30 nm ~17 min ~120 min

70 nm ~16 min ~60 min

2000 nm ~62 min ~300 min

2000 nm PEGylated ~55 min ~330 min

2000 nm ESTA-1 ~56 min ~300 min
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injection site, while smaller silicon particles dispersed more readily. However, these
smaller, more disperse particles did not contribute to the image due to a shorter T1
and/or lower concentration of particles per pixel. As a follow-up, silicon particles
functionalized with ESTA-1 were administered (via intraperitoneal injection) to
SKOV3 mice that contain orthotopic ovarian tumors; then the mouse’s abdomen
was gently massaged before waiting 10 min prior to imaging. The goal was to
encourage particle mobility through physical manipulation. However, the resulting
image (Fig. 3.18d) shows that while the particles moved, it was not enough to
concentrate at the tumor site.

Because of these issues regarding the mobility of the large microparticles, a mouse
with an orthotopic ovarian tumor (HeyA8) was directly injected with the ESTA-1
functionalized particles, with an image acquired 20 min following particle adminis-
tration. HP 29Si signal is seen throughout sections of the tumor image (Fig. 3.19), with
the majority of the signal remaining relatively near to the injection site. While this
does not qualify as targeted imaging, affirmation that the HP 29Si signal in the targeted
particles survives for at least 20 min in the tumor environment is an encouraging sign
for continued development of the particles as biomedical contrast agents.

Fig. 3.18 Different administration routes of HP silicon particles (2 μm). (a) Oral gavage of
PEGylated particles, image after 5 min. (b) Rectal injection of PEGylated particles, image after
5 min. (c) Intraperitoneal injection of PEGylated particles, image after 30 min. (d) Intraperitoneal
injection of ESTA-1 particles into an ovarian cancer mouse model, followed by physical massage
and 10 min wait time for image. 29Si MRI (color) co-registered with 1H anatomical (gray scale) [23]
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Overall, this work detailed the effects of size and surface chemistry on silicon
hyperpolarization and demonstrated additional particle administration routes, as
displayed by 29Si imaging of targeted particles inside of an orthotopic tumor. The
study alsomade the case for the transition frommicroscale to nanoscale silicon particles,
as particle mobility is key in molecular imaging. Due to differences in achievable HP
29Si MR signal between particle sizes, additional work is needed to achieve this goal.

5.8 29Si MRI-Guided Catheter Tracking Using Hyperpolarized
Silicon Particles

In addition to their utility as targeted molecular imaging agents, hyperpolarized
silicon particles also can be developed for other biomedical imaging applications.
One example, recently published by Whiting et al. [45], demonstrated the utility of
HP silicon microparticles for use in MRI-guided catheter tracking. There are many
potential benefits using MRI to guide the movement of angiocatheters, as it allows
clinicians to image the tissue/vasculature interface in three dimensions without
worries of radiation exposure to the patient or hospital staff. Current methods of
MRI-guided catheter tracking include active tracking of a miniature radiofrequency
coil on the tip of the catheter as well as passive tracking of magnetic susceptibility
differences in catheters implanted with metallic markers. While clinically useful,
these methods suffer from drawbacks that include difficulty with steering catheter
in vivo due to rigidity, tissue heating via radiofrequency excitations, and reliance on
negative contrast that must overcome both susceptibility distortions and competition
with 1H background signal (when using metallic rings). Hyperpolarized silicon
particles, on the other hand, are biocompatible and offer background-free positive
contrast that lasts for tens of minutes without the use of ionizing radiation.

As a demonstration, 2 μm silicon particles (~50 mg) were hyperpolarized via
DNP and then inserted into a large (24 Fr) urinary catheter; then the catheter was
transited through a gelatin phantom (in a 50 mL centrifuge tube). Co-registered 29Si

Fig. 3.19 In vivo 29Si MRI
of ESTA-1 functionalized 2 m
silicon particles directly
injected into an orthotopic
ovarian tumor (HeyA8)
possessed by a mouse. Single
image acquired 20 min
following particle injection.
29Si MRI (color) co-registered
with 1H anatomical (gray
scale) [23]
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and 1H MR images were collected over the course of 40 min to demonstrate that the
silicon particles could be used to track the movement of a catheter over long time
durations (Fig. 3.20a). Separately, only ~6 mg of the microparticles were hyper-
polarized and affixed to the tip of a 5 Fr angiocatheter and then moved through a 2D
Y-shaped phantom (Fig. 3.20b) and a 3D spiral phantom (Fig. 3.20c), to demonstrate
multidimensional tracking. The 29Si MRI-guided catheters navigated the phantoms
without issue and provided sufficient contrast despite possessing a fraction of the
typically available magnetization (due to the small sample size).

In addition to multidimensional and longtime scale imaging, the 29Si particles
also were used to demonstrate the ability to monitor movement of the catheter in real
time. For this study, ~50 mg of the microparticles was hyperpolarized and inserted
into the tip of a large 24 Fr urinary catheter. The particles then transited through a
gelatin phantom quickly, and 29Si imaging provided an imaging speed of over
6 frames per second (Fig. 3.21). This frame refresh rate is similar to what is standard
practice in the clinic using x-ray fluoroscopy, as a high refresh rate is necessary for

Fig. 3.20 (a) Co-registered 29Si (color) and 1H (gray scale) MR images demonstrate the transit of
~50 mg of HP silicon microparticles in a 24 Fr urinary catheter through a gelatin phantom over the
course of 40 min. (b) 29Si MRI (color) of ~6 mg of silicon particles attached to a 5 Fr urinary
catheter transiting through a Y-shaped phantom (superimposed photograph) that mimics the
branching of the vasculature. (c) ~6 mg of silicon microparticles attached to a 5 Fr angiocatheter
shown moving through a spiral phantom to demonstrate 3D imaging with 29Si MRI (color) [45]
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optimal catheter guidance. The intense imaging protocol (20 images in 3.2 s) did not
completely deplete the available 29Si magnetization, as the experiment was repeated
immediately afterward using the same sample. These results are encouraging for
real-time imaging over longer time durations.

Because the angiocatheter is similar in size to commercially available colonos-
copy probes used for mice, initial in vivo 29Si MRI-guided catheter tracking trials
using the large intestines of a live mouse to demonstrate the capacity of this imaging
procedure in a living model were pursued (Fig. 3.22). The same 5 Fr angiocatheter

Fig. 3.22 Composite of 29Si
images (color) co-registered
with a single 1H scan (gray
scale), showing the movement
of a 5 Fr angiocatheter that is
loaded with ~6 mg of HP
silicon particles through the
large intestines of a live
mouse. Inset: photograph of
the mouse during the
procedure [45]
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Fig. 3.21 Co-registered 29Si (color) and 1H (gray scale) MR images demonstrate the transit of
~50 mg of HP silicon microparticles in a 24 Fr urinary catheter through a gelatin phantom over the
course of 3.2 s, with a speed of 6.25 frames per second. Larger co-registered image is a composite of
twenty 29Si images overlaid on a single 1H image (following the experiment). Inset: photograph of
the urinary catheter, silicon particle sample, and gelatin phantom [45]
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was loaded with ~6 mg of hyperpolarized silicon microparticles and inserted into the
rectum of a normal mouse. 29Si imaging was acquired during transit of the catheter
through the intestines (to near the cecum) over the course of several minutes, with a
co-registered 1H MR image taken at the end of the experiment. A follow-up study
acquired both a 29Si and 1H MR image at each point in the movement, over 22 min,
to show that the shape and placement of the intestines coincide with the position of
the catheter tip containing HP silicon particles.

Overall, this work demonstrated an alternative biomedical imaging application for
hyperpolarized silicon particles, other than targeted molecular imaging. Clinically
relevant catheters were tracked in 2D and 3D, over long time durations (40 min) and
in real time, as well as in phantoms and in vivo. 29Si hyperpolarization provided
background-free, positive contrast without the need for ionizing radiation. Continued
development of this approach may allow future deployment in a clinical setting.

6 Conclusion and Future Perspective

The recent application of DNP to silicon particles for MRI signal enhancement has
only been pursued over the last decade [31], yet many advances have been achieved
in this short time period. Primarily, silicon particles ranging from 10 nm to several
millimeters can be hyperpolarized and detected using MR imaging and/or spectros-
copy [34]. The enhanced signal lasts for exceedingly long time periods (tens of
minutes, up to hours) [21] and is impervious to its local chemical environment
(including in vivo). This is a marked departure from most other hyperpolarized
contrast agents, which typically lose their signal in <1 min when used for in vivo
studies [46]. The particles can be functionalized to target a variety of disease systems
by coupling targeting moieties such as antibodies or aptamers onto the particle
surface [23]. This form of molecular targeting can perform a complementary func-
tion to the already-established metabolic interrogation of disease systems that is
achieved with other hyperpolarized tracers.

To date, the larger polycrystalline/amorphous silicon particles provide significantly
improved 29Si MR signals (around 1–2% polarization) [22] compared to nanoscale
particles and thus have received the majority of attention for development as biomed-
ical imaging agents [22]. However, in order to tap the full potential of HP silicon
particles as MRI contrast agents, the field will need to transition to nanoscale particles,
due to their improved mobility and solubility. This will allow for true molecular
targeting to occur; given the simple surface chemistry of silicon particles, they may
be developed as a platform technology that can simultaneously interrogate multiple
disease processes. If paired with therapeutic drugs, the silicon particles may take on a
theranostic role in nanomedicine. While a few studies have shown proof-of-concept
studies of hyperpolarized nanoscale silicon particles [35], the achievable 29Si MR
signal to date requires significant improvement to allow in vivo imaging studies. The
low signal is likely due to differences in the number and placement of the endogenous
electronic defects that are necessary for DNP. Ongoing efforts focus on resolving this
issue to allow the nanoscale particles to be used for targeted imaging in vivo (Fig. 3.23).
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This emerging imaging modality at the intersection of nanomedicine and hyper-
polarized MRI opens up the possibility of employing magnetic resonance for a “recep-
tor-ligand” type of targeted imaging in MR that used to be in the realm of PET and
SPECT, as well as for potential “spin-battery” applications for nuclear spin polarization
storage [47]. Unlike widely available iron-oxide-based nanoparticles for MR applica-
tions [48, 49], 29Si MRI achieves positive contrast, and, unlike the emerging modality
of hyperpolarized nanodiamonds [50, 51], hyperpolarized silicon has longer-lived
signal as well as well-developed surface chemistry for functionalization. Plans are
underway to apply this emerging hyperpolarized imaging platform to (a) detect protein
expression exclusive to pancreatic cancer stromal cells, thereby detecting pancreatic
cancer at an early stage by effective lesion size amplification; (b) seek out precancerous
polyps via MR colonoscopy, thereby opening a way for noninvasive MR-based
colonoscopy; and (c) distinguish inflammatory from cancerous tissues.

Silicon and silica nanoparticles have a rich history of use in biomedical research
for other diagnostic modalities (optical, PET, etc.) [44] and therapeutics, including
clinical trials for their application as drug delivery vehicles in humans [52]. Other
MRI studies using hyperpolarized media (13C-labeled metabolites and 129Xe gas)
have found increasing relevance in the clinic for tracking disease metabolism [17]
and lung ventilation/perfusion [53]. Given the success of these already-established
programs, as well as the clinical need for targeted molecular imaging, the barrier to
clinical translation of hyperpolarized silicon particles should be relatively low. Given
the steady progression of ongoing research, it is likely that the versatility of silicon
particles will be leveraged to achieve clinical relevance in the near future.
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Fig. 3.23 Impact area of MRI with hyperpolarized silicon nanoparticles at intersection of nano-
medicine and hyperpolarized MR
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1 Definition of the Topic

Vibrational spectroscopic techniques are increasingly utilized in biomedical
research. Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spec-
troscopy has been applied extensively to investigate various diseases by determining
the chemical and molecular differences coming with the disease. Being label-free,
nondestructive, and inexpensive, biospectroscopy could potentially make a perfect
diagnostic tool in the years to come.
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2 Overview

Biospectroscopy’s ability to investigate and facilitate in different diseases in numer-
ous ways has been pushing the technique toward clinical implementation over the
last years. Vibrational spectroscopy could be applicable to many disease states,
likely to detect most changes during transition from a normal to a pathological
state or during treatment, as well as to provide novel biomarkers related to a disease.
Uncertainty in clinical decision-making could thus be significantly reduced.
ATR-FTIR sampling mode is preferred in many cases due to the many advantages
coming with it, such as ease of sample preparation or reduced light scattering. In this
chapter, we will focus on recent advances of ATR-FTIR spectroscopy in the inves-
tigation of various pathological conditions. Several review articles and book chap-
ters have been previously written with regard to vibrational spectroscopy and its
applications in disease diagnosis. Nevertheless, what is still lacking is a comprehen-
sive report covering the field of disease-related studies that have employed
ATR-FTIR spectroscopy as their main analytical approach. The focus of this chapter
is, therefore, placed specifically on ATR-FTIR spectroscopy; herein, key research
findings are presented after reviewing the recent literature (from 2010 onward). In
addition, in an effort to illustrate the breadth and wide-ranging applications of this
spectroscopic method, different types of biological materials (tissues, cells, and
biofluids) have been investigated instead of focusing on one sample type only.

3 Introduction

Fourier-transform infrared (FTIR) spectroscopy is a well-established technique used
to study and give information on the molecular composition of samples. It has been
largely used in biomedical studies and has numerous applications including screening
of high-risk populations, disease diagnosis, subtype classification, surgical margin
determination as well as monitoring of drugs and disease progression/regression. By
using a number of different sample types such as cells, tissues, or biofluids, vibra-
tional spectroscopy yields information on their structural components including pro-
teins, lipids, and carbohydrates. The way this analytical method works could be
characterized as disadvantageous and advantageous at the same time, depending on
the nature of research to be conducted. In particular, vibrational spectroscopy may not
be capable of identifying specific molecules when compared to molecular tests, but it
allows the investigation of a range of different molecules simultaneously; thus, it
provides an overall status of the examined sample and is ideal for complicated
diseases such as cancer, diabetes, or neurodegeneration, which are multifactorial,
and studying isolated molecules alone might not give a complete answer [1].

Spectrochemical methods generate a signature fingerprint of biological material
in the form of spectra. The most commonly used region for biological samples is the
mid-IR region (4000–400 cm�1), which includes stretching vibrations such as S–H,
O–H, N–H, and C–H (3500–2500 cm�1), and the so-called fingerprint region
(1800–900 cm�1), mainly representative of amide I/II (1600–1500 cm�1), lipids
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(1750 cm�1), carbohydrates (1155 cm�1), asymmetric phosphate stretching vibra-
tions (1225 cm�1), and symmetric phosphate stretching vibrations (1080 cm�1)
(Fig. 4.1) [2, 3].

The use of FTIR in attenuated total reflection (ATR) sampling mode is a very
promising approach with numerous advantages over transmission or transflection
mode, namely, larger sampling area, easier sample preparation, spectral reproduc-
ibility, higher signal-to-noise (S/N) ratio, applicability to aqueous samples, and
reduced light scattering. ATR-FTIR uses an internal reflection element (IRE) with
a high refractive index to direct the beam to the sample; an evanescent wave is
created, penetrating the sample a few microns to derive its chemical information.
Therefore, the sample has to be in direct contact with the IRE (i.e., ATR crystal)
(Fig. 4.2). The angle of the incident IR beam should exceed the critical angle to
achieve total internal reflection; otherwise, the resulting spectrum will be a combi-
nation of ATR and external refraction (Fig. 4.3).

A number of different diseases have been thoroughly investigated by ATR-FTIR
(Fig. 4.4). It would seem that the fastest growing area in vibrational spectroscopy is
the diagnosis of various cancers, such as ovarian, endometrial, breast, skin, prostate,
brain, colorectal, and others. The advent of IR fiber-optic probes equipped with ATR
elements has also allowed for in vivo and in situ diagnostic studies of easily reached
organs such as the skin, oral cavity, or colon and gastrointestinal tract through

Fig. 4.1 Typical infrared spectrum of a biological sample. ν, stretching vibration; δ, bending
vibration; as, asymmetric; s, symmetric. The spectrum was generated in transmission mode from a
human breast carcinoma mounted on a CaF2 slide [4]
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colonoscopes and endoscopes [5, 6]. However, other pathological conditions have
been studied as well, such as rheumatoid arthritis [7], HIV/AIDS [8], alkaptonuria
[9], malaria [10], diabetes [11, 12], cystic fibrosis [13], thalassemia [14], kidney
diseases [15, 16], prenatal disorders like preterm birth and premature rupture of
membranes [17], and neurological diseases like Alzheimer’s [18], which are also
some examples of the wide-reaching applications of ATR-FTIR spectroscopy.

Suitable sample types for ATR-FTIR spectroscopy include tissues, cells, and
biological fluids. Different groups have used endometrial [19], cervical [20], brain
[21, 22], ovarian [23], intestine [22], lung [24], skin [25, 26], prostate [27, 28], breast
[29, 30], liver [31, 32], colorectal [33], gastric [34], and esophagus [35] tissues – a
method known as spectral histopathology (SHP) [36]. Various cell types and
populations have also been examined, either fixed or live, derived from epithelial,
nervous, muscle, or connective tissue, being either stem cells, transit-amplifying, or
differentiated [4, 37–39] – this method is known as spectral cytopathology (SCP)
[40]. Some of the biofluids that have been employed for ATR-FTIR analysis are whole
blood [41, 42], blood plasma and serum [43–45], urine [9, 42], sputum [46], saliva [47,
48], tears [49], cerebrospinal fluid (CSF) [50], and amniotic fluid [17]. From the above
sample types, readily accessible biofluids such as blood, urine, sputum, or saliva are
considered ideal for clinical implementation due to the noninvasive, routine methods
of collection as well as their minimal sample preparation.

Fig. 4.3 (A) θ1 < θc, refraction occurs; (B) θc, refraction along the boundary; (C) θ1 > θc, total
internal reflection occurs, (θc, critical angle)

ATR crystal, n1
(e.g. Ge/diamond)

Sample, n2

IR beam from source IR beam to detector

θ

Evanescent wave
penetrating the sample

Fig. 4.2 Schematic of the ATR-FTIR sampling mode (n, refractive index; θ, angle of incidence)
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Early disease detection is of crucial importance as, once the patient appears with
clinical symptoms, the condition may already be irreversible. If at-risk individuals
are identified early, it may be possible to delay/prevent further progression or
provide suitable treatment/medication. As aforementioned, multifactorial diseases
may require a panel of biomarkers – defined as disease-associated molecular changes
in body tissues and fluids [51] – in order to better comprehend their etiology and
facilitate screening and diagnosis, so that appropriate clinical intervention can begin
as soon as possible. The necessity of discovering new biomarkers and techniques
arises from the lack of highly sensitive and specific biomarkers for a number of
diseases, as well as the limited availability of cost-effective and noninvasive tests.
For instance, prostate-specific antigen (PSA) levels, used to diagnose prostate cancer
in serum, provide sensitivity of ~20% for any stage of the disease and ~50% for high
grade [52]; cancer antigen 125 (CA-125) levels, used as a biomarker for ovarian
cancer detection in serum, provide sensitivity and specificity of ~80% and 75%,
respectively, but are only elevated in half of the individuals at an early stage [53];
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Fig. 4.4 Diseases that have been studied by ATR-FTIR include a number of different pathologies/
disorders (HIV, human immunodeficiency virus; AIDS, acquired immune deficiency syndrome;
PTB, preterm birth; PROM, premature rupture of membrane; AD, Alzheimer’s disease; PD,
Parkinson’s disease; Ca, cancer)
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estrogen receptor (ECα), used in breast cancer, has varying specificity from 72% to
77% [54]; Alzheimer’s disease has been shown to be diagnosed with ~95% sensi-
tivity and ~85% specificity but only after the combination of three different bio-
markers in CSF, namely, amyloid-β 42 (Αβ42), total tau, and phospho-tau-181 [55];
serum creatinine, used for screening kidney failure, provides sensitivity of ~13% for
any stage and ~45% for severe kidney failure [56].

This chapter will focus on the advancements of ATR-FTIR spectroscopy as a
diagnostic tool for the investigation of a variety of diseases; particular focus will be
given on experimental and instrumental methodology, as well as potential pitfalls
and what to avoid. An in-depth review of all the literature on ATR-FTIR since 2010,
along with the key research findings, will also be included. Conclusions, limitations,
and an overview of where the field of spectroscopy is heading will be presented.

4 Experimental and Instrumental Methodology

4.1 Experimental Methodology

A variety of different clinical sample types, substrates, preparation, data pre-
processing, and multivariate techniques have been employed in the past toward
medical diagnosis with ATR-FTIR spectroscopy. It is worth mentioning that even
though there is a growing literature proving the diagnostic capability of spectros-
copy, there are still many hurdles to overcome for clinical implementation; the most
important is the lack of standardization and validation in large clinical trials. A very
interesting paper on discovering new biomarkers of disease states that flaws could be
introduced in a study even from the very first step of sample collection which could
inevitably affect the results of subsequent experiments [51]. For instance, it was
recently shown that use of different anticoagulants in blood plasma collection could
affect spectroscopic analysis by introducing confounding peaks [57]. Continuous
efforts of different groups within the spectroscopy field are made to standardize
processes from the pre-analytical phase, such as sample collection/preparation, to the
analytical and post-analytical phase, such as optimal spectrometer settings and data
handing (Fig. 4.5). In this section, we will discuss some of the most common steps
adapted as experimental procedures. The methodology presented here is not exhaus-
tive but rather an overview of the critical steps for ATR-FTIR spectroscopy.

Fig. 4.5 Schematic overview of the steps followed for ATR-FTIR spectroscopy
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4.1.1 Sample Collection and Preparation
Tissue: Tissue samples can be either formalin-fixed paraffin-embedded (FFPE) or
snap-frozen. For FFPE tissue, the removed biopsy of interest is immersed in an
aqueous formaldehyde solution (formalin), which is used as a preservative for
biological material. The aim is to remove the water present in tissue and replace it
with a medium that solidifies the tissue (i.e., paraffin wax) and allows fine sectioning.
Paraffin is immiscible with water; thus, the tissue is first dehydrated with sequential
immersions in increasing concentration of ethanol up to 100%, followed by washes
in xylene, which is used to remove ethanol. Final step includes embedding of the
tissue in molten paraffin wax and cooling down, which hardens the wax. FFPE
blocks can be stored at room temperature.

In order for the FFPE tissue to be analyzed with spectroscopy, it needs to be
sectioned from the whole tissue block with a microtome, while kept cool onto an ice
block to ensure that the wax remains hard, therefore allowing easier sectioning. The
tissue ribbons (8–10 μm thick) are put in a warm H2O bath (40–44 �C) and then
floated onto the substrate of choice. The slide with the tissue is then placed in a 60 �C
oven for 10 min and de-waxed by immersion in fresh xylene for 5 min, thrice.
Finally, immersion in acetone or 100% ethanol follows for 5 min in order to remove
the xylene before air-drying in room temperature.

Snap-frozen tissue is preferred for molecular studies as it avoids the use of
preservatives and paraffin that cause degradation. For snap-freezing, the tissue is
first embedded in optimal cutting temperature (OCT) compound, while isopentane,
cooled with liquid N2, is then used to finally freeze the sample; 60–90 s will be
enough for the OCT compound to freeze. Direct immersion of the tissue into liquid
N2 is avoided, as it would destroy cellular morphology and tissue architecture. Each
sample can then be wrapped individually in labeled aluminum foil and stored at
�80 �C until analysis.

To use snap-frozen tissue for spectroscopic analysis, the frozen block is mounted
into a cryostat for 30 min to reach the cryostat’s temperature (~�20 �C). Then, serial
sections of tissues (8–10 μm thick) are cut from the block, mounted onto the
substrate of choice, and left to dry in desiccant for at least 3 h before analysis.
Sections should be carefully collected in order to avoid contamination of the tissue
with the OCT. Exposure to light should be minimized until the analysis to prevent
tissue degradation due to oxidation.

Cytology: Cells can be either fixed in a preservative solution or live. A well-
studied example of fixed cells is cervical cytology; however, the following experi-
mental procedure could be adapted for other cell types kept in fixative buffers.
Firstly, the fixative solution (e.g., ThinPrep or SurePath for cervical cells) needs to
be removed as it would give unwanted peaks in the fingerprint region; to achieve
this, the sample undergoes centrifugation (2000 rpm for 5 min) and the supernatant is
discarded. Each sample is resuspended in distilled water and centrifuged again. This
washing procedure should be repeated three times. The remaining cell pellet should
be finally resuspended in 100 μl of distilled water, deposited onto a substrate of
choice with a micropipette, and left to air-dry at room temperature. Another way to
apply the cells onto a substrate is by cytospinning; the initial washing steps are
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followed as before, and a maximum volume of 200 μl is spun in a cytospin
cytocentrifuge so that the cells get squashed onto the slide. Then, they are again
left to air-dry and stored in desiccant until their analysis.

Studying live cells rather than fixed ones may be a more challenging technique,
but it would allow for in situ measurements and data collection of the same cell at
different time points. Cells in suspension should be firstly detached from the growth
substrate (e.g., flask) using trypsin and subsequently washed from medium and
trypsin with phosphate-buffered saline (PBS). Live cells could then be directly
seeded and grown on the ATR crystal with the use of a cell chamber, so that they
form a good contact [39]. Another option would be the deposition of a drop of the
cell suspension onto a substrate of choice and air-drying at room temperature. An
alternative would also be to grow the cells directly onto slides that have been
sterilized in 70% ethanol for an hour and rinsed with sterilized water [28]; this
would, however, make the cells thin as they grow and stretch over a 2-D surface.
Three-dimensional culture matrices (a tissue culture environment or device where
live cells can grow in three dimensions) could provide a realistic environment to
study cells; after being grown in 3-D cultures, cells should be fixed or snap-frozen as
described aforementioned for the tissue samples [4]. Of course, live cells could
always be directly fixed in a preservative solution – just as with cervical cytology –
and prepared as aforementioned.

Biofluids: The use of biofluids in vibrational spectroscopy has increased rapidly
in the last decade, providing a promising and alternative technique to tissue biopsies
and cytology. Biofluids already analyzed by ATR-FTIR spectroscopy include some
easily accessible, noninvasive samples such as whole blood, plasma, serum, urine,
sputum, saliva, and tears as well as some more invasive, organ-specific samples such
as cerebrospinal fluid (CSF) and amniotic fluid.

Blood samples are easily collected by venepuncture: whole blood requires no
further treatment apart from addition of an anticoagulant [e.g., ethylenediaminete-
traacetic acid (EDTA), lithium heparin, or citrate] to prevent clotting; for blood plasma
samples, whole blood is collected into anticoagulant-treated tubes and then centrifuged
(~1000–2000 rpm for 5–10 min) to remove cells (the resulting supernatant is the
plasma); for blood serum samples, whole blood is collected into a tube without
anticoagulant, left undisturbed to clot at room temperature for 15–30 min, and then
centrifuged (~1000–2000 rpm for 5–10 min) to remove the clot (the resulting super-
natant is the serum). Urine samples are collected and typically stored without any
sample preparation. Fresh sputum sample can be obtained either by having the patient/
individual expectorate into a sterile specimen cup or by following the standard
protocol for sputum induction – for those who have difficulty producing sputum
spontaneously. If sputum cells were to be studied in isolation, the mucus should be
removed before the whole sputum specimen undergoes centrifugation (~3000 rpm for
10 min). Saliva is obtained by expectoration or by use of a cotton swab followed by
centrifugation to isolate the saliva; a detailed review specifically dedicated to saliva
specimen collection toward disease diagnosis was published a decade ago [58]. Tears
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should be carefully collected without additional stimulation; touching the eyelid and
corneal should be avoided in order to avoid reflex tear fluid caused by stimulation.
Disposable glass microcapillary tubes and polyester fiber rods have been used for tear
collection. The most common collection method for CSF is by lumbar puncture
followed by storage with no further sample treatment. Amniotic fluid samples are
centrifuged right after collection and their supernatants are subsequently stored.

All of above biofluids are frozen at�80 �C right after their collection, unless they
are immediately used. Before spectroscopic interrogation, it is crucial that samples
are fully thawed. Generally, the most common method for biofluid deposition before
further analysis is by drop deposition and drying either directly onto the ATR crystal
or onto an appropriate IR substrate. A schematic summarizing the preparation pro-
cedures for all the sample types is shown in Fig. 4.6.

Important considerations: The pre-analytical stages for sample collection and
handling can have tremendous effect on the derived spectra and subsequently the
interpretation of the result; therefore, standard procedures should be followed
carefully. The research community should adapt common standards and
interlaboratory data integration for their findings to become clinically useful.

The quality of the samples that are stored at �80 �C could be compromised after a
number of freeze-thaw cycles. Freeze-thawing should be avoided when unnecessary or
at least be controlled; for instance, biofluids could be divided in aliquots of smaller
volume from the initial sample. A recent study has shown the ability of FTIR to

Fig. 4.6 Schematic with the basic preparation steps for different samples toward ATR-FTIR
spectroscopy

4 ATR-FTIR Spectroscopy Tools for Medical Diagnosis and Disease Investigation 171



differentiate fresh blood samples from samples that have been freeze-thawed up to five
times, but could not distinguish between the five freeze-thaw cycles [57]. However,
another study using mass spectrometry has found that freeze-thawing is to blame for
changes in the integrity of the samples, especially after two thaws [59].

Fixative solutions, such as formalin for tissue and ThinPrep for cervical cytology,
or paraffin wax used for tissue embedding, give characteristic IR spectral signatures
and can easily mask biological information of a sample. Paraffin, for example, gives
significant peaks at ~2954 cm�1, 2920 cm�1, 2846 cm�1, 1462 cm�1, and
1373 cm�1 [4]. Therefore, removal of these sample contaminants and further
cleaning of the samples must be thorough. The deparaffinization and cleaning
process are not always easy, and subsequent spectral analysis could be employed
to exclude the spectral regions that are contaminated. When using biofluids such as
blood plasma or serum, careful removal of cells should precede storage if cells are
not directly investigated.

Most of the biofluid studies have used dried samples in order to remove the
spectral signature of water which dominates the mid-IR region: amide I region
(~1650 cm�1) due to water-bending vibration and the higher region (~3000 cm�1)
due to –OH stretching vibrations [60]. Drying time of 1 μl of biofluid has been found
to be 8 min [61], and typical volumes can range from 1 to 50 μl. However, dried
samples can suffer from chemical and physical inhomogeneity which would reduce
reproducibility and sensitivity [62]. When a liquid drop is dried on a surface, there is
the subsequent appearance of differential crystallization known as the “coffee ring
effect” where the majority of the constituents of the sample migrate to the periphery
of the drop [63]. This phenomenon leads to inconsistency in the concentration across
the sample and should be taken into account before spectral acquisition. Averaging
multiple point spectra across the width of the outer ring has been shown to eliminate
this issue [64]. Another approach is the analysis of biofluids in their liquid state
without or after semidrying, which may “sacrifice” some spectral regions, but it still
identifies important bands [65]. Moreover, dried samples often result in higher peaks
compared to wet samples, but they have the shortcoming of the uneven distribution
[4]; further research of this approach is needed.

Anticoagulants such as citrate, EDTA and lithium heparin are used for the
collection of blood plasma to prevent clotting. Citrate and EDTA function by
chelating calcium and preventing thiamine-dependent clotting factors from func-
tioning, while lithium heparin binds to antithrombin III clotting factors to prevent
their function [66]. Comparing the spectral signature from EDTA and citrate with
lithium heparin, the latter was found to give fewer additional peaks and therefore be
more appropriate for spectroscopic analysis; after dialysis of the plasma samples
with a 10 kDa membrane, the peaks from EDTA seemed to be removed [57]. How-
ever, samples collected in the biobanks are used for multicenter studies, and
depending on the study, different anticoagulants are preferred. For example, a
different group suggested that all of the three anticoagulants are acceptable but
EDTA particularly is preferred for delayed blood processing [67]. As long as the
use of one anticoagulant remains consistent throughout the dataset, then this issue
will be unlikely to have a great effect during spectroscopic comparison.
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One of the factors that should be well-considered is the thickness of the sample
under interrogation. In the ATR-FTIR sampling mode, the generated evanescent
wave, which penetrates beyond the crystal to reach the sample, is ~1–2 μmwithin the
fingerprint region, but 5% intensity still reaches at 3 μm depth. Penetration depth is
dependent on the wavelength of the incident light, the refractive indices of the
crystal, and the sample, as well as the incidence angle of the IR beam, and is
given by the following equation:

dp ¼ λ

2 π nIRE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sin2θ� nsamp=nIREð Þ2
q

where dp is the penetration depth; λ is the wavelength; nIRE and nsamp are the
refractive indices of the IRE and sample, respectively; and θ is the angle of
incidence. As seen from the above equation, the pathlength is directly proportional
to the wavelength so that for longer λ, we get greater penetration; therefore, ATR
intensity is decreased for higher wavenumbers. Typical values of dp for a biological
sample are ~0.4–0.54 μm for the C–H stretching bands (lipids), 0.75–0.95 μm for
amides I and II, and 1.1–1.47 μm for P–O/C–O stretching (nucleic acids and
carbohydrates). A commonly used substrate in ATR-FTIR is the IR reflective
low-E microscope slide (MirrIR, Kevley Technologies) mainly because of its low
cost. This highly reflective slide is essentially a glass slide coated with a multilayer
of tin oxide (SnO2) and silver (Ag). Numerous studies have suggested that, in case of
very thin samples, these slides could generate an electric field standing wave
(EFSW) effect coming from the metallic surface (Ag), urging careful consideration
of the thickness of the samples (>2–3 μm) to avoid potential spectra distortion;
therefore, ATR or transmission modes were thought preferable over transflection
mode [68]. However, it was also pointed out that by using suitable preprocessing
methods (e.g., second derivative), distortions from this phenomenon can be effi-
ciently reduced [40, 69]. Too-thin or too-sparse samples could also lead to low
signal-to-noise (S/N) ratio [37]; thus, the samples should ideally be three- or fourfold
thicker than the penetration depth, with no maximum thickness limitations. Overall,
higher S/N ratio can be achieved when the sample is flat, of adequate thickness, and
covers completely the ATR crystal.

4.1.2 Substrates
Substrate choice is an important consideration in IR studies of biological samples due
to potential background interference. Substrates used in ATR mode include calcium
fluoride (CaF2) or barium fluoride (BaF2) slides, MirrIR low-E slides, and zinc
selenide (ZnSe) slides; aluminum-coated slides have also shown promise as a substrate
in a recent, pilot study – further work with more samples would be needed to validate
these results [28]. As aforementioned, caution should be exercised when using low-E
slides in micro-ATR experiments to eliminate substrate artifacts generated from very
thin samples; instead samples should be >2–3 μm thick. An alternative method,
especially for biofluids, could be the direct deposition of a drop on the IRE as it
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would avoid any substrate signal contribution. For live cells, a cell chamber can be
used to facilitate cells to grow in close contact with the IRE [39].

4.1.3 Spectral Acquisition and Experimental Procedure
Different instrumentation, light sources, and detectors can be used for ATR-FTIR
spectroscopy, and each one, along with other variables, could affect the S/N ratio and
therefore the quality of the resulting spectra or images. Other parameters affecting
the S/N ratio are the sampling aperture, number of co-additions, mirror velocity, and
spectral resolution [38]. Once the samples are prepared, as abovementioned, they are
deposited either directly on the ATR crystal or on the substrate of choice, and then
the spectra can be collected. Generally, intimate contact of the sample with the IRE
element is necessary to eliminate background artifacts. Point spectra are typically
acquired from multiple locations (ten different locations is common) of each sample
to minimize bias. Maps can also be generated by collection of point spectra from an
area of interest. The advent of array detectors has also allowed spectral acquisition in
imaging mode, which allows for simultaneous collection of spectra. The IRE should
be cleaned with a disinfectant solution (e.g., Virkon solution) and distilled water or
ethanol and dried every time before moving to the next sample. A background
spectrum should be acquired to account for ambient and instrumental conditions.
It is recommended to record a background after every sample and at regular intervals
to account for atmospheric changes.

4.1.4 Spectral Preprocessing and Multivariate Analysis
Preprocessing of the acquired spectra is an essential step of all spectroscopic
experiments and is used to correct problems associated with spectral acquisition,
instrumentation, or even sample handling before further multivariate analysis.
Depending on the study’s goal (i.e., diagnostic, biomarker identification, imaging,
or pattern finding), the user has to follow different pathways for the data analysis. A
diagnostic approach may be more complex as it requires initial training of the
classification system before further validation occurs (e.g., cross-validation).

The main preprocessing methods are de-noising, spectral correction, and normal-
ization. Techniques for de-noising spectra are Savitzky-Golay (SG) smoothing,
wavelet de-noising (WDN), and principal component analysis (PCA); the latter is
more common and reduces the spectral data space to principal components (PCs)
responsible for the majority of variance removing, therefore, the noise. Spectral
correction can be applied to spectra with sloped or oscillatory baselines due to
scattering, with resonant Mie scattering being the most pronounced effect. Preferred
techniques for spectral correction include extended multiplicative scattering correc-
tion (EMSC), resonant Mie scattering correction (RMieSC), and rubberband base-
line correction. Another way to correct sloped baselines is the use of first or second
derivative in combination with SG smoothing; this may alter the shape of the spectra,
but it resolves overlapping peaks. Normalization should follow last to account for
differences such as varying thickness and concentration that are unrelated to the
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biological information; amide I, amide II, and vector normalizations are common.
Usually, two or three of the above methods are applied before multivariate analysis;
for instance, first or second differentiation is combined with SG smoothing and
followed by vector normalization [70].

Subsequently, multivariate approaches are employed to facilitate the handling of
the large number of spectral data that is generated. Firstly, feature extraction (FE) is
used as a data reduction technique to create new variables based on the original ones;
PCA or partial least squares (PSA) are popular as FE methods. Feature selection
(FS) can also be used for FE, without altering the original representation of the
variables, and can be used to identify the most important wavenumbers that can be
used as spectral biomarkers. Further steps include either clustering, which is an
unsupervised classification method, with the class of sample being unknown, or
supervised classification where the different classes are taken into account. Cluster
analysis is an exploratory method and is used for pattern finding and imaging
studies; some of the common approaches use k-means, fuzzy c-means, and hierar-
chical cluster analysis (HCA). Supervised methods estimate the class of an
unknown/new dataset after training an initial dataset. Therefore, a training and a
validation dataset are required; briefly, some of the supervised approaches are
support machines (SVMs), artificial neural networks (ANNs), and k-nearest neigh-
bors (k-NN). If the classifiers lack stability, models can be improved by classifier
ensembles as it is accepted that no single model can solve a complex classification
problem. We would advise the reader to refer to previous studies that have described
the preprocessing and multivariate approaches in more detail as these were beyond
the scope of this chapter [4, 38, 70–72].

4.2 Instrumental Methodology

Instrumentation varies for ATR-FTIR studies from benchtop, portable, and handheld
instruments to ATR probes. Detectors and internal reflective elements (IRE) can also
differ depending on the model of the instrument and the aim of the study. The
majority of benchtop spectrometers make use of an inexpensive Globar infrared
source. A conventional FTIR spectrometer can provide an enhanced S/N ratio using
a synchrotron radiation source as it is 1000 times brighter than the Globar source;
however, the combination of micro-ATR with a synchrotron source has not been
demonstrated yet [39]. Enhancement of the infrared signal in ATR mode can be
achieved with surface-enhanced IR absorption (SEIRA) spectroscopic approaches,
according to which molecules on metal surfaces show 10–100 times stronger signal
than without the metal [73–76]. This technique is complimentary to surface-
enhanced Raman spectroscopy (SERS) and utilizes the surface plasmon effect
from the interaction of light with metallic nanoparticles. The principle of this
enhanced technique is based on the polarization of the metallic surface (e.g., gold/
silver nanoparticles), which generates a local electromagnetic field stronger than the
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incident IR photon field; the dipole moment of molecules is, therefore, enlarged, and
IR absorption is enhanced.

Spectra can be acquired either as point spectra, which generate maps, or in
imaging mode. In mapping mode, chemical information is collected from single/
point spectra taken from different locations of a sample, while in imaging, the area
of interest is selected and spectra are acquired simultaneously at a specific wave-
length to generate pseudo-color images. In conventional ATR-FTIR, a single-
element detector is used, meaning that spectra are collected point-by-point having
a high S/N ratio; the resulting, high-quality spectrum is indicative of the average
signal from the area that the IR light passed. In imaging mode, a large number of
spectra are collected simultaneously with the use of array detectors such as linear
array and focal plane array (FPA) detectors. Linear array detectors obtain an image
by raster scanning of rows of a sample, whereas FPA detectors collect the IR signal
from all locations. The use of these detectors in ATR decreases acquisition time by
two to three times and achieves high spatial resolutions, down to diffracted-limited
resolution values [77]. A fourfold increase of spatial resolution can be achieved in
ATR mode, compared to transmission and transflection mode, due to the crystal’s
(e.g., Ge or Di) high refractive index in the mid-IR [29]. The detector of choice can
be either thermal, such as the deuterated L-alanine-doped triglycine sulfate
(DLaTGS), or quantum detector such as mercury cadmium telluride (MCT).
Despite the latter being better than the standard DLaTGS detector, providing a
higher S/N ratio with higher scanning speed and sensitivity, it also needs liquid
nitrogen for cooling in contrast to the thermal detector, which operates at room
temperatures.

Preliminary experiments should be conducted to find the instrument’s optimal
conditions before spectral acquisition. These would differ depending on the aim of
the study (diagnostic or exploratory) and the preferred spectral and spatial resolution.
For instance, the optimal parameters for an ATR-FTIR spectrometer with a diamond
crystal of dimensions 250 μm� 250 μm and a single-element detector were found to
be 8 cm�1 spectral resolution with mirror velocity of 2.2 kHz (1.4 mm/s) and
32 co-additions. It should be noted that resolution should not be higher than
necessary, as this would increase total acquisition time significantly. Doubling the
resolution, for instance, would require four times higher acquisition time to achieve
the same S/N ratio, as S/N ratio of a spectrum is proportional to the square root of the
number of co-additions (i.e., acquisition time).

Different accessories and configurations can be used for ATR spectroscopy with
the IRE being single or multiple reflection. Single-bounce crystals have smaller
sampling areas (~1.5 mm) and are used for strong absorbers and solid samples,
whereas multiple-bounce materials have a broad sampling area (~6 mm) providing
greater contact with the sample and are used for weaker absorbers or dilutions.
Multiple reflection can provide enhanced depth of penetration and sensitivity. ATR
crystals include diamond, germanium, zinc selenide, or silicon. The preferred choice
for many studies is the diamond crystal due to its robustness and chemical inertness,
while other crystals should be handled with caution as they could get scratched or
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broken; however, diamond comes at a higher cost. Germanium has the highest
refractive index of all ATR materials (~4), which decreases penetration depth
(<1 μm) in comparison to the other materials and is useful when highly absorbing
molecules are studied. Other spectrometers with ATR attachments (such as the
Helios ATR attachment we use for our studies – Fig. 4.7) use a magnification-
limited camera to locate the area of interest; however, this configuration cannot
provide microscopic features of the sample. ATR probes with IR fiber optics have
been also used with various advantages over conventional ATR configurations such
as flexibility, low cost, and remote acquirement of spectra (e.g., used for
colonoscopes or endoscopes) [78].

A list of various types of instruments used for ATR-FTIR spectroscopy, along
with some of their technical characteristics, is shown below:

4.2.1 Manufacturer: ABB Analytical

Fig. 4.7 Bruker Tensor
27 FTIR spectrometer
equipped with Helios ATR
attachment

4 ATR-FTIR Spectroscopy Tools for Medical Diagnosis and Disease Investigation 177



MB3000 FT-IR analyzer (left): spectral range, 485 to 8500 cm�1; maximum signal-
to-noise ratio, 50,000:1; resolution better than 0.7 cm�1; a universal ATR sampling
accessory can be used to analyze solids, liquids, pastes, and gels (right); horizontal
ATR accessory is also available; solid-state laser; DTGS detector. Photo credit ABB
Measurement & Analytics

4.2.2 Manufacturer: Agilent

Cary 630 FTIR Spectrometer: interchangeable sampling accessories for transmis-
sion, ATR, specular reflectance, and diffuse reflectance; ATR crystal can be dia-
mond, germanium, or multibounce ZnSe; weights ~4 kg. # Agilent Technologies,
Inc. 2011. Reproduced with permission, Courtesy of Agilent Technologies, Inc.

Cary 660 FTIR spectrometer (left): it is only available in conjunction with the
Cary 610/620 FTIR microscope systems (right); the Cary 610 is a single-point FTIR
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microscope (mapping), while Cary 620 is a focal plane array (FPA) (chemical
imaging); the Cary 610 can be upgraded to a Cary 620 providing flexibility
depending on the application; ATR accessories are also available. # Agilent
Technologies, Inc. 2008. Reproduced with permission, Courtesy of Agilent Tech-
nologies, Inc.

4300 Handheld FTIR: a portable system with a variety of sampling interfaces
(diffuse reflectance, external reflectance, grazing angle, diamond ATR and
Germanium ATR); MCT or DTGS detector; weighs ~2kg. # Agilent Technol-
ogies, Inc. 2014. Reproduced with permission, Courtesy of Agilent Technolo-
gies, Inc.
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4500 Series Portable FTIR: Compact and reliable for non-lab environments;
suitable for liquids and solids; the 4500a type uses a spherical Diamond ATR crystal
of one, three or five reflections depending on the application; it is ideal for the
analysis of solids, liquids, pastes and gels. # Agilent Technologies, Inc. 2011.
Reproduced with permission, Courtesy of Agilent Technologies, Inc.

4100 ExoScan Series FTIR (handheld):mid-IR range; suitable for diffuse, grazing
angle, specular reflection or spherical ATR sampling interfaces; weighs ~3kg. #
Agilent Technologies, Inc. 2011. Reproduced with permission, Courtesy of Agilent
Technologies, Inc.

4200 FlexScan Series FTIR (handheld): dual module system, the optical module
weighs ~1.5kg and is attached to the ~2kg electronics module by a power cable;
it uses the same interferometer and optics as the 4100 ExoScan and thus has identical
performance. The ATR interface is ideal for solids, liquids, pastes and gels.
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# Agilent Technologies, Inc. 2011. Reproduced with permission, Courtesy of
Agilent Technologies, Inc.

5500 Series Compact FTIR: a portable system used for liquid and solid samples; the
5500a type has one, three or five reflection diamond ATRs depending on the applica-
tion; single reflection diamond ATR available for solids and liquids identification;
multi-reflection ZnSe ATR available for liquid analysis.# Agilent Technologies, Inc.
2011. Reproduced with permission, Courtesy of Agilent Technologies, Inc.

4.2.3 Manufacturer: Arcoptix

Arcoptix FTIR-FC (Fiber-Coupling): this system uses ATR fibered probes; it
operates in the mid-IR; spectral range, ~5000 to 625 cm�1; there are two options
for detectors – MCT, 4-TE cooled, and MCT, liquid N2 cooled; ATR crystal can be
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diamond or silicon; probe length, 1.5–1.7 m; ZnSe beamsplitter; solid-state laser at
850 nm; weighs 2.2 kg

4.2.4 Manufacturer: Beijing Beifen-Ruili Analytical Instrument

WQF-510A/520A FTIR Spectrometer: different accessories such as defused/spec-
ular reflection, ATR, liquid cell, gas cell, and IR microscope can be attached to the
sample compartment; different types of single-reflection ATR crystals can be
selected depending on the application (Zn, Se, diamond, germanium, AMTIR,
silicon); multiple reflection horizontal ATR (HATR) can also be installed; spectral
range, 7800 to 350 cm�1; signal-to-noise ratio, ~15,000:1; DTGS detector;
germanium-coated KBr; weighs 28 kg.

WQF-530 FTIR spectrometer: transmission sample holder is standard; optional
accessories such as defused/specular reflection, single/multi-reflection ATR, liquid
cell, gas cell, and IR microscope can be attached to the sample compartment; spectral
range, 7800 to 350 cm�1; signal-to-noise ratio, better than ~20,000:1; resolution,
0.85 cm�1; room temperature DLaTGS detector is used as standard; a temperature
stabilized, high sensitivity DLaTGS detector can optionally be used; multilayer
Ge-coated KBr; weighs 24 kg.
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4.2.5 Manufacturer: Bruker

LUMOS FTIR microscope: 8x objective – magnification can reach 32x by digital
zooming; fully automated measurement in transmission, reflection, and ATR mode;
in transmission and reflection, the ATR crystal is inserted into the objective; motor-
ized germanium ATR crystal with internal pressure control (three different pressure
steps can be software-selected to achieve optimal performance depending on the
sample type); large working distance allows samples of ~40 mm thickness; high
sensitive photoconductive MCT detector; DTGS detector as option.
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HYPERION FTIR microscope: 20� objective; spectral range from visible (up to
25,000 cm�1) to far-IR (down to 80 cm�1); dedicated ATR objective; internal
pressure sensor ensures optimal contact between the sample and the crystal; option
to connect external accessories.

TENSOR II FTIR spectrometer: large sample compartment to accommodate any
FTIR external accessory; fully automated PQ (performance qualification) and OQ
(operational qualification) routines for instrument validation; it can be equipped
with broadband beamsplitters to expand the spectral range either to the near-
or far-IR; room temperature DTGS detector – easily exchangeable; long-life
diode laser.

TENSOR 27/37 spectrometers: Tensor 27 is equipped with a Globar source that
emits mid-IR light; Tensor 37 has both mid-IR (Globar) and near-IR (tungsten
halogen lamp) sources; HeNe laser (emits red light of 633 nm) controls the
position of the moving interferometer mirror and is used to determine the
sampling positions; DLaTGS detectors are used in both systems with optional,
liquid-N2 cooled MCT detectors; different accessories (middle, right) can be
attached to the sample compartment area and allow for measurements in the
ATR mode.
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ALPHA FTIR spectrometers: transmission, ATR, external, and diffuse reflection
sampling accessories are available; ALPHA’s Platinum ATR (left) uses a single-
reflection diamond ATR crystal – it is easy to clean as the pressure applicator can be
rotated 360� to provide easier access to the sampling area; Eco-ATR (middle) can be
used for powder, solid, paste, and liquid samples – uses a single-reflection, ZnSe
ATR crystal; multireflection-ATR module (right) is designed for six internal reflec-
tions, is equipped with a horizontal ZnSe ATR crystal, and is suitable for the analysis
of pastes, gels, and liquids

4.2.6 Manufacturer: Interspectrum

Interspec 200-X: wavelength range in mid-IR: 7000 to 400 cm�1; wavelength
range in near-IR: 14,000–5800 or 9000–3850 cm�1; DLaTGS detector (standard)
with MCT detector as optional; weighs 24 kg; signal-to-noise, 15,000:1; different
accessories are also available for ATR, specular reflection, diffuse reflection,
and more.
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Interspec 300-X series FTIR spectrometer: portable system; wavelength range,
7000 to 400 cm�1; KBr beamsplitter (standard) –ZnSe beamsplitter (optional); integrated
accessories for ATR (horizontal, one bounce with a ZnSe ATR crystal), reflection and
transmission measurements; DLaTGS detector; weighs 18 kg; signal-to-noise, 12,000:1.

Interspec 311 Compact FTIR spectrometer: wavelength range, 7000 to 400 cm�1

(KBr optics) and 5000–600 cm�1 (ZnSe optics); KBr beamsplitter (standard) – ZnSe
beamsplitter (optional); weighs 10 kg.
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Interspec 650-X Compact FTIR spectrometer: wavelength range, 7000 to
400 cm�1 (KBr optics) and 5000–600 cm�1 (ZnSe optics); KBr beamsplitter
(standard) – ZnSe beamsplitter (optional); weighs 14 kg; different accessories are
available or this system, e.g., horizontal one bounce ZnSe ATR accessory (left), three
bounce ZnSe ATR accessory (middle), and one bounce ZnSe or diamond ATR
accessory.

4.2.7 Manufacturer: JASCO

FT/IR-4000 series FTIR (left): temperature stabilized DLaTGS detector; MCT
detector optional; spectral range 5000–220 cm�1; manual or automatic instrument
validation; accepts different accessories for the ATR sampling mode such as the ATR
PRO ONE (middle) and ATR PRO ONE VIEW (right).

FT/IR-6000 series FTIR: measurements from the near-IR (15,000 cm�1) to
the far-IR (50 cm�1); DLaTGS detector with Peltier temperature control
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(standard); choice detectors, DLaTGS, MCT, indium antimonide (InSb); manual
or automatic instrument validation; accepts different accessories for the ATR
sampling mode.

IRT-7000 Series Microscope (left): these systems can be interfaced with the FT/IR-
4000 and FT/IR-6000 Series spectrometers (right), offering advanced imaging
systems; two detectors as standard, a 16-channel linear array detector for IR imaging
and a single-point MCT detector; standard automatic sample stage allows analysis of
a large sample area, multi-area ATR mapping, and imaging of a specific area; up to
four objectives and automated switching.

IRT-5000 Series Microscope (left): it can be interfaced with the FT/IR-4000
and FT/IR-6000 Series spectrometers (right); used in the mid-IR for materials
identification and forensic analysis or in the near-IR and far-IR for more funda-
mental research; up to two detectors can be installed: mid-band MCT detector
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(optional: Peltier cooled DLaTGS); ability for transmission/reflectance or ATR
mapping; automatic XYZ sample stage; multiple objectives with automatic
switching.

IRT-1000 Series Microscope (left): used with either FT/IR-4000 or FT/IR-6000
Series spectrometers (right); transmittance, reflectance, and ATR modes are avail-
able; DLaTGS detector in FTIR main instrument (standard) (MCT or near-IR
optimized detector are optional)

4.2.8 Manufacturer: Lumex Instruments

FT-IR Spectrometer InfraLUM FT-08 (left): spectral range, 8000–350 cm�1;
signal-to-noise ratio > 4000; DLaTGS detector; weighs 32 kg; different accessories
are available such as single (middle) and multiple (right) ATR accessories, diffuse
reflectance accessory, and sample compartment microscope; the PIKEMIRacle ATR
accessory (middle) is available with five different crystal types [ZnSe, diamond,
germanium, silicon, and amorphous material transmitting IR radiation (AMTIR)]
and can be used with liquids, solids, pastes, gels, and intractable materials; the
horizontal attenuated total reflectance (HATR) accessory (right) is available with
the above crystal types and can be used for liquids, semiliquids, solids.
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4.2.9 Manufacturer: PerkinElmer

PerkinElmer Frontier: range of near-, mid-, and far-IR Fourier-transform spec-
trometers; external input and output beam options for custom experiments (left);
option for multiple detectors (e.g., DTGS and MCT); different sampling accessories
are available; the accessories that can be used for the ATR mode include both
multiple reflection HATR and single reflection (right). #2013–2017 PerkinElmer,
Inc. All rights reserved. Reproduced with permission.

Spotlight 150i/200i FT-IR Microscopy System: operates in transmission, reflec-
tance, and automated micro-ATR for maximum sampling flexibility; it can be
upgraded to the Spotlight 400 Imaging system (shown below) to allow faster
imaging and the opportunity to add ATR imaging. #2013–2017 PerkinElmer, Inc.
All rights reserved. Reproduced with permission.
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Spotlight 400 FT-IR Imaging System: automated focus, stage movement, and
illumination; contains a single-element MCT detector and a linear array MCT
imaging detector; operates in mid-IR, near-IR, or dual range; available sampling
modes are standard transmission, reflection, ATR imaging, and more; optional ATR
imaging improves spatial resolution. #2013–2017 PerkinElmer, Inc. All rights
reserved. Reproduced with permission.

Spectrum Two IR Spectrometer: portable system; wavelength range,
8300–350 cm�1; weighs 13 kg; DTGS detector is available. #2013–2017
PerkinElmer, Inc. All rights reserved. Reproduced with permission
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4.2.10 Manufacturer: Shimadzu

IRTracer-100 FTIR Spectrophotometer (left): wavelength range, 7800 to
350 cm�1 (standard) or 12,500 to 249 cm�1 (optional); different accessories
(right) can be used for sampling in the ATR mode; single beam; signal-to-noise
ratio, 60,000:1.

IRAffinity-1S FTIR Spectrophotometer: wavelength range, 7800 to 350 cm�1;
allows measurements in transmission, diffuse reflection, and ATR mode; signal-to-
noise ratio, 30,000:1; wide range of accessories are available as above.
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4.2.11 Manufacturer: Thermo Fisher Scientific

Nicolet iS50 FT-IR Spectrometer: spectral range from far-IR to visible
(15–27,000 cm�1); dual source capable; ATR, Raman, and NIR modules can be
used without manually changing system components; three detectors for the main
sample compartment; mid-IR and far-IR diamond ATR crystal. Reproduced with
permission, Courtesy of Thermo Fisher Scientific.
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Nicolet iN5 FTIR microscope: detector options are medium-band MCT-A or room
temperature DTGS; 10x objective, N.A. 0.71; transmission, reflection, and optional
ATR modes are available; ATR options include pre-aligned, slide-on germanium or
diamond crystals; integrated pressure sensor; weighs 29 kg. Reproduced with
permission, Courtesy of Thermo Fisher Scientific.

Nicolet iN10 Infrared Microscope: room temperature, deuterated L-alanine-doped
triglycine sulfate (DLaTGS) detector (can be replaced by a MCT detector);
computer-controlled automation; configurable options: direct contact sampling
with MicroTip ATR; manual or motorized stage. Reproduced with permission,
Courtesy of Thermo Fisher Scientific.

Nicolet iN10 MX Infrared Imaging Microscope: provides chemical images to
enhance understanding of the chemical distribution of heterogeneous samples;
DTGS detector (standard); liquid-N2 cooled MCT-A and MCT-A linear array
(optional); configurable options, direct contact sampling with MicroTip ATR; best
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viewing comfort with dual monitor operation. Reproduced with permission, Cour-
tesy of Thermo Fisher Scientific.

Nicolet iS 10 FT-IR Spectrometer: spectral range 7800–350 cm�1 optimized,
mid-IR KBr/Ge beamsplitter; 11,000–375 cm�1 XT-KBr/Ge extended range mid-
infrared (optional); HeNe laser; deuterated triglycine sulfate (DTGS) (standard) detec-
tor; liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector (optional);
weighs 33 kg. Reproduced with permission, Courtesy of Thermo Fisher Scientific.

Nicolet iS 5 FT-IR Spectrometer: KBr/Ge mid-IR beamsplitter; thermally con-
trolled diode laser; user-replaceable, source, desiccant, power supply, sample com-
partment windows; deuterated triglycine sulfate (DTGS) (standard) detector; weighs
10 kg. Reproduced with permission, Courtesy of Thermo Fisher Scientific.
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Nicolet iS 5N FT-IR Spectrometer: near-IR diode laser; spectral range
11,000–3800 cm�1; CaF2 near-IR beamsplitter; different accessories are included
for transmission and ATR modes; iD5 and iD7 ATR accessories offer diamond
crystal options; iD5 ATR offers a laminate-diamond crystal, plus heated and multi-
bounce crystal plates for special applications; iD7 ATR has a monolithic diamond
crystal for the widest spectral range and best durability; interchangeable crystal
plates offer good sampling versatility; weighs 10 kg. Reproduced with permission,
Courtesy of Thermo Fisher Scientific.

Nicolet Continuum Infrared Microscope: narrow-, mid-, and wide-band MCT-A
detector; sampling flexibility with transmission, reflectance, and micro-ATR; chem-
ical image analysis is possible. Reproduced with permission, Courtesy of Thermo
Fisher Scientific.
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5 Key Research Findings

ATR-FTIR spectroscopy is a powerful technique for the study of various biological
specimens and diseases. For spectroscopy to be of diagnostic importance, it is
necessary that robust biomarkers exist. For instance, a potential biomarker for
cervical cancer diagnosis could be the ratio of glycogen-to-phosphate regions in
cells, where increased phosphate levels and decreased glycogen levels would sug-
gest rapid cell proliferation, in turn suggesting malignancy [79]. Apart from its use in
disease diagnostics, it also extends to other fields such as screening of high-risk
population to identify cells committed to develop disease, classification of different
disease subtypes and severity (i.e., low-grade versus high-grade disease), determi-
nation of surgical margins, investigation of the effects of a treatment or drug,
monitoring of the progression or regression of a disease, and characterization of
nanomaterials. With regard to the latter specifically, ATR-FTIR has been utilized for
surface characterization of nanomaterials used in biomedical applications. For
instance, it has been used to identify chemical features on a surface after its
modification to obtain nanosurface features; a respective study by Abbasi et al.
revealed a characteristic peak at 1715 cm�1, confirming the modification, and further
showed that platelet adhesion was greatly reduced on the modified surface compared
to the control, thus providing better blood compatibility [80]. Nanoparticles can be
used to introduce drugs into specific sites due to their good uptake within cells.
Therefore, Tsai et al. used ATR-FTIR spectroscopy to conduct quantitative analysis
of competitive molecular adsorption on gold nanoparticles [81]. A recent study on
cell sheet engineering used ATR-FTIR to successfully investigate solvent effect
(optimal solvent type and ratio) on nanometric grafting of poly-N-iso-
propylacrylamide on the surface of polystyrene [82]. Another study explored surface
modification of medical polymers which could improve biocompatibility; utilizing
ATR-FTIR, normal and modified polystyrene samples (treated with plasma irradia-
tion – oxygen and argon gases) were compared, revealing a significant difference at
3400–3700 cm�1 which indicated the presence of functional groups [83]. ATR-FTIR
spectroscopy has been used, along with other analytical techniques, to confirm the
composition of particles designed as dry-powder inhalation aerosols for targeted
respiratory nanomedicine [84]. Investigation of nanoparticle surface composition is
crucial in nanotoxicology, but analytical methods to probe nanoparticle surfaces in
aqueous are still limited; Mudunkotuwa et al. used ATR-FTIR to study the liquid-
solid interface in environmentally and biologically relevant media typically used for
toxicity studies [85]. The abovementioned applications have been extremely inter-
esting and advantageous to the scientific community and development of nano-
medicine. Some examples of these are briefly reported here; however, the focus of
this chapter is on studies using biological samples such as tissues, cells, and
biofluids, toward investigation of various diseases.
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Currently, most spectroscopic studies are proof of principle, with a small number
of cases, showing the potential of the technique in the aforementioned areas; there
are only a few large studies using ATR to reach ~500 subjects. In terms of sample
size planning, it has been shown that 75–100 samples are required for a good but still
not perfect classifier. In the case of smaller datasets, cross-validation is most
appropriate as it allows for more robust results after use of different training and
validation datasets for a defined number of times [86]. Herein, all of these matters
and findings are discussed at more length.

5.1 Tissue

Using an ATR probe equipped with a ZnSe material, oral tissues were examined
toward differentiation of malignant from healthy sites. The tumor types examined
included adenoid cystic carcinoma, adenoma carcinoma, mulaepidermoid carci-
noma, squamous cell carcinoma, basal cell adenocarcinoma, myoepithelioma, and
pleomorphic adenoma. It was determined that normal tissue had stronger lipid
(~1745 cm�1) and amide I bands in contrast to malignant tissue which also had
strong O–H stretching bands [5].

Via ATR-FTIR spectroscopy, Taylor et al. [19] examined endometrial tissue, from
tumor and tumor-adjacent tissue, to discriminate benign from malignant areas. The
spectral regions that showed significant differences were the lipid and amide I and II
(indicative of secondary protein structure) regions. An accurate diagnosis based on
spectroscopy would allow for an objective interpretation, eliminating the possibility
of human error during microscopic histological examination.

In a preliminary study of 30 patients with lung tumor, ATR-FTIR was employed
to discriminate malignant from nonmalignant lung tissue [24]. Sixty lung tissue
samples (30 malignant and 30 nonmalignant) were obtained in total from 30 patients.
After histological examination, it was verified that 96.7% of original grouped cases
was correctly classified. The spectral bands that were mostly responsible for segre-
gation between the two classes were related to proteins at amides I, II, and III,
carbohydrates (~1120 cm�1), and nucleic acids (~1085 cm�1).

A recent paper by Theophilou et al. [27] revealed differences in prostate tissue
collected from individuals at different time points during a 30-year period, 1983–2013.
The changes were mostly attributed to DNA/RNA suggesting that phenotype of the
human prostate was altered due to genotoxicity or epigenetic changes; this was also
confirmed by immunohistochemical studies for DNA methylation.

Ovarian tissue has been studied with ATR-FTIR spectroscopy to reveal differ-
ences not only between benign, borderline, and cancerous tissue but also between
the different carcinoma subtypes such as carcinosarcoma and clear cell [23]. Differ-
ential diagnosis of the various subtypes/grades would allow an appropriate treatment
method such as surgery alone or adjuvant chemotherapy and close follow-up.
Classification rates were further optimized when the different subtypes were com-
pared in pairs.

198 M. Paraskevaidi et al.



The potential of ATR-FTIR has also been proven in the diagnosis of brain tumors
using tissue sections. Gajjar et al. [21] achieved differentiation of various tumor
subtypes from healthy tissue. Different ratios of important peaks were also calcu-
lated which could be utilized as potential biomarkers. For instance, decreased lipid-
to-protein ratio (1740 cm�1 to 1400 cm�1) was linked to increased tumor progres-
sion, while RNA-to-DNA ratio (1121 cm�1 to 1020 cm�1) was reduced in menin-
gioma and metastatic tumors when compared to normal brain tissue.

In a different study, rat tissues were analyzed by ATR-FTIR to explore their
biochemical differences and composition [22]. The observed changes were consis-
tent with the expected composition of each tissue: the brain, lung, heart, liver,
intestine, and kidney. This finding could be used in pharmacological/pharmacoki-
netic studies to correlate the biochemical status of the sample with the changes that
have occurred. For instance, this could potentially be used to follow up individuals
or to monitor the effects of a specific drug to a specific tissue/organ.

Another pilot study using ATR-FTIR has shown its potential to evaluate surgical
resection margin in patients with colorectal cancer. Spectra were acquired from tissue
obtained from four parts: tumor sample and intestinal mucosa samples from 1 cm, 2 cm,
and 5 cm away from the tumor. Spectroscopic analysis showed that spectra from the
tumor area and mucosa 1 cm away from tumor were substantially different from those
further away from tumor. The differences included decrease of the lipid region and
increase of the protein and nucleic acid regions at the tumor and its closest site [33].

Relatively recently, ATR-FTIR spectroscopy was also used intraoperatively in
fresh tissue to distinguish benign from malignant breast tissue [30]. Right after
spectroscopy, the removed breast tissues were formalin-fixed and sent for histo-
pathological examination; 50 cases were diagnosed as fibroadenoma and 50 cases
as invasive ductal carcinoma. The spectroscopic results after classification
showed excellent agreement with histological results, with sensitivity and spec-
ificity of 90% and 98%, respectively. These findings highlight spectroscopy as a
useful investigative tool that could facilitate surgical decisions during an opera-
tion and be an alternative to pathological diagnosis of frozen or formalin-fixed
tissue sections.

Biochemical changes were also monitored in normal skin tissue of mice after
inducing squamous cell carcinoma (SCC) by multistage chemical carcinogenesis.
SCC is a nonmelanoma skin cancer and the second most common type of skin
cancer. Absorption intensities and band shifts in the peak position were altered in the
neoplastic tissue, indicating changes in the secondary structural conformation of
proteins. The obtained classification accuracy was 86.4% with sensitivity and
specificity of 97.1% and 75.7%, respectively [26]. The authors conclude on the
potential of ATR spectroscopy to facilitate diagnosis of SCC.

ATR-FTIR spectroscopy has recently been applied to understand therapeutic
responses of cancer patients [87]. There is an increasing need to predict the outcome
of a treatment given to cancer patients, but currently, the conventional methods
include laborious, time-consuming, and subjective methods. Kalmodia et al. utilized
tissue from the mouse xenograft model of retinoblastoma and nanoparticle-mediated
targeted therapy (with gold nanoparticles) and showed unique spectral signatures
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between treated and untreated subjects, indicating different underlying mechanisms.
The results propose that ATR-FTIR could be used to monitor patients’ response to
cancer therapeutics.

Recent focus in spectrochemical methods has been given to the development of a
cost-effective and robust substrate that would allow implementation into a clinical
environment. Cui et al. have therefore employed aluminum foil as an alternative
substrate, showing that it is able to perform equally or even better than the expensive,
conventional substrates. Promising results in an amphibian cell and prostate tissue
indicated that this readily available substrate could be used to prepare cytology and
histology samples for spectroscopic interrogation without any substrate interference
[28]. Undoubtedly, more research is required to achieve final and wider
implementation.

5.2 Cytology

Sputum cells have been used by Lewis et al. in an attempt to develop a diagnostic
tool for lung cancer [46]. Sputa from 25 lung cancer patients and 25 healthy controls
were collected for this observational study; the bronchial origin of the samples was
confirmed by the presence of bronchial epithelial cells in H&E-stained cells. The two
classes were clearly separated after multivariate analysis with discriminating
wavenumbers assigned to protein, nucleic acid, and glycogen changes and seen at
964 cm�1, 1024 cm�1, 1411 cm�1, 1577 cm�1, and 1656 cm�1.

Using cervical cytology, Kelly et al. [88] used two different datasets to train and
validate their classification algorithm (dataset A, samples designated as normal,
low-grade, and high-grade; dataset B, low-grade samples). The authors concluded
that ATR-FTIR spectroscopy could be used to correctly classify the low-grade
samples (i.e., dataset B) and maybe subdivide them according to their biological
progression or regression “signature.” By comparing the ratio of normal/low-grade/
high-grade classification per patient, this would allow earlier prediction of the
progression or regression before distinct cellular changes were observable by a
cytologist. For example, a patient was predicted as 42% normal/47% low-grade/
11% high-grade and was negative for the human papillomavirus (HPV) which is
associated with the development of cervical cancer. In case of high-grade prediction,
further examination would be required as it is linked with more chances for
progression.

ATR-FTIR imaging provides the highest spatial resolution, compared to trans-
mission and transflection mode, due to the high refractive index of the IRE in the
mid-IR. Walsh et al. [29] applied ATR-FTIR imaging to identify and acquire high-
quality chemical information of cell types such as endothelial cells, myoepithelial
cells, and terminal ductal lobular units (TDLUs) as well as structure in human breast
tissues such as normal, hyperplastic, dysplastic, and malignant tissues. Changes in
the structure of DNA during breast cancer were also investigated in extracted intact
chromosomes from MCF-7 breast cancer cells. Results of this study pointed out
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spectroscopy’s ability to resolve and examine a sample at a subcellular level for a
more detailed insight of a disease.

A study by Lane and Seo utilized ATR-FTIR to find the structural differences
between cancerous breast cells (MCF-7 line) and normal breast cells (MCF-12G
line) that contained gold nanoparticles [89]. Different concentrations of nano-
particles were applied in order to study the enhancement of the IR signal (similar
to SEIRAS approach – see Instrumental Methodology). They found the nano-
particles within the cells and concluded that increased concentration resulted in
sharper peaks and thus easier identification of the differences between the two
groups. Findings of this specific study suggest that ATR-FTIR in combination
with gold nanotechnology could be used toward cancer diagnosis.

Beta-thalassemia major (β-TM) is caused by a genetic defect in hemoglobin
synthesis and results in ineffective erythropoiesis; it is also another disease that
has been studied by ATR-FTIR. For the purpose of this study, bone marrow
mesenchymal stem cells (BM-MSCs) were collected to investigate global structural
and compositional changes in β-TM. Increased lipid, protein, glycogen, and nucleic
acid levels were seen in thalassemic patients in contrast to healthy individuals, which
were attributed to enhanced cell proliferation and bone marrow activity during
ineffective erythropoiesis. Moreover, comparison of the BM-MSCs before and
after transplant showed a significant decrease in the content of the aforementioned
molecules showing the effect of the transplantation. The observed changes were
confirmed by further molecular tests, such as ELISA [14].

Laboratory infected red blood cells (RBCs) have been analyzed with ATR for the
detection and quantification of early-stage malaria parasite infections [10]. Early
stages of the malaria parasite’s life cycle were distinguished, namely, the ring and
gametocyte forms, which are the only stages present in peripheral blood, with an
absolute detection limit of 0.00001% parasitemia (<1 parasite / μl of blood) and
quantification limit of 0.001% (10 parasites per μl). After preliminary studies to
select the optimum fixative, methanol was the solution of choice among ethanol and
formaldehyde solutions; the samples were then deposited and dried on the crystal. A
second study from the same group used infected RBCs in their aqueous state and
reported less effect of the anticoagulants compared to the dried state. The authors
suggested that the effect was less pronounced presumably because the water diluted
the amount of anticoagulant [66]. A large cohort clinical trial led by Wood et al. is
ongoing, using portable ATR-FTIR spectrometers toward early diagnosis of asymp-
tomatic carriers of malaria in remote, developing countries.

Another study has employed micro-ATR-FTIR imaging of fixed fibroblast cells to
identify the region of the cells where spectral changes occurred upon cancer activa-
tion [90]. Predominant changes were attributed to nucleic acids and the C–H
stretching of proteins and were mostly seen in the cells’ cytoplasm rather than the
nucleus, showing that the cells were undergoing a phenotypic change denoted by
protein modification.

A more recent, large-scale study using liquid-based cytology (LBC) was
conducted toward segregation of the different grades of cervical dysplasia, i.e.,
normal, low-grade, and high-grade. Even though a degree of crossover between
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the classes was seen, attributed to the imperfect conventional screening (i.e., visual
examination under the microscope), significant spectral differences were still notice-
able [91]. Maximal crossover was found between normal and low-grade specimens,
while the least crossover was between high-grade and normal cases, as expected.

A following study utilizing cervical cytology [37] found that ATR-FTIR spec-
troscopy identified more accurately the underlying disease than conventional screen-
ing. This was subsequently confirmed by histology as a “gold standard” approach;
histological results were available for almost half of the cases (154 out of 322).
When cytology results were used for classification, there was significant overlap
between the different categories, whereas when histology results were used, the
score plot showed substantially higher segregation between classes.

Using MCF-7 cells, Wu et al. [92] applied different concentrations of a
chemotherapy drug (5-fluorouracil) to assess their response. With increasing
drug concentration, the band at 1741 cm�1, representative of membrane phos-
pholipids, was increased and an upward shift from 1153 cm�1 to 1170 cm�1 was
noted. The ratio of lipid/amide I (i.e., 1741 cm�1/1640 cm�1) was correlated with
the percentage of apoptotic cells. The results indicate that 5-fluorouracil alters the
phospholipid composition of the cell membrane, which increases permeability
and fluidity, and could be utilized to drug monitoring and improvement of
treatment strategies.

The impact of local treatment for precancerous lesions of the cervix has also been
investigated with ATR-FTIR in cervical cells [93]. Samples were collected from before
and after the treatment (6 months), and significant increase of amide I/II was shown in
the posttreatment group, which was attributed to increased cellular function during
wound healing from the treatment. Moreover, decreased levels of lipids in the post-
treatment indicated the higher bioavailability in the population before treatment.
Results from Halliwell et al. showed that excisional treatment, rather the removal of
the disease, should be blamed for alterations of the biochemistry of the cervix, which is
associated with the higher risk of preterm birth, evident in this population.

Detection of cell activation after treatment with an antibody [anti-CD3 (cluster
of differentiation 3)] was also feasible in ATR-FTIR mode [94]. Specifically, cell
activation of Jurkat T cells was detected within 75 min after the cells encountered
the specific immunoglobulin molecules showing that the technique is sensitive
enough to measure molecular events. Similarly, it demonstrates its use in monitor-
ing cellular events and responses to particular agents or drugs at different time
points after exposure.

A promising application of ATR-FTIR would be the spectroscopic imaging of
live cells, which could facilitate in a range of biomedical purposes. Even though live
cells are more of a challenge to study that fixed cytology, Andrew Chan and
Kazarian [39] recently reported the advantages and developments of ATR imaging
in live cells. That said, improvements in spatial resolution of the acquired images
would allow for investigation of micron-sized samples and their subcellular features.
A novel approach implemented by the same group has introduced optical apertures
directly on the ATR objective of an infrared microscope; this allows the angle of
light incidence to be controlled, modifying thus the penetration depth. As a result,
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someone would be possible to derive spectral information from different thicknesses
of the same sample, as well as to reduce the effects of anomalous dispersions by
modifying the angle of incidence.

5.3 Biofluids

Using blood plasma and serum in a pilot study, Gajjar et al. [44] employed
ATR-FTIR to diagnose endometrial and ovarian cancers. Using a classification
machine, the authors were able to detect ovarian and endometrial with accuracy
~97% and ~82%, respectively. The less promising results in endometrial cancer were
attributed to the fact that it is less aggressive than ovarian cancer and most of the
times diagnosed in early stages when it is still confined to the uterus. Plasma was also
shown to provide higher classification results than serum, which was attributed to the
higher number of molecules present in this type of biofluid.

Detection of drugs was suggested in easily acquired saliva samples. Hans et al.
[48] used cocaine as a commonly used drug and were able to identify it at a
concentration of 0.020 mg/ml. Alcohol’s spectral signature was also taken into
account as it is common for drugs to get consumed alongside with alcohol. The
authors showed a distinct, time-dependent decrease of the alcohol peak (i.e., sugars
at ~1050 cm�1) between the time point right after alcohol consumption and 2 h later.
Therefore, alcohol was not considered to affect the important spectral region for
cocaine detection (1800–1710 cm�1). No preparation or extraction procedures were
used for the saliva samples apart from the drying of the sample to eliminate the
strong water absorption.

Khanmohammadi et al. were able to discriminate blood serum samples between
35 patients with renal failure and 40 healthy individuals with 95.12% accuracy
[15]. The samples were analyzed without any further preparation such as drying or
pre-concentration. To eliminate water interference, a background of water was first
obtained which was then subtracted from the resulting spectra.

Prenatal disorders such as fetal malformations, preterm birth, and premature
rupture of membranes have been investigated toward the development of an early
prenatal diagnostic tool. Graça et al. [17] used amniotic fluid from second trimester
pregnant women and divided them, according to their pregnancy outcomes, into
healthy term pregnancies or the abovementioned disorders. The study demonstrated
the ability of ATR-FTIR to accurately diagnose fetal malformations and preterm
birth, while for cases or premature rupture of membranes, only minor changes were
observed. The authors concluded that using predictive models and a larger cohort, it
might be possible for future studies to simultaneously differentiate healthy pregnan-
cies from potential disorders.

HIV/AIDS has been studied by ATR-FTIR in blood serum. The cohort consisted
of 39 HIV-affected patients who were on antiretroviral treatment, 16 HIV-affected
patients with no retroviral treatment, and 30 uninfected individuals. Both
HIV-infected groups were segregated from the healthy individuals with significant
differences at lipids/fatty acids (3010 cm�1), carbohydrates (1299 cm�1;
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1498 cm�1), glucose (1035 cm�1), and proteins (1600 cm�1; 1652 cm�1). Apart
from the differential diagnosis of the aforementioned groups with <90% accuracy,
the derived spectral biomarkers could be utilized as indicators of response to
treatment and/or disease progression. The spectral data were also relatable to more
sensitive metabolomic techniques such as nuclear magnetic resonance (NMR)
spectroscopy and mass spectrometry (MS), which had been employed before
ATR-FTIR from the same group [8].

Serum data by Hands et al. [95] showed differentiation between 311 brain tumor
patients and 122 non-tumor individuals with sensitivity and specificity of 91.5% and
83.0%, respectively. The same study discriminated glioma versus meningioma,
low-grade versus high-grade glioma, and groups with different organ origin of
metastatic disease.

Nabers et al. [50] used an immuno-infrared-sensor in the ATR sampling mode to
diagnose Alzheimer’s disease (AD) in blood plasma and cerebrospinal fluid (CSF).
The amide I band was specifically investigated as it reflects the overall secondary
structure of amyloid-β peptides, showing a significant downshift with disease pro-
gression; the latter was attributed to increased β-sheet amyloid-β peptides. Discrim-
ination between AD and disease control patients was achieved with accuracy 90%
for CSF and 84% for plasma samples.

Rheumatoid arthritis (RA) is an autoimmune inflammatory disease with a difficult
and complex diagnosis. Blood serum samples from 29 patients with RA and 40 healthy
donors were collected, and ATR-FTIR spectroscopy was applied toward differentia-
tion of the two groups. Significant differences were found in the fingerprint region as
well as in a higher spectral region (3000 cm�1–2800 cm�1), and the two groups were
classed with sensitivity and specificity of 85% and 100%, respectively [7].

Currently, a large-scale study by a diagnostics company (Glyconics Ltd.) is
conducted toward diagnosis of patients with suspected respiratory disease such as
chronic obstructive pulmonary disorder (COPD) in sputum samples. A preliminary
diagnosis of COPD is given by spirometry, which can be insensitive and unable to
distinguish between the different respiratory diseases such as COPD and asthma.
Handheld ATR-FTIR systems have been used for the analysis of >500 sputum
samples, showing its capacity of monitoring patients, and provide early biomarkers
of acute exacerbation, which could lead to hospitalization (http://www.glyconics.
com/#technology.).

6 Conclusions and Future Perspective

The field of biospectroscopy has seen tremendous progress over the last years with
the focus placed extensively on disease investigation. Some of the fields that
ATR-FTIR, specifically, has contributed are the development of diagnostic tools,
screening of population with suspected disease, subtype classification, prediction of
disease recurrence, response to treatment and personalized treatment, and much
more. Despite the fact that FTIR has not yet been used for diagnosing patients
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with nonspecific symptoms or for the identification of the primary origin of meta-
static cancer, this possibility has been extensively discussed in a recent review [96].

Spectroscopy has been proven suitable for the differential diagnosis of various
diseases with sensitivities and specificities equal (or even higher) than the ones
obtained by current clinical/molecular methods. For a number of diseases, an earlier
diagnosis and detection of the “warning signs” could lead to a better prognosis and
immediate handling/treatment. For this reason, special attention has been given in
screening of at-risk individuals before they even become symptomatic. It has been
shown that this could be feasible and spectroscopy could detect changes prior to
detection with conventional screening (e.g., examination of morphological changes
of tissue/cells under a light microscope). One interesting example is the precancer-
ous stages of some cancers, such as cervical or colon cancer, which may or may not
progress to cancer and which spectroscopy appears to discriminate with high
accuracy [37, 88, 97].

Compared to other analytical techniques which may be more sensitive, such as
mass spectrometry (MS) and nuclear magnetic resonance (NMR), FTIR’s ability has
now been proven to generate comparable results, being able to detect and identify
differential metabolites [8, 98]. The advantages of this alternative analytical method
are many including high sensitivity, low cost, repeatability, and a nondestructive
nature, which could render it a perfect candidate for clinical translation. In fact, it
might sound surprising to someone that after all the successful applications and
effort that has been put into implementation of spectroscopic techniques into the
clinic, it is still not being used in routine clinical practice. The reasons for this are
plenty – as already mentioned in the methodology section – including lack of
standardization of techniques and sample preparation. Also, there is lack of multi-
center studies with large cohort of samples (i.e., thousands), which is necessary to
validate these approaches before they play a role in life-changing decisions within a
clinical environment. Even though ATR is very promising, there are still several
issues to be considered. As with every other analytical technique for biomarker
discovery, many requirements and phases (pre-analytical, analytical, and post-
analytical) need validation in independent datasets and by independent researchers
before a new biomarker is approved for clinical use. In the pre-analytical phase, for
example, it is important to examine whether demographic characteristics, such as
age, gender, diet, or lifestyle, would affect the result. There have indeed been some
examples of initially promising studies in novel biomarker discovery which were
invalidated only some years after their publication [99].

A proposed scenario for clinical translation could be the use of spectroscopic
methods primarily in tertiary care, with the scope that when established they will be
transferred into general practice and primary care as simple and stable handheld
devices, to identify patients for further examinations [53]. A recent review in
vibrational spectroscopy of biological fluids states that a common mistake is to
extrapolate the biomarkers’ performance found in pilot studies (where a definite
diagnosis of the disease has been given by gold standard methods) to the screening
context [100]. Biomarker sensitivity and specificity in the screening population are
expected to be much lower than in patients with confirmed disease, and thus
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participants should be carefully chosen to fall into the appropriate clinical setting
every time they are tested for a biomarker; this way, false-positive results would be
kept at a minimum avoiding unnecessary examinations and overtreatment.
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1 Definition of the Topic

Plasmofluidics, an extension of optofluidics into the nanoscale regime, merges
plasmonics and micro-/nanofluidics for highly integrated and multifunctional lab
on a chip. In this chapter, we focus on the applications of plasmofluidics in the
versatile manipulation and sensing of biological cell, organelles, molecules, and
nanoparticles, which underpin advanced biomedical diagnostics.

2 Overview

An improved capability of manipulating and sensing living cells, viruses, bacteria,
and molecules (i.e., DNAs, proteins, and drug molecules) is significant for biomed-
ical research and disease diagnostics in global health, primary care, and point-of-care
(POC) settings. Conventional diagnostic technologies such as polymerase chain
reaction (PCR) and enzyme-linked immunosorbent assay (ELISA) have been
established as global gold standards. However, they have mainly been used in
developed countries and major cities in developing countries due to their sophisti-
cated instrumentation and complex operation procedures that require specially
trained staffs [1, 2]. Therefore, there is still a great need for innovative portable
POC devices that can provide effective high-value healthcare to underdeveloped and
resource-constrained regions. Herein, we argue how plasmofluidics, a synergistic
integration of plasmonics and micro-/nanofluidics, can help address current chal-
lenges in portable POC devices as well as fundamental biomedical studies. This
book chapter focuses on two correlated areas: plasmofluidic tweezers and
biosensors. The first part of this book chapter reviews state-of-the-art plasmofluidic
tweezers for versatile manipulations of biological cells, DNAs, and proteins, includ-
ing the latest strategies for overcoming the inherent drawbacks of plasmonic twee-
zers. The second part discusses various plasmofluidic biosensors for the detection of
nucleic acids, proteins, pathogens, and drug molecules. We highlight the progress
made at improving the limit of detection (LOD), response time, and accuracy for
analyzing clinical samples.

3 Introduction

Infectious diseases, which are caused by bacterial (e.g., pneumonia), mycobacterial
(e.g., tuberculosis), viral (e.g., HIV), fungal (e.g., candidiasis), and parasitic patho-
gens (e.g., malaria), have considerable impact on global economy, health, and
security [1, 2]. For instance, recent years have witnessed large outbreaks of Ebola
in Africa and Zika in Central and South America, and there have been serious
concerns and heated debates on public health at the global scope. Cancers, which
are characterized by the uncontrolled growth and spread of abnormal cells and
induced by various factors such as tobacco, infectious organisms, genetic mutations,
and immune conditions, are the leading cause of death for much of the US
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population [3]. The threats from infectious diseases and cancers become increasingly
prevalent due to factors such as changing trends in human and animal migration,
increasing urbanization, environmental deterioration, and climate change. Early
disease diagnosis and effective treatment have become critical for the clinical
regulation and management of infectious diseases and cancers. Convectional disease
diagnostics has relied on techniques such as optical microscopy, culture, immuno-
assays, and nucleic acid amplification [4]. A standard process for disease diagnostics
includes the following steps: (a) collection and transport of biological samples such
as blood, urine, and tissue swabs from the point of care; (b) analysis of the samples
by experienced staffs in a centralized laboratory; and (c) notification of the results to
the clinicians and patients. Due to highly frequent access to energy resources like
electricity, time-consuming procedures, and need for well-trained personnel, the
conventional clinical methods prelude the rapid disease detection and response at
the primary care. Their drawbacks are prominently revealed in resource-limited and
underdeveloped areas.

Point-of-care (POC) devices, which enable on-site test and follow-up action, are
promising to improve the diagnosis and management of infectious diseases and
cancers in various clinical settings. These include areas where healthcare infrastruc-
ture is limited and high-quality timely medical care is inaccessible [5, 6]. With the
advancements of nanotechnologies and micro-/nanofluidic technologies, many inno-
vative POC biosensors with optical, electrical, and mechanical interrogations have
been developed. However, two major challenges, matrix effect and system integra-
tion, have prevented the further developments and uses of POC devices [4]. Most
biosensors can have excellent performance with pristine samples. However, they
still need to be strictly evaluated with clinical samples due to the matrix effect.
Generally, the matrix of human fluids becomes more complex in infected states,
which could lead to the clogging of microfluidic channels and the decrease of the
transduction signals. Transformation of POC devices from proof-of-concept and
benchtop to bedside care and point-of-care settings requires the system integration.
However, to integrate and package various modules for sample preparation and
signal detection into a fully automated and user-friendly platform remains
challenging.

Plasmofluidics, which seeks to synergize plasmonics and micro-/nanofluidics for
lab on a chip, is promising for advancing the next-generation POC devices that
feature high compactness, high integration, and multiple functions as well as the
frontiers of biomedical research [7]. With their capability of controlling light at the
nanoscale beyond the diffraction limit, surface plasmons such as surface plasmon
polaritons (SPPs) and localized surface plasmon resonances (LSPRs) [8] are effec-
tive at optically manipulating, sensing, and analyzing biological cells and molecules
[9–11]. Micro-/nanofluidics exploit rich fluidic behaviors at the micro-/nanoscale to
enable low-load, high-throughput, cost-effective, and precise delivery of analyte
samples. Therefore, plasmofluidic platforms can serve the purpose of processing,
sensing, and analyzing biological objects in clinical samples, paving the way toward
affordable and portable healthcare devices for their uses in primary care and
resource-constrained settings.
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There have been several successful review articles on plasmonic biosensing and
medical diagnostics [1, 12, 13]. However, a comprehensive review article focused on
the emerging field of plasmofluidic sensing is not available yet. To fill the blank, our
chapter covers classification, working principles, design strategies, and applications
of the state-of-the-art plasmofluidic systems for sensing and medical diagnostics.

4 Experimental Methodology

4.1 Manipulations with Plasmon-Enhanced Optical Near Fields

Biosensing and medical diagnostics often rely on the capability of manipulating
biological particles and molecules in fluidic environments. Three prominent tech-
niques that exploit plasmon-enhanced optical near fields to manipulate particles and
molecules in fluids have been developed: (i) SPP-based plasmonic tweezers,
(ii) LSPR-based plasmonic tweezers, and (iii) plasmonic tweezers based on self-
induced back-action (SIBA). Both top-down fabrication techniques such as electron
beam lithography and focused ion beam lithography and bottom-up fabrication
techniques such as directed assembly and self-assembly have been applied to
engineer plasmonic structures for targeted tweezing platforms [14, 15].

SPPs can propagate along the metal-fluid interface with evanescent characteris-
tics perpendicular to the interface. Accordingly, SPP-based tweezers have been used
to transport and assemble microscale particles [16–18]. A patterned SPP landscape
was constructed from an array of micrometer-sized gold disks on a glass substrate to
achieve parallel trapping of individual particles, as shown in Fig. 5.1a [19]. The
simulated trapping potential in Fig. 5.1b shows that the trapped particle on the gold
disk is stabilized in a forward position along the SPP propagation direction.

Due to the localized electromagnetic fields associated with the excitation of
LSPRs, LSPR-based tweezers are often applied to trap single or multiple particles
near the plasmonic structures. Plasmonic nanoantennas such as nanodot pairs [20],
diabolo structures [21], and bowtie structures [22] were commonly used to induce
strong near-field confinement and enhancement in the nanoscale dielectric gaps
known as “Hot spots,” which provide stable trapping of nanoparticles at low optical
power. Trapping stiffness was enhanced by two orders of magnitude with a metal
nanodot pair in a conventional optical tweezers setup, as shown in Fig. 5.1c–d
[20]. Despite the localized nature of LSPRs, recent research efforts have achieved
long-range transportation of particles by using arrays of plasmonic C-shaped engrav-
ings [23] and gold nanoislands with a network of “hot spots” [24].

LSPR-based tweezers exhibit limits in manipulating particles that are smaller than
100 nm due to the high-power requirement and significant thermal effects. SIBA-
based plasmonic tweezers were developed to reduce the required power intensity by
more than an order of magnitude [25]. As illustrated in Fig. 5.1e, a nanoaperture
redshifts in its resonance wavelength when the trapped particle has a larger refractive
index than solvent, enhancing the laser beam transmission through the nanoaperture.
When the particle tends to escape from the aperture, a drop in the light transmission
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Fig. 5.1 Plasmonic tweezers based on plasmon-enhanced optical near fields. (a) Experimental
demonstration and (b) simulated optical potential for parallel trapping of particles with SPP-based
tweezers. Reproduced with permission [19] (Copyright 2007 Nature Publishing Group). (c) and (d)
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generates a restoring force and pulls the particle back to the equilibrium position. In
other words, when the particle is moving away from the optical potential well, the
SIBA force will deepen the potential well and maintain the trapping state, as
illustrated in Fig. 5.1f–h.

4.2 Manipulations with Plasmon-Enhanced Photothermal Effects

Along with the enhanced electromagnetic fields, surface plasmons can induce strong
light absorption and photothermal effects [26]. The competing factors between light
absorption and heat dissipation determine the temperature increase and spatial
temperature distribution. For a spherical gold nanoparticle immersed in water and
illuminated by a laser of LSPR wavelength, the temperature increase is uniform in
the particle and inversely proportional to the distance outside the particle, resulting
in a thermal gradient built up at the metal-water interface [26]. For metal nanopar-
ticle arrays as illustrated in Fig. 5.2a, two heating regimes exist depending on the
particle size, particle number, and geometry of the array. These are temperature
confinement regime and temperature delocalization regime, as shown in Fig. 5.2b
[27]. To reach the temperature confinement regime, both large spacing between
nanoparticles and small illumination area are preferred.

The plasmon-assisted heating was exploited to control fluid motion at the micro-
scale and nanoscale [28]. In typical plasmofluidic systems where the characteristic
size of the plasmonic structure is very small (~100 nm), thermal diffusion of the fluid
dominates in heat dissipation and thermal convection plays a minor role. As shown
in Fig. 5.2c–d, the thermal convection velocity at small plasmonic structures is
limited to 1–100 nm/s. In this case, the thermal convection can barely contribute
to the motion of the particles in the fluidic environment. The thermal convection field
can be further damped by more than one order of magnitude when the height of the
fluid chamber is reduced to �10 μm, as illustrated in Fig. 5.2e.

4.3 Plasmonic Sensing of Particles and Molecules

Optofluidic biosensing platforms based on surface plasmons have advantages of
being highly integrated, miniaturized, and sensitive. SPP-based sensors typically

�

Fig. 5.1 (continued) Schematic illustrations of optical setup and time-resolved tracking of a bead
trapped by a highly focused laser beam above a glass substrate without and with gold nanodot pairs,
respectively (Reproduced with permission [20]. Copyright 2008 Nature Publishing Group). (e)
Schematic illustration of the trapping of a single PS bead within an aperture in a thick gold film
based on the SIBA mechanism (Reproduced with permission [25]. Copyright 2009 Nature Pub-
lishing Group). (f–h) Schematic illustration, together with simulated optical potential, for the
working principle of SIBA-based tweezers (Reproduced with permission [10]. Copyright 2011
Nature Publishing Group)
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interrogate the change in resonance angle in attenuated total internal reflection to
detect target specimens and to extract binding kinetics, as shown in Fig. 5.3a [1,
29]. The specimen-binding events change the dielectric constant over the metal
layer. Several approaches have been applied to excite SPPs, including prism cou-
pling [30, 31], grating coupling [32], and waveguide coupling [33]. LSPR-based
sensors utilize the strong electromagnetic response of metal nanoparticles to
refractive-index changes in their surroundings [1, 12, 34, 35]. Various nanostruc-
tured metal arrays such as nanohole arrays [36, 37], nanowell arrays [38], nanocross
arrays [39], nanocube arrays [40], nanomouth arrays [41], nanomushroom arrays
[42], nanodisk arrays [15, 43], and nanobowtie arrays [44] have been designed for
the refractive-index sensing with high figure of merit (FOM). Various techniques
such as focused ion beam lithography, electron beam lithography, soft lithography,
and nanosphere lithography have been employed to fabricate the large-scale arrays
with good repeatability [34, 45–47].

Of particular interest are metal nanohole arrays integrated with complex fluidic
structures for versatile and parallel sensing [48, 49]. On-chip nanohole array-based
sensors feature simple optical instrument and high synergy with microfluidic
schemes. In the flow-over mode (Fig. 5.3b), only the upper metal surfaces of the
nanohole arrays are exploited like those in the convectional SPP-based sensors.
Through scaling analysis and numerical simulation, Escobedo’s group has found that
the flow-through mode features ~10-fold enhancement of time response over the
flow-over mode in typical biosensing applications [36]. Further experiments showed
that the flow-through mode enabled active delivery, concentration, and sensing of
analytes, leading to one order of magnitude increase in sensing efficiency and two
orders of magnitude improvement in LOD [37].

In general, a LSPR biosensor consists of the following components: (i) a recog-
nition element in conjunction with the plasmonic substrate, (ii) a transducer to
convert the interaction between target and recognition element to optical or electro-
chemical output signals, and (iii) a system to interrogate the signals. Spectroscopic
measurements are the most common approach for the signal analysis, which include
(i) transmission spectroscopy (Fig. 5.3c), (ii) reflection spectroscopy (Fig. 5.3d), and
(iii) dark-field scattering spectroscopy (Fig. 5.3e) [50]. Surface plasmon resonance
imaging (SPRI) has been developed to perform large-area measurements at high
resolution [51]. It is a label-free method of visualizing binding activities across an
arrayed biochip via a video CCD camera.

Surface-enhanced Raman spectroscopy (SERS), which often arises from the
strong electromagnetic field enhancement proximate to the metal surface, has proved
as a powerful tool for label-free analysis of molecules. SERS interrogates Raman
shifts originating from molecular vibrational energy levels [53–55]. Metal colloids,
colloid aggregations in solutions, and metal nanoparticle arrays on substrates are
commonly used for SERS-active sensors integrated with microfluidics [55,
56]. There are two major microfluidic approaches toward SERS-active plasmofluidic
sensors: (i) mixing the sample with SERS-active colloids in a microfluidic channel
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Fig. 5.3 (continued)
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(Fig. 5.3c) and (ii) driving the sample through a microfluidic channel with a SERS-
active substrate at the bottom (Fig. 5.3d) [52]. Such plasmofluidic sensors have the
advantages of measuring biological particles and molecules in their native watery
environments. However, since the molecular adsorption or binding to the SERS-
active surfaces relies on the diffusion of the analytes in solutions, the Raman signal
intensities will be weaker than those of SERS based on dried samples on solid-state
Raman substrates.

Various active and passive concentration techniques have been developed to
improve the SERS LOD in fluidic systems [52]. Recently, we have developed a
technique that uses plasmon-enhanced thermophoresis for reversible and dynamic
assembly of plasmonic nanoparticles for in situ SERS analysis of molecules, as
shown in Fig. 5.4a [57]. Once a temperature gradient is created on a plasmonic
substrate that is illuminated with a low-power laser beam, the positive-charged
nanoparticles will migrate to the hot region under a thermally induced local electrical
field (Fig. 5.4b) and form nanoparticle assemblies at the laser spot (Fig. 5.4c). As
shown in Fig. 5.4d, the dynamic assemblies feature a high particle density and small
interparticle distance, which are suitable for the excitation of multiple electromag-
netic “hot spots” for SERS with enhanced sensitivity.

Fig. 5.3 Plasmonic sensing of biological particles and molecules. (a) Schematic depiction of a
SPP-based sensor in the Kretschmann configuration. The metal surface is functionalized with
recognition elements for selective detection. Once biological particles or molecules are captured
by the metal surface, the SPP mode will be modified, and a signature in the reflected light will be
probed by a detector for analysis (Reproduced with permission [1]. Copyright 2015 American
Chemical Society). (b) Schematic depiction of an on-chip LSPR sensing platform based on metal
nanohole arrays. The fluid can be transported over or through the nanoholes. The platform also
includes external components such as a light source, a detector, and a fluidic actuator (Reproduced
with permission [48]. Copyright 2013 RSC Publishing). Schematics of the instrumental setups for
LSPR sensing that perform optical (e) transmission, (f) reflection, and (g) scattering measurements.
(f–g) Schematic depictions of SERS-based on-chip sensors integrated with microfluidics. (f) Mixed
solution of analytes and nanoparticles is driven through a microfluidic channel that is under laser
illumination and Raman recording. (g) Analyte solution is driven through a microfluidic channel
with a SERS-active substrate at the bottom of the channel (Reproduced with permission [52]. Copy-
right 2012 Springer Publishing)
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5 Key Research Findings

5.1 Versatile Manipulations of Particles and Molecules
in Plasmofluidic Systems

Manipulations of biological particles and molecules such as trapping, immobiliza-
tion, and pre-concentration are becoming a critical component of biosensing and
analysis in fluidic environments. Plasmonic tweezers have been employed in manip-
ulating various bio-specimens such as cells [58, 59], DNAs [60, 61], and proteins
[62–64] at high spatial resolution and low optical power. Using simple optics to
create the trapping force, plasmonic tweezers can be readily incorporated into
microfluidic systems to design novel plasmofluidic chips with functionalities such
as single-particle trapping [57, 62], parallel trapping [58], co-trapping [63], and
kinetic detection of biological objects [61, 64]. One has also recognized multiple
issues of current plasmofluidic systems and proposed new solutions. First, due to the
near-field nature of surface plasmons and weak thermoplasmonic convection, only
particles that diffuse to the close proximity to the plasmonic structures can be
captured [65]. Second, isolated plasmonic nanostructures are commonly used to
avoid collective heating and particle agglomeration, preventing long-distance trans-
portation and dynamic manipulations. Third, in contrast to conventional optical
tweezers that are capable of three-dimensional (3D) manipulations, plasmonic twee-
zers are often limited to two-dimensional (2D) trapping of objects at the plasmonic
structures. New solutions to these issues in the plasmofluidic systems include the
adoption of optical components with a higher level of spatial control [66] and the
exploitation of loss-induced heating at the plasmonic structures [67].

5.1.1 Plasmon-Enhanced Trapping of Single Biological Cells
and Molecules

The capability of trapping fragile biological objects such as cells, DNAs, and pro-
teins in fluids is of significant importance in cellular and molecular biotechnology.
E. coli cells were trapped in parallel with near-infrared LSPRs on the arrays of
plasmonic nanoantennas in a Kretschmann optical setup [58]. The cells were stably
aligned along the antennas’ long axis, and their continuous growth and division were
kept over 2 h. There was no difference in the average division time between the
optically trapped cells and those outside the illuminated region. In contrast, optical
tweezers have challenges in trapping the E. coli cells for their low refraction index
(1.38 for visible light) and small dimensions (2 � 0.8 μm2 at infant stage).

We invented opto-thermophoretic tweezers that can achieve light-directed versa-
tile manipulations of biological cells at an optical power 100–1000 times lower than
that of optical tweezers, as illustrated in Fig. 5.5a [68]. By harnessing the permit-
tivity gradient in the electric double layer of the charged surface of the cell mem-
brane, we succeeded at the low-power cell trapping with a plasmon-enhanced
temperature gradient field. Arbitrary spatial arrangements of cells at a resolution of
~100 nm and precise rotation of both single and multiple cells were demonstrated
with an optical control system based on a digital micromirror device (DMD).
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Optical trapping of single DNA molecules and DNA translocations in LiCl
buffers were demonstrated using a solid-state plasmonic nanopore, as shown in
Fig. 5.5b [61]. The nanopore is positioned between the gap of a gold bowtie antenna.
The enhancement of the rate of DNA translocation events was observed and
attributed to the plasmon-assisted local heating and the thermophoresis in the
thermal gradient. In another example, single bovine serum albumin (BSA) molecules
were trapped onto a double-hole structure with a 3.5-mW laser beam focused by a
100� oil immersion objective [62], as shown in Fig. 5.5c. The folding and unfolding
states of a trapped BSA molecule were revealed by measuring the intensity of the
transmitted light. The same research group demonstrated the protein-antibody
co-trapping at the double-hole structure and measured the binding kinetics of the
protein-ligand interaction, opening up new avenues for studying intermolecular
interactions at the single-molecule level [63, 64].

5.1.2 Three-Dimensional Manipulations and Long-Range
Transportation of Objects

“Ideal” tweezers for biological samples in fluidic environments should be able to
rapidly deliver target objects and to achieve high-resolution 3D trapping at any

Fig. 5.5 Plasmon-enhanced trapping of biological cells, DNAs, and proteins in fluidic environ-
ments. (a) Parallel and dynamic trapping of yeast cells with plasmon-enhanced thermophoretic
tweezers (Reproduced with permission [68]. Copyright 2017 American Chemical Society).
(b) Trapping of single DNAs and enhancement of DNA translocation events with plasmonic
excitation. The DNA translocation events are characterized by measuring the time-resolved open-
pore current traces (Reproduced with permission [61]. Copyright 2014 American Chemical Soci-
ety). (c) Two capture states and the vacant state of single-protein manipulation at the plasmonic “hot
spot” of a gold double nanohole. The trapping states of the protein are monitored with time traces of
the optical transmission through the double nanohole (Reproduced with permission [62]. Copyright
2011 American Chemical Society). (d–i) Schematic illustration of the co-trapping process for a
BSA molecule and an anti-BSA molecule at the plasmonic “hot spot” of the double nanohole
(Reproduced with permission [63]. Copyright 2013 RSC Publishing)
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desired locations. To realize 3D low-power trapping and transportation of sub-100-
nm objects over a long range, Quidant’s group implemented the SIBA-based twee-
zers at the tip extremity of a metal-coated optical fiber, which can be raster-scanned
in all three spatial directions for dynamic manipulations and simultaneously used to
collect the reflected signal and identify the different trapping regimes [66], as shown
in Fig. 5.6a–b. The optical-fiber-based plasmonic tweezers are attractive for in vivo
applications, such as trapping proteins or viruses of interest in cells.

To solve the long-standing challenge of rapid and on-demand loading of objects
at the plasmonic trapping sites, Boltasseva’s group has combined the plasmonic
heating and AC electrical fields for fast delivery and trapping of nanoobjects within a
few seconds [65]. The coupling of the plasmon-enhanced temperature gradient and
an applied AC electrical field induces an electrothermoplasmonic (ETP) flow, which
leads to fluidic motion two orders of magnitude faster than the thermoplasmonic
convection and greatly increases the particle capture efficiency, as shown in
Fig. 5.6c–d. With their capability of rapid manipulation and concentration of DNA
and protein samples, the hybrid plasmofluidic tweezers can be applied for nanoscale
biosensors to improve the sensing throughput and efficiency.

5.2 High-Performance Sensing, Analysis, and Diagnostics
in Plasmofluidic Systems

Benefiting from a synergy between plasmonic nanotechnology and micro-/nano-
fluidics, biosensors based on plasmofluidic platforms are attractive for POC devices
[1, 2, 7]. They have been applied for portable sensing, analysis, and diagnostics in
biomedicine and healthcare. The analytes include nucleic acids, protein, viruses,
bacteria, and drugs. Tremendous efforts have been made to improve LOD, response
speed, and accuracy of multiplexed identification. More innovative approaches are
being developed to push proof-of-concept or benchtop prototypes into practical uses
in directly analyzing bio-objects in body fluids for disease diagnosis. Herein, we
focus on plasmofluidic POC sensing for DNAs/RNAs, proteins, viruses, bacteria,
and drugs.

5.2.1 Detection of DNAs and RNAs
Detection and analysis of DNAs and RNAs are important for disease diagnostics as
specific bacteria and viruses in complex samples can be distinguished based on their
unique DNA/RNA sequences [2]. Conventional technologies for nucleic acid sens-
ing feature high precision and optimal LOD. However, they require sophisticated
instrumentation with multiple time-consuming steps, including pathogen isolation,
PCR, and target identification. Plasmofluidic sensors are extensively explored to
achieve precise, multiplexed, and label-free detection [31, 69–72]. Springer et al.
demonstrated a SPP sensor with a four-channel flow cell (known as dispersionless
microfluidics), as shown in Fig. 5.7a–b. The microfluidics suppressed the decrease
of analyte concentration at the sensing area when different liquid samples were
switched and thus improved the kinetic response and sensitivity [73]. Short
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Fig. 5.6 3D manipulation and long-range transportation of objects in plasmofluidic systems.
(a) Schematic illustration of a single particle trapped at a bowtie plasmonic aperture on the tip of
an optical fiber, which is mechanically controlled to enable 3D manipulation of the trapped particle.
(b) Dynamics of light reflection for different regimes in the 3D manipulation. Insets: Optical images
of the light spots at the fiber for the different times as indicated (Reproduced with permission
[66]. Copyright 2014 Nature Publishing Group). (c) Schematic illustration of hybrid electro-
thermoplasmonic (ETP) nanotweezers. The locally heated nanoantenna induces an ETP flow
under an AC electric field, which enables rapid and accurate delivery of particles to the trapping
site. (c) Comparison of radial velocities that result from ETP flow and thermoplasmonic convection
as a function of distance from the center of the laser beam (Reproduced with permission [65]. Copy-
right 2015 Nature Publishing Group)
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sequences of DNA (20 bases) that are characteristic for E. coli cells were probed in
less than 4 min for a concentration down to fM levels, outperforming most SPP
sensors by one order of magnitude.

SERS-based plasmofluidic sensors for high-throughput detection of multiple
DNAs in single assays were also developed. One example is based on self-
assembled gold nanoparticles (Au NPs) on a gold nanowire (Au NW) at the presence
of target DNAs [69]. Raman signal was significantly enhanced by placing the DNA
molecules in the interstices of the gold-particle-on-wire structure. The structure was
constructed by sequential incubation of Au NWs premodified by thiolated probe
DNAs in solutions of target DNAs and Au NPs functionalized by reporter DNAs
with Raman dyes (Fig. 5.7c). A high selectivity is assured because only those target
DNAs with sequences complementary to the probe DNAs and the reporter DNAs
can form the particle-on-wire structure for the enhanced signal of the Raman dyes.
The sensor was applied for quantitative detection of DNA concentrations, multi-
plexed detection of bacterial DNAs, and identification of pathogenic bacteria in real
clinical samples. The results on bacteria agreed well with those obtained by con-
ventional culture-based assays, as illustrated in Fig. 5.7d.

Vo-Dinh’s group devised a label-free DNA biosensor based on molecular sentinel
(MS) immobilized on a metal film over nanosphere (MFON) [71, 74–76]. Upon
DNA hybridization, the Raman label at the end of the MS is separated from the
MFON’s surface to exhibit decreased Raman signal, which works as the readout and
renders high selectivity in multiplexed analysis. With the initial detection of human
RSAD2 gene [71] and Ki-67 DNA [74] and the multiplexed detection of IFI27 A and
IFI44L [75], the group developed the biosensor into a bioassay-on-chip platform and
detected ssDNA of dengue virus (LOD ~6 attomoles), which is the culprit of dengue
fever that plagues 230–390 million people each year. The platform can be combined
with microfluidics for on-chip sample preparation and detection, providing a new
tool for POC diagnostics and global healthcare.

Detection of microRNAs (miRNAs) has been a key topic in cancer research,
diagnosis, and prognosis. miRNAs can repress gene expression in a sequence-
dependent manner [77] and are associated with various human diseases such as
diabetes, Alzheimer’s, and cancers [78–80]. At an early stage of cancer, extremely
low concentrated miRNAs circulate in human body fluid, making detection of
miRNAs with improved LOD and sensitivity desirable for early disease diagnosis
and implementation of new treatment options [81].

Joshi et al. designed a regenerative LSPR-based miRNA sensor for early diag-
nosis of pancreatic ductal adenocarcinoma (PDAC), a deadly cancer with an overall
5-year survival rate of 7%. The cancer is hard to be detected when the tumor is small
and at nonmetastatic stage [82, 83]. The sensor is based on gold nanoprisms
functionalized with –S-C6-ssDNAs. Direct hybridization between the –S-C6-
ssDNAs and the target miRNAs forms DNA duplex (Fig. 5.7e), which increases
the refractive index in local environment of the nanoprism and redshifts the LSPR
peak wavelength. The high sensitivity down to 10�18 M for specific miRNA-10b
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benefits from multiple factors: (a) atomically flat surface of the nanoprisms allowing
efficient duplex formation, (b) high charge density of the duplex greatly altering the
local refractive index, and (c) strong field enhancement at the tips of nanoprisms.
Detection of miRNA-10b at a low concentration was achieved in pancreatic cancer
cell lines, derived tissue culture media, human plasma, and plasma exosomes.
Quantification of miRNA-10b in highly purified exosomes that were isolated from
patients with PDAC and chronic pancreatitis (CP) was shown in Fig. 5.7f. PDAC
patients had much higher miRNA-10b levels than CP patients. Integration of the
sensor into microfluidics is expected to further enhance the miRNA measurements
and the disease diagnosis with identifiable miRNA signatures.

5.2.2 Detection of Proteins
Proteins in biofluids such as serum are highly associated with biological function-
alities. Detection of proteins and analysis of their unique sequences have high
clinical relevance [84, 85]. For instance, a protein biomarker called SVEGFR-1
was increasingly expressed in patients with myelodysplastic syndromes (MDS), i.e.,
a diverse group of clonal disorders of the hematopoietic stem cell. Prostate-specific
antigen (PSA) shows increased levels above the normal limits (4 ng mL�1) in serum
for possible prostate malignancy, which can be used for diagnosis and prognosis of
prostate cancer [86]. Plasmofluidic immunoassays and immunosensors feature par-
allel, label-free, and real-time detection of proteins with high sensitivity, selectivity,
multiplicity, and reproducibility [30, 87–90]. They are also applied to investigate
protein-protein interaction [91], monitor live cell secretory events [92], and identify
diagnosis-related cells [93].

SPP-based plasmofluidic sensors for label-free detection of proteins have recently
been implemented on a smartphone platform [94]. A plasmonic sensor with
dispersionless microfluidics was developed to detect protein biomarker of MDS
disease (i.e., sVEGFR-1) via interaction with its high-affinity bio-receptor VEGF-A
[95]. A detection limit of 25 ng/mL was achieved in 2% human blood plasma by
using the sequential injection approach. However, the traditional experimental
design that relies on a specific bio-receptor (known as “lock-and-key” approach) is
limited by interference from molecules that are structurally or chemically alike.
Moreover, most diseases are associated with multiple biomarkers, which necessitate

�

Fig. 5.7 Detection of DNAs and RNAs with plasmofluidic sensors. (a) Photograph of a four-
channel flow cell for dispersionless microfluidics that was implemented in SPP-based detection of
nucleic acid. (b) Comparison of sensor responses of different microfluidic designs in SPP-based
detection of DNA E441C from E. coli cells (Reproduced with permission [31]. Copyright 2009
Elsevier Publishing). (c) Schematic illustration for the SERS-based detection of target DNAs by
gold-particle-on-wire system. (d) Identification of target DNAs from clinical isolates with the gold-
particle-on-wire sensor (Reproduced with permission [69]. Copyright 2010 American Chemical
Society). (e) Schematic illustration of –S-C6-ssDNA-functionalized gold nanoprisms for LSPR-
based sensing of miR-10b. (f) Determination of miR-10b concentration in plasma samples for three
patients with PDAC and CP using the LSPR-based sensors (Reproduced with permission
[83]. Copyright 2015 American Chemical Society)
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the detection of a total protein distribution rather than a particular protein. To address
these challenges, Choi et al. developed a “cross-reactive”-based sensor using a
substrate of multiple segments of surfaces that are pre-adsorbed by different types
of proteins. A distinctive pattern of SPP angle shifts arose from the interaction of the
substrate with a sample of variable proteins [84]. The SPP angle pattern was used to
clarify the concentration distributions of proteins and a specific biomarker,
C-reactive protein (CRP), in a cocktail sample.

A more powerful way for simultaneous detection of multiple proteins is the use of
protein microarrays in conjunction with surface plasmon resonance imaging (SPRI)
[30]. However, protein microarrays often involve time-consuming fabrication pro-
cess. Dehydrated or denatured proteins suffer a shorter lifetime of normal function-
ality. To overcome these problems, a multiplexed enzymatic synthesis via surface-
coupled transcription-translation was employed for in vitro fabrication of protein
microarrays and for their immediate use in biosensing based on a microfluidic
platform, as illustrated in Fig. 5.8a–c. The plasmofluidic system includes generator,
control, and detector components. Multiple RNA transcripts were created at the
generator through surface reaction of RNA polymerase with adsorbed dsDNA and
translated into proteins by cell-free protein synthesis. The synthesized proteins
diffused to the detector element and formed protein microarrays. As a demonstration,
binding of anti-GFP and antiluciferase to the protein arrays was characterized with
SPRI and time-resolved absorption kinetic measurement, as shown in Fig. 5.8d–g.
With multiple surface chemistries, the plasmofluidic system can be further
implemented for multiplexed SPRI biosensing in clinical practices.

More challenges arise for SPP-based sensing in human serum samples due to
(i) high nonspecific interaction between the sensor surface and serum proteins and
(ii) matrix effects of serum such as high refractive index and viscosity that mask the
binding events between the recognition elements on the sensor surface and the
analytes in the serum [86]. Uludag et al. used a matrix elimination buffer to eliminate
nonspecific binding of 98% serum proteins and performed a sandwich assay, in
which the target proteins were sandwiched between a bottom layer of capture
antibody and a top layer of antibody-modified Au NPs [86]. The Au NPs reduced
the refractive-index mismatch between the buffer and the sample, leading to amplified
SPP signal and enhanced sensitivity. A LOD of 0.29 ng mL�1 for tPSA in 75% human
serum was attained, which was comparable to that achieved by a quartz crystal
microbalance (QCM) sensor. SPP and QCM sensors were further combined to detect
sub-attomolar human α-thrombin [96]. The sandwich immunoassays with SPP-based
sensors are expected to improve early-stage cancer diagnosis and prognosis.

LSPR-based plasmofluidic sensors enable high-end miniaturization down to the
single-nanoparticle scale [87, 97–100]. Zijlstra et al. reported real-time, label-free
detection of single-protein binding events by monitoring the LSPR of a nanorod with
an ultrasensitive photothermal assay [98]. When a single protein binds to the
receptors on the surface of the nanorod, a small redshift of the longitudinal LSPR
wavelength changes the absorption cross section of the nanorod at the wavelength of
the heating beam, which can be measured with the transduced temperature change.
Unlike the resonance Rayleigh scattering, the contrast scale of photothermal
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microscopy permits the measurement of mode volume that is commensurate to the
size of a protein.

Ament et al. utilized single gold nanorods to monitor single-protein conforma-
tional dynamics and equilibrium coverage fluctuations [99]. The latter contain the
information on the binding kinetics and nonequilibrium thermodynamics. By using a
white light laser, an intensified CCD camera, and an engineered nanoparticle geom-
etry, they achieved considerable improvement of signal-to-noise (SNR) ratio and
time resolution over previous techniques to identify single-molecule binding events.
Rather than utilizing passive surface binding to capture the proteins, Gordon’s group
used a double nanohole to actively trap single proteins and to measure the single-
protein binding events [100].

LSPR biosensors based on nanoparticle ensembles and microfluidics are more
suitable for clinical applications because the ensembles allow statistically significant

Fig. 5.8 Detection of proteins with SPP-based plasmofluidic sensors. (a) Schematic illustration
and (b) spatial diagram of a GFP-luciferase DNA microarray in a dual-channel microfluidic cell.
(c) Schematic illustration of antibody bound onto the synthesized protein array. SPRI difference
images taken before and after the exposure to (d) anti-GFP and (e) antiluciferase solutions. Real-
time SPRI adsorption kinetic measurement of (f) anti-GFP- and (g) antiluciferase-specific binding
(Reproduced with permission [30]. Copyright 2012 American Chemical Society)
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data analysis, relax constraints by nanoparticle variations, and enable simple instru-
mentation, fast data acquisition, and improved signal-to-noise ratio [87]. Plasmonic
nanotechnologies such as plasmonic arrays [87, 88, 101–103] and SPRI [104, 105]
and innovative microfluidic techniques such as integrated concentration gradient
generator [104] and multi-well fluidic measurement [106] have been intensely
pursued to detect and quantify cancer biomarkers with enhanced sensitivity, robust-
ness, integrity, high throughput, and multiplexity.

Quidant’s group developed a parallel and high-throughput LSPR-based
plasmofluidic sensor that can be upgraded to a lab-on-a-chip system and be trans-
lated to clinical environments (Fig. 5.9a) [87]. For the sensor, a periodic array of gold
nanorods with a bio-recognition layer was integrated with a microfluidic network.
The authors applied the sensor to detect AFP and PSA, which are indicators of
prostate cancers, at a LOD of as low as 5 ng/mL and a timescale of minutes. Chen
et al. developed a highly integrated, multiarrayed LSPR sensor for massively parallel
high-throughput detection of multiple cytokine biomarkers in a low-volume assay, as
shown in Fig. 5.9b [88]. Consisting of 480 LSPR sensing spots with multistep
processing for eight different samples, including manual loading, incubation, and
washing, the sensor allowed quantitative measurements at concentrations ranging
from 10 to 10,000 pg/mL in a 1-μL sample of serum. It also enabled multianalyte
detection of ten cycles for each sample in 40 min, which is more than ten times
shorter than traditional sandwich immunoassays. The sensor was further applied to
measure cytokine levels of IL-6 and IL-10 in two neonates, who received cardio-
pulmonary bypass surgery for congenital heart disease within 24 h. The measure-
ment was valuable for defining the postsurgery responses and predicting the
anticipated assay outcomes.

Measuring binding affinities between proteins is also of fundamental interest and
clinical significance. A “nanoSPR” method was proposed to simultaneously char-
acterize the binding affinities among many macromolecular partners [91]. Briefly,
multiple batches of gold nanorods functionalized with different proteins and one
batch without functionalization (as a reference) were driven through the flow cell
consecutively to generate a positon-encoded sensor. The encoding of the sensor was
carried out by repetitive recording of the position of each randomly deposited gold
nanorod, as shown in Fig. 5.9c. As a demonstration, the sensor was applied to study
the interactions of three bacterial division proteins with a target protein FtsZ, which
is an essential element of the division machinery in most bacterial systems. The
results had an excellent agreement with those by conventional composition gradient
static light scattering and fluorescence anisotropy. With the small device size,
reduced sample volume, and built-in statistics, the sensor is envisioned to be a
powerful tool in drug screening and discovery applications.

In light of the important role of cell secretion in a variety of physiological
processes, Wu et al. developed a label-free, ultrasensitive, plasmofluidic platform
based on gold nanoslits with strong Fano resonance to monitor dynamic live cell
secretory activities [92]. The THP1 cells were trapped and cultured in microfluidic
channels with the sensing surface of gold nanoslits ~3–5 μm away from the cell
membrane. Upon stimulation with continuous lipopolysaccharide, the cells were
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Fig. 5.9 Detection of proteins with LSPR-based plasmofluidic sensors. (a) Detection of prostate
cancer biomarkers down to a concentration of 5 ng/mL in a complex matrix (consisting of 50%
human serum) with a microfluidics-integrated LSPR-based biosensor (Reproduced with permission
[87]. Copyright 2014 American Chemical Society). (b) Multiplex immunoassays of six cytokines in
a complex serum matrix with a high-throughput, label-free, multiarrayed LSPR biosensor chip
(Reproduced with permission [88]. Copyright 2015 American Chemical Society). (c) Simultaneous
characterization of binding affinities between multiple protein partners with a LSPR biosensor.
(d) Working principle of the characterization of binding affinities (Reproduced with permission
[91]. Copyright 2014 American Chemical Society)
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found to secrete MMP-9 proteins in 2 h. The plasmofluidic sensor needs less than ten
cells for the study, while ELISA analysis demands at least a few thousand cells. The
sensor can be applied for fundamental study of secretory events in different physio-
logical environments and medical diagnosis of various diseases at the single-cell level.

SERS-based immunoassay is considered another promising approach for protein
sensing. One of the most popular strategies uses a sandwich immunocomplex
protocol with antibody-conjugated metal particles [89, 108–111]. Choo’s group
implemented magnetic tweezers [108] and optoelectronic tweezers [109] in a gradi-
ent microfluidic channel to form sandwich immunocomplexes for the sensitive and
automatic quantitative analysis in less than 30 min. In the immunocomplexes, target
antigens were sandwiched between antibody-conjugated microspheres and
antibody-conjugated SERS-active nanoparticles. The magnetic tweezer-based
immunoassay had a LOD of 1–10 ng/mL for rabbit IgG, and the optoelectronic
tweezer-based one achieved a LOD of 98 pg/mL for alpha-fetoprotein (AFP). The
same group further integrated sandwich immunoassay [110] with gradient micro-
fluidics to achieve programmable and automatic analysis of biomarkers with small
sample volume, easy sample preparation, and short assay time [89]. After the AFP
antigens were captured by the immobilized antibodies on gold microwells, poly-
clonal anti-AFP antibody-conjugated particles were attached to form the sandwich
immunocomplexes, as shown in Fig. 5.10a. A similar methodology was applied to
detect hepatitis B virus antigen in human blood and blood plasma. Hepatitis B virus
infection is a common cause of chronic liver disease worldwide [112]. Using a
sandwich-typed immunoassay, Zou et al. detected carcinoembryonic antigen in raw
blood samples with a LOD of as low as 10�12 M. Carcinoembryonic antigen is a
wide-spectrum biomarker for diagnosis of various cancers [111].

Formation of stable electromagnetic “hot spots” in nanoparticle aggregates is
another strategy for SERS-based protein analysis with high reproducibility and
sensitivity. Saha et al. designed a paper-based microfluidic SERS system to detect
streptavidin and glycoprotein with pico to femtomolar concentration, as shown in
Fig. 5.10b [107]. Two channels with Ag/Au nanoparticles and proteins merge into a
small round-shaped reaction chamber to generate SERS-active nanoparticle aggre-
gates via protein-assisted cross-linking. Notably, the porous feature of the micro-
channels regulates the extent of nanoparticle aggregation and prevents the screening
of “hot spots” in large aggregates.

�

Fig. 5.10 (continued) of a 5 � 5 array of round gold wells (Reproduced with permission
[89]. Copyright 2013 RSC Publishing). (b) A paper-based microfluidic device for SERS-based
protein detection. It involves the aggregation of Ag/Au nanoparticles at the presence of proteins
(Reproduced with permission [107]. Copyright 2014 American Chemical Society). (c) Schematic
representation of a SBT-based microfluidic system to distinguish cancer cells in a low concentration
against background of normal cells. The bar graph compares cancer cell counts by microscopy,
PCA, and CLS. The latter two are deconvolution strategies for analyzing the cancer-normal cell
ratios with the composite Raman spectrum (Reproduced with permission [93]. Copyright 2015
American Chemical Society)
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SERS protein biotags (SBTs) have been developed for identification of cells and
pathogens in body fluids, which is significant for early disease detection and
monitoring of patient response to therapy [93]. In the microfluidic cell identification
system, two spectroscopically distinguishable SBTs that target distinct cell epitopes
were used to label cells in a single focused line by hydrodynamic flow, as illustrated
in Fig. 5.10c [93]. The identification was accomplished by measuring the relative
signal from the cancer-specific SBT versus the cell-identifying universal control
SBT. The discrimination efficiency can reach 1 cancer cell from a population of
100 normal cells due to spectroscopic richness of the Raman bands of the reporter
molecules on the two SBTs and algorithmic effectiveness of the two deconvolution
strategies for the composite spectrum. The SBT approach provides a continuous,
low-cost, and nondestructive tumor cell identification and paves the way toward
clinical cancer diagnosis at the single-cell level.

5.2.3 Detection of Pathogens
The detection of infectious agents such as viruses and bacteria is critical for public
health, homeland security, and food industry [113, 115, 117]. Viruses have been
responsible for a number of epidemic outbreaks (e.g., H1N1 flu and SARS) in recent
years. Timely virus detection becomes essential for recognizing and controlling
future epidemics. Conventional techniques such as cell culture methods, PCR, and
ELISA can detect and quantify pathogens with high sensitivity and specificity [118,
119]. However, they require lab-intensive procedures, expensive equipment, and
well-trained operators. Alternative biosensing techniques that can achieve reliable,
accurate, and sensitive detection and analysis of pathogens under the variable
settings, including source-limited settings and primary care settings, are in great
need. Among the various detection platforms that use different mechanisms such as
electrical, mechanical, and optical signal transduction [2, 5, 120], plasmofluidic
biosensors are promising for label-free detection of infectious agents.

Wang et al. achieved label-free imaging, detection, and mass/size measurement of
single viral particles with high-resolution surface plasmon resonance spectroscopy
[121]. The viral particles were imaged as diffraction patterns from their scattering of
SPP. The particle size and mass were determined from the image intensities. Two
viruses, i.e., H1N1 influenza A/PR/8/34 and HCMV, were studied with a mass
detection limit of 1 ag, which is four orders of magnitude lower than that by
conventional surface plasmon resonance method.

To meet the needs for quickly recognizing and controlling epidemics, a
plasmofluidic sensor was developed to detect viruses from biologically relevant
media, as illustrated in Fig. 5.11a [113]. The sensor exploits plasmon-enhanced
extraordinary light transmission through metal nanohole arrays and is applicable to a
broad range of pathogens. It was applied to detect PT-Ebola virus in PBS buffer
solution based on the consistent redshift (>14 nm) of the plasmon resonance
wavelength. A 4-nm shift in resonance wavelength was observed for virus detection
in biological media consisted of cell growth medium and 7% fetal calf serum. The
detectable virus concentration ranges from 106 to 109 PFU/mL, which is relevant to
both clinical testing and drug screening.
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Inci et al. developed a plasmofluidic platform for label-free, high-sensitive, high-
specific, and reproducible HIV viral load quantification from unprocessed whole
blood sample [117]. Surface chemistry and highly specific antibody immobilization
were applied to capture the viruses at the electromagnetic “hot spots” and to
minimize background signal from nonspecific binding of blood cells. Briefly,
poly-L-lysine-modified polystyrene with terminal amine group was used as substrates
to capture gold nanoparticles. The gold nanoparticles were treated with different
chemicals consecutively, including 11-mercaptoundecanoic acid, N-ethyl-N-
(3-dimethylaminopropyl)carbodiimide hydrochloride, N-hydroxysulfosuccinimide,
NeutrAvidin, and biotinylated anti-gp120 polyclonal antibody. The antibody was
positioned in a favorable orientation to have a high capture efficiency for the viruses.
A SPP platform based on DNA-RNA hybridization was also developed to detect
viruses plaguing plant food and feed crop plants [122].

Rapid detection of bacteria makes a difference in monitoring and preventing
outbreaks of infections [2, 118]. For this purpose, Walter et al. developed micro-
fluidic SERS to discriminate bacteria based on strain levels in a fast and reliable
fashion [114]. In their plasmofluidic system, aqueous analytes and colloid solution
form droplets in mineral oil, creating a segmented flow for stable optical measure-
ments and reproducible bacterial identification, as shown in Fig. 5.11b. Besides
colloidal nanoparticles, solid-state SERS substrate functionalized with recognition
molecules was also employed to capture and analyze E. coli cells with high speci-
ficity and sensitivity [123].

Demirci’s group developed a portable microfluidic SPP platform that can rapidly
detect and quantify E. coli and S. aureus [115]. All the elements, including light source,
optical components, CMOS sensor, circuitry, and microfluidic chip, were packaged in a
portable box with dimensions of 13.5 cm � 10 cm � 5.2 cm, as shown in Fig. 5.11c.
Effective capture and detection of E. coli at concentrations from ~105 to 3.2 � 107

CFUs/mL in PBS and peritoneal dialysis fluid were demonstrated. Multiplicity and
specificity were tested with S. aureus in PBS solution, implying the potential of the
platform for pathogen diagnostics at both POC and primary care settings.

5.2.4 Detection of Drugs
Quick and cost-effective pharmaceutical analysis can benefit healthcare, biomedi-
cine, and food safety [124]. For example, drug screening is a critical step in new drug
discovery. Detection of drug residues in food and human liquids is frequently needed

�

Fig. 5.11 (continued) Chemical Society). (b) Discrimination of bacteria based on strain levels
using a six-port SERS-based plasmofluidic biosensor. Mineral oil was used as separation medium to
prevent deposition of nanoparticles and analytes on the substrate (Reproduced with permission
[114]. Copyright 2011 RSC Publishing). (c) Detection and quantification of E. coli cells with a
portable SPP-based plasmofluidic sensor (Reproduced with permission [115]. Copyright 2015
Nature Publishing Group). (d) Detection of trace concentrations of drugs in saliva with a SERS-
based plasmofluidic sensor. No chemical functionalization and reactants were required for the
detection (Reproduced with permission [116]. Copyright 2013 American Chemical Society)
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for food safety and healthcare. The capability of monitoring antibody-polypeptide
reaction is desirable for multiplexed drug discovery. Chen et al. proposed a SPRI-
based visualization method for monitoring antibody-polypeptide binding in a label-
free and high-throughput format [125]. The plasmonic platform can support the
dynamic imaging of polypeptide microarray and the time tracing of 3D histograms
for monitoring antibody-polypeptide reaction on the surface.

Chiral compounds have significant impacts on pharmacological and biological
processes. Effective strategies for chiral discrimination and enantioseparation are
highly needed to meet the increasing need for enantiomerically pure compounds.
For a pair of enantiomers, it is possible that one configuration is active drug, while
the other configuration remains inactive, contributes to side effects, displays toxicity,
or works as an antagonist [126, 127]. As an example, Guo et al. demonstrated
α-thrombin-functionalized LSPR sensor integrated with a microfluidic chip for
enantioselective analysis of melagatran. Recently, we have achieved high-sensitive
label-free chiral sensing for drug molecules based on moiré chiral metamaterials [128].

Plasmofluidic sensors were also developed for label-free and rapid detection of drug
residues in food and clinical samples [129]. Fernandez et al. used a portable six-channel
SPP sensor to analyze antibiotic residues from different families, i.e., fluoroquinolones,
sulfonamides, and phenicols, in whole milk samples [130]. The sensor showed good
regenerative ability and repeatability and accomplished LODs far below the maximum
residue levels established by the European Union for the antibiotics. Zhao et al. used a
multichannel SPP sensor to analyze the concentrations of methotrexate, an anticancer
drug, in the serum of a patient undergoing chemotherapy treatments. The results agreed
with those by fluorescence polarization immunoassay [131].

Andreou et al. developed a microfluidic SERS to identify drugs at clinical levels
without specialized chemicals and bio-reagents [116]. As shown in Fig. 5.11d, a
laminar flow consisted of a central stream of analytes (i.e., methamphetamine) and
two sheath streams of silver nanoparticle and salt solutions was created. At the
interrogation region, SERS-active nanoparticle dimers and small-order aggregates
with methamphetamine predominantly formed. Due to the low affinity of metham-
phetamine to the silver nanoparticles, the salt was added to induce the aggregation.
Trace concentrations of methamphetamine in saliva were detected within minutes.
The microfluidic SERS will find applications in detecting many other health-related
molecules such as toxins and pollutants.

6 Conclusions and Future Perspectives

Tremendous progress has been made in plasmofluidics for biological analysis and
medical diagnostics. In particular, plasmonic tweezers achieved noninvasive trap-
ping of biological cells, DNAs, and proteins at the single-entity level. 3D manipu-
lations were demonstrated with plasmonic tweezers based on an optical fiber tip with
high-resolution mechanical motion control. Long-range and rapid delivery of nano-
particles was achieved with electrothermoplasmonics. Most of the current tweezers
used microfluidic channels as passive containers for sample solutions. It is
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anticipated that future plasmonic tweezers will fully reap the benefits of micro-/
nanofluidics to further enhance their functionalities for biosensing and diagnostic
applications. In particular, the light-fluid interactions at the nanoscale can be
explored to achieve versatile multifunctional plasmofluidic tweezers [7]. Our pre-
liminary study indicated that the plasmon-enhanced photothermal effects such as
thermophoresis are one of the promising strategies for optical manipulations in
variable fluidic environments.

A variety of plasmofluidic sensors has been developed to detect and analyze
nucleic acids, proteins, pathogens, and drugs in life sciences, disease diagnostics,
and drug discovery. Innovative microfluidic design, plasmonic engineering, and
surface functionalization have led to sensitive, robust, and label-free POC
biosensors. The next-generation plasmofluidic sensors are expected to target at
translational and clinical applications [4]. For the purpose, the sensors need to be a
highly integrated, robust, and user-friendly system that can handle a variety of clinical
samples such as urine, blood, and saliva and enables POC diagnostics at field settings.

In summary, the highly interdisciplinary field of plasmofluidics presents exciting
opportunities for new discoveries and POC devices. With the stronger collaborations
among researchers from physics, chemistry, biology, pharmacology, and engineer-
ing, as well as clinicians and entrepreneurs, plasmofluidics for biosensing and
disease diagnostics will continue to grow and contribute to global healthcare.
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1 Definition of Topic

Lanthanide-doped upconversion nanomaterials are suitable for biological applica-
tions because of their near-infrared excitation property. The excitation wavelength is
within the first biological window; therefore this can minimize the damage to
biological samples for biomedical applications. Apart from upconversion lumines-
cence, the doped lanthanide ions display inherent physical properties for multimodal
bioimaging. The advance in nanotechnology also provides an opportunity for the
synthesis of novel upconversion nanomaterial-based nanocomposites. Those hybrid
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structures further increase the number of modalities for biodiagnostic applications.
In this chapter, we introduce the key features of lanthanide-doped nanomaterials and
review the recent progress in biodetection and multimodal bioimaging.

2 Overview

Photon upconversion nanomaterials are rapidly emerging in recent years owing to their
unique luminescent property. Many efforts have been focused on the synthesis and
surface modifications to meet the demands for biological applications. Moreover, differ-
ent nanocomposite structures were formed by state-of-the-art surface chemistry.
Biodetection and multimodal bioimaging are two important fields among these applica-
tions, because of the ability to visualize and analyze biological species in vitro or in vivo.
First, this chapter will provide the background of lanthanide-doped upconversion nano-
materials. After that, the brief information about synthesis, surface modifications, and
instrumentations will be summarized. The third part will review the recent works on
biodetection and multimodal bioimaging. Finally, the chapter will be ended by illustrat-
ing the directions for future research and the current challenges faced by lanthanide-
doped upconversion nanomaterials in biodetection and multimodal bioimaging.

3 Introduction

Rapid, low-cost, and sensitive biodetection system is greatly desirable, by consid-
ering the outbreak of lethal viruses and early-stage treatments. Luminescent-based
assays have been regarded as a powerful tool for detection because of their high
sensitivity. The conventional luminescence assays mainly rely on ultraviolet (UV)-
excited emission from semiconductor quantum dots (QDs) [1–3]. However, the
excitation wavelengths will pose damage to the structure of DNAs, and those
damages are well-documented in literature [4]. Moreover, high-energy excitation
also showed shallow penetration depths in bioimaging because of the high absorp-
tion coefficient of water and red blood cells in living animals [5]. These drawbacks
paved the way for the emergence of lanthanide-doped upconversion nanocrystals
(UCNCs1) for biodetection and bioimaging applications.

The lanthanide (Ln3+) ions in UCNCs consist of partially filled inner 4f subshell
and a fully filled outermost shell. The electronic configurations of the 4f orbitals
present ladder-like and long-lived energy states [6]. As a result, this can facilitate
sequential absorption of near-infrared (NIR) photons for upconversion luminescence
(UCL). The NIR excitation falls into the biological window, and hence this allows
deep penetration of excitation energy to reach the UCNCs in various biological
systems. It is also important to note that the fully filled shell can shield the Ln3+ ions
from the external environment; thus the physical properties of these elements are

1UCNCs and UCNPs are referred to the same material in this book chapter.
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very stable. Apart from UCL, the Ln3+ ions also exhibit X-ray absorption property,
and gadolinium ions even possess magnetism [7]. Thus, the Ln3+ ions doped UCNCs
can be used for X-ray imaging and magnetic resonance imaging (MRI). In principle,
an inorganic host material will be chosen for accommodating the doped Ln3+ ions in
suitable proportions to realize efficient UCL. The host is usually chosen based on
their lowest phonon energy [8]. To date, fluoride-based UCNCs are very popular,
such as NaYF4 [9–12], NaGdF4 [13–15], and NaYbF4 [16–18], because of their low
phonon energy, high stability, and low cytotoxicity. The energy transfer
upconversion is one of the popular UCL systems because of the high UCL effi-
ciency, ytterbium (Yb), or neodymium (Nd) ions that are used to harvest the NIR
photons, while a series of ions, for example, erbium (Er), thulium (Tm), and
holmium (Ho), are used as activator ions to realize multicolor emissions. The
development of core-shell (cs) structure brought new understandings to UCL
because of the ability to spatially separate the Ln3+ ions [19]. The new strategy
can not only tune the emission through energy migration from core to shell but also
foster the doping of Nd3+ ions [20]. The doping of Nd3+ ions in the shell can shift the
excitation wavelength from 980 to 808 nm; this can further enhance the penetration
depth and avoid the heating effect to living cells and animals.

Despite the inherent physical properties of Ln3+ ions for multimodal bioimaging,
those imaging modes cannot fully meet the requirements for demanding clinical
imaging applications. Therefore, external moieties, ligands, or isotopes are needed to
conjugate onto the surface of UCNCs for composite structures [21]. Surface mod-
ification is the fundamental knowledge for fabricating nanocomposites. The surface
modifications of UCNCs had been extensively reviewed by many research groups
and journals [22–27]; readers may refer to these references for more information.
Our chapter discusses and reviews multimodal bioimaging and biodetection, con-
sidering the wide spectrum of biological applications of upconversion nano-
materials. Therefore, the style of this chapter can be easier for the readers to
follow the latest trend of the topics in biodetection and multimodal bioimaging.
Moreover, our chapter includes the experimental route and procedures for obtaining
upconversion nanomaterials in a comprehensive way, while others only mentioned
the principle of the synthesis briefly. A number of clinical imaging techniques, such
as positron emission tomography (PET), single-photon emission computed tomog-
raphy (SPECT), ultrasound imaging (USI), and photoacoustic imaging (PAI), are
recently demonstrated by UCNCs-based composites. Examples will be given and
further discussed in Sect. 5.1. Apart from multimodal bioimaging, the inherent
luminescent properties of Ln3+ ions are also beneficial to sensitive and specific
biodetection. The Ln3+ ions emit long-lived and narrowband UCL emissions; this
can facilitate time-resolved biodetection by avoiding the short-lived background
fluorescence. At the same time, the narrowband emissions can effectively prevent
the false-positive detection signals from the quenchers in typical luminescent reso-
nance energy transfer (LRET) or fluorescence resonance energy transfer (FRET)
systems. Moreover, luminescent biodetection systems can be categorized as homo-
geneous and heterogeneous assays [6]. Homogeneous assays are simple, fast, and
usually performed in a liquid phase without the need for washing. Therefore, it has
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attracted substantial attention and being employed in a spectrum of assays
[28–33]. Alternatively, heterogeneous assays are usually performed on a solid-
state platform. They can enable specific recognition and high affinity between the
capturing probe and the detection target; therefore the sensitivity of the type of assay
is usually higher than that of homogeneous assays [34–37]. Despite the advantages,
one should note that heterogeneous assays are relatively laborious and the prepara-
tion steps are tedious [38]. More examples will be provided and reviewed to further
elaborate the development of biosensors in Sect. 5.2. Finally, the book chapter will
be ended by conclusions and future perspectives.

4 Experimental Methodology

In this section, the essential synthetic steps in coprecipitation of NaGdF4:Yb/
Er@NaGdF4:Yb/Nd csUCNCs will be introduced. The use of csUCNCs can not only
enhance the emission intensity [39] but also enable the use of 808 nm excitation to
minimize laser-heating effect to water [40]. Then, we introduce basic surface modifica-
tions for hydrophilicity. Although thermal decomposition [13, 35, 41, 42] and one-step
hydrothermal synthesis [29, 36, 43–47] are common synthetic routes for UCNCs, the
scope of this chapter is focused on the recent works in multimodal bioimaging and
biodetection. Moreover, we have chosen the ligand-free treatment followed by poly-
acrylic acid (PAA) modification as an experimental example when considering the steps
that are easy, and carboxylic acid is a useful functional group for further bioconjugations.

4.1 Synthesis of Core NaGdF4:Yb/Er UCNCs

In a typical coprecipitation synthesis, 0.4 mmol Ln3+ acetates, including Gd, Yb, and
Er, 4 ml oleic acid (OA), and 6 ml 1-octadecene (1-ODE) were mixed in a three-
necked flask. The temperature was increased to 150 �C for 1 h to form Ln3+ oleate
complex. After the mixture was cooled down to room temperature, 1 mmol sodium
hydroxide and 1.3 mmol ammonium fluoride in methanol were injected into the
reaction mixture under vigorous stirring. Then, the temperature was raised to 50 �C
for removal of methanol and nucleation for 30 min. After that, the temperature was
further increased to 100 �C for 10 min to degas the reaction mixture. Then, argon gas
was purged via the dual gas manifold to protect the medium. The temperature was
subsequently increased to 290 �C for 1.5 h. Finally, the reaction mixture was cooled
down to room temperature under argon gas protection. The crude UCNCs were
purified by cyclohexane and ethanol using centrifugation. After centrifugation for
twice, the OA-capped core UCNCs were dispersed in cyclohexane for further use.

4.2 Synthesis of NaGdF4:Yb/Er@NaGdF4:Yb/Nd csUCNCs

For coating the shell, 0.4 mmol Ln3+ acetates, including gadolinium (Gd), ytterbium
(Yb), and neodymium (Nd), 4 ml oleic acid (OA), and 6 ml 1-octadecene (1-ODE)
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were mixed in a three-necked flask. The temperature was increased to 150 �C for 1 h
to form Ln3+ oleate complex. After the mixture was cooled to room temperature, the
core UCNCs in cyclohexane was transferred into the flask. Then, 1 mmol sodium
hydroxide and 1.3 mmol ammonium fluoride in methanol were injected into the
reaction mixture under vigorous stirring. Then, the temperature was raised up to
50 �C for removal of methanol and nucleation for 30 min. After that, the temperature
was further increased to 100 �C for 10 min to degas the reaction mixture. Argon gas
was purged via the dual gas manifold to protect the medium. The temperature was
subsequently increased to 290 �C for 1.5 h. Finally, the reaction mixture was cooled
to room temperature under argon protection. The crude UCNCs were purified by
cyclohexane and ethanol using centrifugation. After centrifugation for twice, the
OA-capped csUCNCs were dispersed in cyclohexane for further use.

4.3 Ligand-Free Modification of csUCNCs for Hydrophilicity

The hydrophilicity of csUCNCs is indispensable for bio-applications. This can be
simply achieved by removing the hydrophobic surface oleate after successive
washing the as-synthesized csUCNCs with 2 M hydrochloric acid in the presence
of ethanol, water, and cyclohexane, followed by high-speed centrifugation for
30 min. The color of the csUCNCs obviously changed from brownish yellow to
transparent, and the ligand-free products can be dispersed in water to form stable
colloid due to the highly positive charged surface [48].

4.4 PAA Modification of csUCNCs

The as-prepared ligand-free sample can be capped with PAA due to the strong
interaction between the positively charged surface and PAA. Briefly, PAA is dis-
persed in deionized (DI) water with 1 M sodium hydroxide. Then, ligand-free
csUCNCs were added and stirred for 24 h. Then, the PAA-capped csUCNCs were
purified by DI water under high speed centrifugation. The PAA-capped csUCNCs
were ready for further surface modifications [49].

4.5 Photoluminescent Measurement and Surface
Characterizations

The UCL property of the as-prepared PAA-UCNCs can be measured by photo-
luminescent technique. The excitation source was either a continuous wave
(CW) 980 or 808 nm laser. The measurement was carried out in a commercial
Edinburgh Instrument FLSP920 spectrometer (Fig. 6.1a). The detailed configuration
of the photoluminescence spectra/lifetime measurement is shown in Fig. 6.1b. The
diode laser is aligned at a perpendicular geometry with respect to the detector path.
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The dispersed UCNCs were loaded into a cuvette cell and placed at the sample
holder.

In addition to possessing favorable optical property, surface functional groups are
essential for tumor targeting and bioconjugation for multimodal bioimaging and
biodetection, respectively. Fourier transform infrared (FTIR) spectrometry and zeta
potential (ξ) measurement can evident the presence of specific surface groups. The
FTIR spectrometer Vortex 70 from Bruker is shown in Fig. 6.2. The FTIR technique
utilizes the absorption property of the organic bonding in the functional group to
reveal the functional groups.

The Zetasizer from Malvern is shown in Fig. 6.3a; the folded capillary zeta cell
(Fig. 6.3b) is used to carry 1 ml of the liquid-phase sample of the UCNCs for
measurement. It is important to note that the cell is not suitable for using cyclohex-
ane as solvent. The ξ provides the polarity of the surface to further support the
existence of specific functional groups.

5 Key Research Findings

5.1 Multimodal Bioimaging Based on UCNCs

The inherent imaging modes of UCNCs are limited to UCL, MRI, and X-ray
imaging owing to the doping of Ln3+ ions. Different functional molecules or ligands
were integrated with UCNCs to form UC-based composites, meeting the increasing
demand for clinical imaging modes, such as PET, SPECT, USI, and PAI. The
motivation for developing multimodal bioimaging is the synergetic imaging effect
so that one of the imaging modes in those systems can compensate the weakness of
the others. This section will review the recent examples of multimodal bioimaging
based on different combinations.

Fig. 6.1 (a) Photograph of Edinburgh Instrument FLSP920 spectrometer and (b) configuration for
measuring photoluminescent spectrum of UCNCs; note that the laser is aligned perpendicularly to
the optical path to detector
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5.1.1 Bimodal UCL and MRI System
UCL imaging is able to provide high spatial resolution and high sensitivity, but the
imaging depth is relatively shallow compared to other imaging modes. MRI is a
well-known imaging technique that offers high-resolution, noninvasive, and three-
dimensional (3D) structural and functional information. The magnetic moments in
hydrogen nuclei align along a uniform magnetic field, and a radio frequency
(RF) signal will operate at the resonant frequency of the nuclei. The removal of
the RF signal results in the relaxation and realignment of the nuclei. Such relax-
ation will emit RF signal to be measured by a conductive field coil for reconstruc-
tion of 3D MR images. However, it is important to note that MRI is further divided
into T1-weighted and T2-weighted MRI which can be distinguished by the

Fig. 6.2 Bruker Vortex
70 FTIR spectrometer, the
system comprises of NIR and
MIR light source for
measurement. The MIR
configuration is used for the
investigation of surface
organic groups on UCNCs

Fig. 6.3 (a) Zetasizer from Malvern for ξ measurement and (b) folded capillary zeta cell with
electrodes for ξ measurement
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relaxation mode. T1 relaxation mode measures the time required for recovery of
longitudinal magnetization, while T2 relaxation mode measures time for the decay
of transverse magnetization. Nevertheless, both mechanisms can provide contrast
for diagnosis in MRI [50]. Our group had explored the magnetism of Gd2O3:Eu

3+

at different temperatures [51]. The underlying physics of the paramagnetic prop-
erty of Gd3+ in the host was investigated at 77 and 293 K. The difference in
magnetization can be ascribed to the reduced thermal fluctuation. In addition, we
reported a dual mode UCL/T1-MRI bioimaging system based on amine-
functionalized BaGdF5:Yb/Er UCNCs [46]. Fig. 6.4 shows that the UCNCs can
label HeLa cells under NIR excitation and present large longitudinal relaxation due
to UCL and the paramagnetic property of the doped Ln3+ ions. It is worthwhile to
note that surface passivation by polyethylene glycol (PEG) is preferred for in vivo
investigations because PEG can increase the circulation time in the microenviron-
ment and prevent non-specific bindings [52–56]. In a later work, Liu et al. reported
a PEGylated NaGdF4:Yb/Er UCNCs with antibody targeting function to image
intraperitoneal tumors and subcutaneous tumors [57]. The proof-of-concept sys-
tem showed promising tumor UCL imaging and T1-weighted MRI results by
comparing the bare PEGylated UCNCs, antibody-modified PEGylated UCNCs,
and commercialized Gd-DPTA. Owing to the active targeting ability of the anti-
body, the MRI contrast was greatly enhanced; this was supported by the strongly
shortened T1 values. Moreover, they investigated the clearance of UCNCs by
collecting the feces and urine of the mice and estimated a biological halftime of

Fig. 6.4 (a) Bright field and (b) green UC fluorescent (500–600 nm) in vitro images of 100 mg
mL�1amine-functionalized BaGdF5:Yb/Er colloidal UCNCs in HeLa cells after 24 h incubation.
(c) T1-weighted images of BaGdF5:Yb/Er UCNCs with different concentrations (mM) in water
(Adapted from Ref. [46] with permission. Copyright # 2012, Royal Society of Chemistry)
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the UCNCs of 1.4 d. Apart from T1-weighted MRI, UCNC-iron oxide-based
nanocomposites were reported for T2-weighted MRI because of the strong trans-
verse relaxation rate [58, 59]. Recently, Lee et al. reported the use of antibody-
modified NaYF4:Yb/Nd/Er@NaYF4:Nd csUCNCs for hepatocellular carcinoma
(HCC) UCL/T2-weighted MRI in an orthotopic rat model [60]. Nd3+ ion doping
can not only harvest 808 nm laser excitation but also endow paramagnetic property
to the system for MRI. They systematically proved the ability of the Nd3+-doped
csUCNCs and compared with ferumoxytol, which is a T2-weighted MRI contrast
agent under clinical trial. Their proof-of-concept design was subsequently used in
a tumor-bearing mouse for HCC surgical resection guided by UCL/T2-weighted
MRI. Their results indicated that the strategy may potentially aid the surgeons’
visual assessment of the surgical bed.

5.1.2 Bimodal UCL and PET or SPECT
PET scan is a well-known clinical bioimaging technique to reveal the functional
information of organs. The use of radioactive isotopes and PET-CT scanner is
essential to collect signal and render 3D information. Li’s group presented a sys-
tematic study of fluorine-18 (18F) decoration on various types of Ln3+ ion-doped
NCs for UCL/PET [61]. The 18F isotopes were attached onto the NCs due to the
strong binding to Ln3+ ions, and only 1 min sonication was required to yield high
loading of 18F. 18F–NaYF4:Yb/Tm UCNCs were chosen for PET scan, and such
scanning can reveal the real-time biodistribution of the injected UCNCs. The lymph
node imaging was carried out by subcutaneously injecting at the right paw of the
mice. Intense peak PET signal was detected at 30 min post-injection until 60 min
(Fig. 6.5). The results indicated that the 18F–UCNCs offered new opportunities for
future PET scan contrast agent. On the other hand, SPECT requires radioactive
tracer, which emits gamma ray photons. Subsequently, the emissions were collected
by a gamma camera for 3D construction of the images. The functional information of
organs can also be revealed by this type of imaging technique. For this point, one
should notice that PET and SPECT are similar, yet the key difference between PET
and SPECT is the use of different lifetime radioactive tracers. The lifetime of the
former is shorter than the latter because of the required scanning time. The study of
biodistribution of PEG-modified 153Sm-NaLuF4:Yb/Er UCNCs was done by Li’s
group (Fig. 6.6) [62]. They explored a useful strategy for changing the metabolism of
nanoparticles from a liver/spleen pathway to kidney/urine pathway. In a parallel
work, they reported a dual modal UCL/SPECT bioimaging system based on
EDTMP-capped 153Sm-NaLuF4:Yb/Tm UCNCs for blood pool imaging [63]. Due
to the small atomic radii of 153Sm, they can be easily doped into the UCNCs without
dissociation. After 30 min postinjection, the carotid artery, vertebral arteries, and
superior epigastric artery of the mice were all clearly imaged. In addition, citrate-
modified UCNCs and EDTMP-153Sm complexes were prepared as control materials
for comparing the circulation time with the EDTMP-modified UCNCs. The results
indicated that EDTMP ligand but not the dissociated EDTMP-153Sm moieties
contribute to the extended circulation time of the UCNCs.
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5.1.3 Bimodal UCL and USI or PAI
USI is a well-established, simple, and noninvasive clinical imaging technique
making use of the echogenicity of the tissues for imaging. Basically, US commonly
sourced from a piezoelectric transducer is reflected by the targeted tissues, and the
echo signals are collected to form the USI. Despite the noninvasive nature, USI is
limited by the imaging depth. To overcome this challenge, lower-frequency US is
needed; however images with lower resolution and poor contrast are resulted. It is
also noted that some fluids of living animals, such as blood and urine, are not able
to reflect US; in other words, these fluids are transparent to US and hardly produce
delicate USI of the tissues. Therefore, the Food and Drug Administration (FDA)-
approved microbubbles (MB) had been commercialized to meet the demand for
USI contrast agents [64]. Jin et al. reported a bimodal UCL/USI contrast agent by
attaching UCNCs to MBs via layer-by-layer assembly [65]. The conjugation was
achieved via the electrostatic attraction of the negatively charged polyacrylic acid
and the positively charged poly(allyl-amine hydrochloride). The conjugation was
verified by the green UCL emission under 980 nm excitation. They further used a
latex tube to stimulate the blood vessel of the human body, and enhanced US signal
was observed. This work offers new opportunities for future in vivo applications.
PAI is similar to USI because both imaging modes detect the acoustic wave for
imaging. PAI is another emerging imaging technique in the recent year because of
its high penetrating depth and high spatial resolution [66–68]. In brief, PAI is the
merge of optical and acoustic imaging; the PA effect is based on the temperature
rise-induced thermoelastic expansion. Such expansion produces ultrasonic waves

Fig. 6.5 (a) PET imaging and (b) PET/CT imaging of lymph node 30 min after subcutaneous
injection of 18F–UCNPs. 30 min after subcutaneous injection of 740 kBq/0.05 mL 18F – UCNPs
into the left paw footpad, signal in lymph node reached the peak intensity and maintained it to
60 min postinjection while as control-free 18F� ions injected into the right paw showed no
lymphatic imaging ability (Reprinted from Ref. [61] with permission. Copyright# 2011, Elsevier)
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which are subsequently transduced as imaging signal [66]. Some of the PAI-based
diagnostic work needed no PA contrast agents because of the inherent PA property
of the target, such as hemoglobin [69–71]. However, the use of contrast agents can
enhance the contrast of the target to the background blood vessels and tissues.
Moreover, contrast agents can be modified with targeting moieties or ligands for
active targeting function. Early work in UCL particles-based PAI system indicated
that the PA effect was due to the anisotropy and large aspect ratios [72]. In the same
year, Maji et al. synthesized α-cyclodextrin (α-CD)-modified NaYF4:Yb/Er
UCNCs for dual modal UCL/PAI [73]. The α-CD is rationally an effective UCL
quencher to give sufficient thermal expansion in water and induce PA effect. The
in vivo experiment was carried out by using a nanosecond pulse laser operating at
lower power so that any PA signals attributed to heating effect by 980 nm photons
can be minimized. The modified UCNCs were found to uptake at the kidney of the
mouse as shown in Fig. 6.7. This work opened the door for simple, low toxicity,
and deep penetration UCL/PAI.

Fig. 6.6 SPECT/CT images in vivo of the Kunming mouse injected intravenously with 0.2 mL
PEG-UCNPs(153Sm) (2 mg/mL, 1 mCi injection/mouse) at (a) 0.5 h, (b) 1 h, (c) 6 h, and (d) 24 h.
He heart, Li liver, Sp spleen, Ki kidney, Bl bladder (Reprinted with permission from Ref.
[62]. Copyright # 2013, Elsevier)
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5.1.4 Trimodal Imaging Systems: UCL, MRI, X-Ray, PET, SPECT, and PAI
The trimodal imaging systems provide additional modes compared to bimodal systems,
for example, X-ray imaging cannot image soft tissue, while MRI can compensate such
weakness. Therefore, trimodal bioimaging system based on these modes in UCNCs is
commonly used by researchers for biodiagnostics [74–79]. Our group synthesized
PEG-capped BaGdF5:Yb/Er UCNCs for trimodal UCL/MRI/X-ray computed tomogra-
phy (CT) by one-step hydrothermal method [44]. The simple design can integrate three
modes in a single-phase material system, and the synthesis is low-cost and easy for
implementation. The X-ray CT is more powerful than the ordinary X-ray imaging
because of the ability to render 3D volumetric information of organs. Figure 6.8
shows the X-ray CT image of the mice after injection of PEG-UCNCs at 0–120 min.
Initially, the bones of the mice were clearly seen, while no contrast was obtained in the
soft tissues. At 120 min, the spleen of the mice was imaged, and the result also suggested

Fig. 6.7 Single-wavelength PAI of a live mouse anatomy at 980 nm. (a–e) Individual anatomy
sections of the live mouse before intravenous injection of UC-α-CD. (f–j) Individual anatomy
sections recorded after 35 min post-intravenous injection of UC-α-CD. Dashed lines in figures (a)
and (f) indicate the positions of the mouse with respect to the viewer. Pointed areas in figures (g–j)
indicate the localization of UC-α-CD. (k) Three-dimensional rendering of scanned area. (l) Sche-
matic section corresponding to analyzed area (Adapted with permission from Ref. [73]. Copyright
# 2014, Wiley)
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Fig. 6.8 In vivo X-ray CT imaging of a mouse before and after intravenous injection of 500 mL of
PEG-modified BaGdF5:Yb/Er UCNPs (0.05 M) at different time periods: (a) pre-injection,
(b) 5 min, (c) 30 min, (d) 60 min, and (e) 120 min. The left panel: maximum intensity projection
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that PEGylation can increase the circulation time. In a parallel work, Xing et al. prepared
PEGylated NaY/GdF4:Yb, Er, and Tm@SiO2 csUCNCs decorated with gold nano-
particles (AuNPs) for trimodal imaging [80]. The addition of the silica shell layer can
increase the biocompatibility and provide a versatile silane surface for further functiona-
lization. In this case, the amine silane simply binds to AuNPs via electrostatic attraction.
Apart from presenting the data from UCL, MRI, and X-ray CT images, they also
worked on the Au/Y ratio for UCL intensity enhancement, in which the UCL intensity
could be enhanced by 3–5 times when the Au/Y ratio was 0.274. Recently, Liu et al.
showed that indocyanine green (ICG) decorated NaYF4:Yb/Er@NaYF4:Yb@
NaNdF4:Yb@NaYF4@NaGdF4 multi-shell UCNCs could be used for PAI/MRI/UCL
imaging [81]. The system can avoid the heating effect due to 808 nm laser excitation,
and ICG is a FDA-approved dye that can exhibit strong PA signal. In addition to typical
UCL and MRI studies, the PAI capability of ICG was shown to be high because PA
signal was detected from the concentration of 1 μg ml�1. Their PAI results indicated
that the system was able to image the small blood vessels under the skin with a distance
range from around 4.8 to 10 mm.

5.1.5 Others
The number of imaging modes in a UCL-based nanocomposite could be more than
three modes. Typically, Li’s group reported the study of tumor angiogenesis by using
a four-modal probe based on citrate-modified NaLuF4:Yb/Tm@153Sm-doped
NaGdF4 UCNCs, including UCL/X-ray CT/MRI/SPECT [82]. The monitoring of
new blood vessels in tumors paved the way for early tumor diagnosis and better
prognosis. The role of each imaging mode was distinct in this work. For example,
X-ray CTand MRI revealed the structure of the tumor, the real-time quantification of
the UCNCs at the tumor site was determined by using SPECT imaging, and the
leaking of UCNCs from tumor vasculature was observed by UCL imaging. The
study indicated that the four modalities in the UCNCs can be used for tumor
angiogenesis. A recent work from Rieffel et al. showed that the imaging modality
can be extended to six modes by using porphyrin-phospholipid (POP)-coated
NaYbF4:Tm@NaYF4 with 64Cu [83]. The system was able to demonstrate
UCL/fluorescence (FL)/PAI/PET/X-ray CT/Cerenkov luminescence (CL). It was
expected to be useful for the development of hyper-integrated imaging systems.

5.2 Luminescent Biodetections

Luminescent biodetection has been attracting substantial research attention because
of their portability, ease of readout, simple operation, and high sensitivity.

�

Fig. 6.8 (continued) (MIP); the middle panel: the corresponding 3D volume-rendered (VR) in vivo
CT images of mice; and the right panel: lateral view of 3D VR CT images (Reprinted with
permission from Ref. [44]. Copyright # 2012, Elsevier)
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UCL-based detection assays are more beneficial to the luminescent detections by
minimizing the photodamage to linkages and biomolecules, false-positive readouts
due to background, and autofluorescence. In practice, the figure of merits (FOM) to
evaluate a biosensor is the limit of detection (LOD) and specificity. However, one
should be aware of the differences in specific experimental conditions; such differ-
ences may affect both parameters significantly. This session will focus on reviewing
the recent advances in the development of homogeneous and heterogeneous assays.
Some works in homogenous detections had made breakthroughs by applying the
detection schemes in cell models.

5.2.1 Homogeneous Biodetection Assays
Homogeneous assays are mainly based on the aforementioned LRET or FRET
process [6]. In typical LRET or FRET process, the key components are energy
donor, recognition probe, energy acceptor, and the analyte. The probe is firstly
conjugated to the donor. Then, the acceptor is modified with the capturing mole-
cules. Specific binding of the donor to the acceptor occurred as a result of mixing
them with the analytes in the liquid. Finally, the changes in optical readout signals
will be observed when the donor and acceptor are in close proximity. As a result, the
changes in the signals will be used to quantify the amount of analyte in the samples
[84, 85]. Zhang et al. designed the antibody-conjugated upconversion nanobarcode
(UPNB) and secondary antibody-coated microspheres for multiplexed detection
assays [86]. The design made use of the specific binding of the mouse IgG
antibody-modified microspheres and the IgG-modified UPNB. However, the
proof-of-concept design was not used for detection in this work. Wu et al. used a
similar design for the simultaneous detection of aflatoxin B1 (AFB1) and ochratoxin
A (OTA) in food samples [87]. Their competition assay design involves the use of
antibody-modified magnetic nanoparticles and NaYF4:Yb/Tm (Er) UCNCs. The
role of the magnetic nanoparticles is to separate the unconjugated UCNCs. The
LOD for AFB1 and OTAwas around 0.01 ng ml�1. Previous study showed that UV
radiation induced reactive oxygen intermediate (ROI) to destroy nucleic acid strands
and nucleobase [88]. This gained an important insight into the research of
UCL-based assays. The effect of photodamage to DNA oligonucleotides (oligos)
was studied by Song et al. [89] They used nitroblue tetrazolium (NBT) to detect the
presence of ROI during the excitation of QDs and UCNCs because NBT can yield
characteristic absorption band at 450–700 nm in the presence of ROIs. Their
experiments proved that the excitation of UCNCs did not pose photodamage to the
DNA oligos. Our group also worked on the detection of H7 influenza virus oligos by
using amine-functionalized BaGdF5:Yb/Er UCNCs and AuNPs [29]. Influenza can
be rapidly spread and causes threat to human health. As a result, rapid, simple, and
low-cost sensors for such virus is urgently demanding. The LRET phenomenon was
evident by measuring the shift in lifetime after the UCNCs were hybridized with the
oligo carrying AuNPs and the system showed a LOD of 7 pM.

Apart from DNA oligos, luminescent detection assays can also contribute to
environmental pollutant detection. Li et al. presented the detection of Cu2+ ions in
water by using mesoporous silica-coated UCNCs [90]. The rhodamine B hydrazide
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(RBH) acted as a specific probe toward Cu2+ ions, while the silica shell can protect
the probe in physiological environments, and the sensor reported a LOD of 4.6 ppb.
Cyanide ions (CN�) are more toxic pollutants in water, and the intake of such ions
may inhibit respiration in mammalian cells. Yao et al. designed iridium (Ir) complex-
modified NaYF4:Yb/Ho UCNCs for the detection of CN� ions [91]. The detection
scheme is mainly based on the LRET process between the Ir complex and the
UCNCs; the addition of CN� ions suppressed the LRET in green emission from
UCNCs and hence manifested the detection process. Moreover, the red emission was
not affected by the addition of CN� ions; therefore it was used as an internal standard
for ratiometric detection. Such internal standard can avoid the external factors that
may potentially affect the detection. Tu et al. reported the detection of 2,4,6-
trinitrotoluene (TNT) by using NaYF4:Yb/Er UCNCs and AuNPs [92]. They utilized
the surface plasmonic resonance (SPR) enhancement effect on UCL to facilitate the
detection scheme. The detection made use of TNT-induced AuNPs aggregation for
such SPR effect. They found that the red UCL was proportional to the concentration
of TNT. The specificity of the system was evaluated by mixing four types of standard
nitroaromatic solutions; the results showed that their proposed system was stable and
highly selective. The previous works in in vitro and in vivo detection also made
significant advances. It should be noted that the microenvironment of cells or small
animals is more complicated than ordinary homogeneous assays; the first difference
is the salt concentration and ionic strength, and the second is the digestion of the
target ion or molecules by the cells. Deng et al. designed a manganese dioxide
(MnO2) sheet-capped core-shell NaYF4:Yb/Tm@NaYF4 UCNCs for intracellular
detection of glutathione (GSH) [30]. The detection scheme is well-illustrated in
Fig. 6.9a, in which MnO2 were selectively reduced to Mn2+ ions in the presence of
GSH. Therefore, the UCL emission initially quenched by MnO2 was recovered upon
the addition of GSH (Fig. 6.9b). Prior to the cell work, specificity tests were carried
out in the presence of different electrolytes and biomolecules. They tested the system
in two cell models with GSH enhancer, and the results indicated that the model could be
used for probingMnO2 nanomaterials. Liu et al. reported an ultrasensitive in vivo sensor
for the detection of hypoxia based on ruthenium(II) dichloride ([Ru(dpp)3]

2+Cl2)-mod-
ified NaYF4:Yb/Tm@NaYF4 UCNCs with hollow mesoporous silica shell
[93]. Hypoxia is a phenomenon that the surrounding sites of tumors are oxygen
deficient owing to enhanced tumor proliferative activity. The role of the silica was to
encapsulate the oxygen-sensitive probe [Ru(dpp)3]

2+Cl2. The blue photons resulted
from UC process at 980 nm excitation were absorbed by [Ru(dpp)3]

2+Cl2 via LRET
to give red fluorescence. The red emission from [Ru(dpp)3]

2+Cl2 is inversely related
to the oxygen content, enabling the proposed system to quantify the oxygen con-
centration. In addition to intracellular model, they worked on the zebra fish embryos
by injecting the nanosensors with 2,3-butanedione (BDM) for a cerebral anoxia
model into the embryos’ brain (Fig. 6.10). They observed the rapid increase of
luminescence until saturation in 12 min. Moreover, it is clearly showed that the
sensor was able to detect hypoxia reversibly by adding fresh water to recover the
oxygen content. Recently, Gu et al. developed a thiazole-derivative-functionalized
NaYF4:Yb/Tm/Er UCNCs for intracellular detection of Hg2+ ions [94]. The sensing
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mechanism was based on the recovery of the green UCL emission from LRET
process. The NIR emission of Tm3+ ions was used as the standard for ratiometric
detection. Moreover, they successfully detected as low as 200 μM Hg2+ ions by
incubating with HeLa cells.

5.2.2 Heterogeneous Biodetection Assays
Heterogeneous assays are operated on a solid-phase substrate, and they are usually
more sensitive than homogeneous assays despite the need for excess washing steps.
In some cases, such as lethal virus [95] and disease marker detections [34, 96, 97], a
high sensitivity (or high LOD) can be beneficial to early-stage diagnostics because
this can increase the survival rate. Huang et al. used LiLuF4 UCNCs to detect
β-subunit of human chorionic gonadotropin (β-hCG) [98]. In Fig. 6.11a, the
β-hCG antigens were anchored on a microplate followed by the addition of
biotinylated antibody. The avidin-modified UCNCs then specifically bind to the
antibody to emit a report signal for quantification of target antigen; hence the UCL
signal increased with the concentration of β-hCG (Fig. 6.11b, c). In addition, the

Fig. 6.9 (a) Schematic
diagram demonstrating
detection of GSH with MnO2-
nanosheet decorated UCNCs.
(b) Photoluminescence
response of MnO2-modified
NaYF4:Yb/Tm@NaYF4
nanoparticles as a function of
GSH concentration
(0–10 mM) in an aqueous
solution. (Inset) Plot of
luminescence intensity at
345, 476, and 647 nm,
respectively, against the
GSH/MnO2 molar ratio. The
spectra were recorded under
excitation of a 980 nm laser at
a power density of 10 W cm�2

(Adapted with permission
from Ref. [30]. Copyright #
2011 American Chemical
Society)
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heterogeneous assay indicated a LOD of 3.8 ng ml�1, which is comparable to the
β-hCG concentration in the serum of normal humans. The presence of pathogenic
bacteria in food is an important issue to human health. Wu et al. developed a
multiplex detection platform for simultaneous detection of three pathogenic bacteria
(Staphylococcus aureus, Vibrio parahaemolyticus, and Salmonella typhimurium) by
using NaYF4 UCNCs doped with Tm, Ho, or Er and magnetic nanoparticles (Fe3O4

NPs) [99]. Specific sequences of aptamer were anchored on different doping of
UCNCs as the probe to recognize different bacteria for multiplexed detection, while
the Fe3O4 NPs were conjugated with complementary DNA (cDNA) oligo sequences
to hybridize with the aptamer sequence partially. After the mixing of the UCNCs-
aptamer probe-Fe3O4 with the bacteria, some of the aptamer probe captured the
bacteria and forced the dissociation of the cDNA. As a result, magnetic separation
could be used to collect the excess UCNCs-aptamer probe-Fe3O4 for quantifying the
bacteria concentration indirectly. The use of magnetic separation had enhanced the
sensitivity, and the assay reported a range of LOD from 10 to 25 cfu ml�1. Our group
also designed a novel hybrid heterogeneous assay for the ultrasensitive detection of
Ebola virus oligos based on BaGdF5:Yb/Er UCNCs, AuNPs, and nanoporous
anodized alumina (NAAO) membrane [36]. As illustrated in Fig. 6.12, the amine-
functionalized UCNCs were anchored throughout the nanochannels of the NAAO
membrane, followed by the probe modifications. The targets carrying AuNPs were
injected for DNA oligo hybridization. The nanosensor displayed superior LOD to
homogeneous assay because the UCNPs were concentrated in the highly porous

Fig. 6.10 (a) CLSM images of living zebra fish embryos after injection of nanosensors followed
by adding BDM. UCL images were obtained for 28 min, under the excitation at 980 nm and
emission at 550–650 nm. (b) After adding fresh water, red emission in the brain was quenched
under NIR exposure, as indicated by black arrows. (c–e) Such process can be repeated for three
times. All images have the same scale bar (400 μm) (Adapted from Ref. 93. Copyright # 2014,
American Chemical Society)
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template; hence the light-matter interaction was enhanced due to the increased
capturing. Moreover, we stepped forward to test the clinical Ebola virus sample
from hospital. Importantly, the system was able to detect the virus RNA down to
femtomolar (fM) scale.

6 Conclusions and Future Perspective

The book chapter had discussed and reviewed the recent development of UCNCs-
based multimodal bioimaging and biodetection. Considering the intrinsic physical
properties of Ln3+ ions in UCNCs, they can not only enjoy noninvasive UCL but
also magnetism and X-ray attenuation properties. As a result, the three primary
imaging modes, UCL, MRI, and X-ray imaging, can be readily achieved by using
UCNCs. Although these modes possess their own drawbacks, the other modes can
compensate the weaknesses of each other. Apart from the physical properties, the
surface of the UCNCs played important role in the cell internalization and delivery to
the diagnostic site [100]. Suitable functional groups may show enhanced

Fig. 6.11 (a) The process and principle of heterogeneous UCL detection of β-hCG. (b) UCL
spectra of the bioassays using LiLuF4:Yb,Er@LiLuF4 core-shell UCNPs with 16 MLs as a function
of β-hCG concentration, each data point represents an average of three measurements. (c) Calibra-
tion curve of UCL detection for the integrated UCL intensity versus the concentration of β-hCG.
The control experiment was conducted using BSA instead of the β-hCG antigen as analyte under
otherwise identical conditions (Reprinted with permission from Ref. [98]. Copyright # 2014,
Wiley)
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internalization [47, 101] and the surface should be conjugated with targeting moiety
with passivation. Antibodies or peptides are usually conjugated to the surface for
localized delivery to the site of interest, while PEGs are preferred to protect the
UCNCs from non-specific binding [102, 103]. However, it remains a challenge for
UCNCs-based contrast agents to advance into the field of real clinical trials. First, the
size of UCNCs is of great concern because optimal size of tens of nanometers is
favorable for internalization. Currently, the use of csUCNCs becomes a well-
accepted route because such cs structure can enhance the emission intensity and
shift the excitation wavelength to around 800 nm. However, it should be noted that
the growth of shell layers will compensate the size factor; therefore the researches on
optimizing the size while maintaining the desired optical properties should be
needed to meet the requirements. The large size of UCNCs also contributes to the
clearance issue in living animals; hence it eventually leads to other toxicity issues.
The toxicity and clearance is a crucial issue that hampers the further advance of
UCNCs for clinical trials [104]. Xiong et al. had done a l15-day in vivo distribution
of PAA-UCNCs examination in a mice [105]. The results indicated the toxicity of
UCNCs was low. More similar or in-depth studies are required to establish the
database for UCNCs toxicity. Nevertheless, one of the merits of multimodal imaging
is to avoid the need of injecting multiple contrast agents for different imaging
studies.

For biodetection, UCL-based assays have been developed as an alternative to
conventional fluorescent assays. The key advantage mainly stems from the use of
NIR excitation, because NIR is transparent to biological species and hence poses
minimal photodamage. Numerous proof-of-concept homogeneous and heteroge-
neous assays were reported for the detection of disease and tumor markers and
virus DNA oligos. The test by using clinical samples from hospitals is essential

Fig. 6.12 Schematic diagram of Ebola target oligo detection based on LRET biosensor with
energy transfer from UCNPs to AuNPs on NAAO membrane (Reprinted with permission from
Ref. [36]. Copyright # 2016, American Chemical Society)
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because this can deviate the testing conditions from the ideal experimental condi-
tions; the results can appeal more to real and on-site detection conditions
[106]. Apart from clinical samples, the reliability of the reported biosensors is
another key issue because those data can validate a detection scheme or device.
The sampling and disturbance test data may be provided for such purpose. Another
direction is to fabricate small devices based on the proof-of-concept experiment
because luminescent assays belong to quick test that should allow easy operations
and access for the public. The development of luminescent assay cannot replace
the existing well-known PCR (polymerase chain reaction)-based and ELISA
(enzyme-linked immunosorbent assay) techniques. Instead, luminescent assay
should play a role for rapid screening because the strength of the assay is simplicity,
considering the availability of cheap and compacted light sources as well as detec-
tors. Moreover, the relevant studies of microarray biosensors had produced high
impacts in recent years. These arrays can simultaneously detect different types of
analytes [107]. The coupling of microarray technique with UCL can further realize
the potential ability of UCL for rapid, sensitive, and simple detection schemes.
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1 Definition of the Topic

Label-free Raman imaging is a noninvasive spectroscopic method for investigating
the nature and distribution of molecular species within a sample. In this chapter, we
describe the applications of conventional Raman imaging, as well as the related
techniques of coherent anti-Stokes Raman scattering (CARS) and stimulated Raman
scattering (SRS) imaging for medical, life sciences, and other biological
applications.
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2 Overview

The application of Raman imaging to a wide range of biological materials has shown
very promising results and is now providing biological insights that are not available
to other methods. In this chapter, we first discuss typical experimental considerations
for Raman, CARS, and SRS biological imaging in terms of sample preparation,
instrumentation and measurement parameters, data processing, and data analysis
approaches. Secondly, we discuss the recent applications of Raman, CARS, and SRS
imaging of biological materials ranging from human cells and tissues for disease
diagnosis to nonmammalian samples including plants, shellfish, algae, and nematode
worms. The three techniques have been used to investigate wide-ranging topics from
organism development, disease progression, drug uptake and metabolism, the effects
of environmental pollution and toxin effects on cells, all the way through to testing
the quality of food products, drugs, and even biologically derived charcoal. Finally,
information obtained from Raman, CARS, and SRS images can be complimented by
other techniques, and we discuss various multimodal imaging approaches that have
been employed for biological analysis.

3 Introduction

Raman spectroscopy is based on the inelastic scattering of light, i.e., where incident
and scattered photons have different energies, or frequencies, after interaction with
matter. The frequency shift between the incident and scattered photons is indicative
of the vibrational level of a molecule [1]. Therefore, a Raman experiment gives rise
to a spectrum containing information about the chemical bonds present in a sample
and can be thought of as a “fingerprint” of a sample. Raman spectroscopy has been
used to characterize many different sample types in fields as wide ranging as
materials science, organometallic chemistry, and geology [2]. However, key instru-
mentation advances such as the advent of laser-based Raman spectrometers in the
1960s [3] and their combination with optical microscopes in the 1970s opened up
applications in fields that had often proved challenging with weaker excitation
sources [4], including the analysis of biological materials.

Subsequent developments in instrumentation have improved the speed of collec-
tion to such levels where, in the last few years, it has been possible to measure
Raman images, where each pixel contains a Raman spectrum with sufficient signal to
noise for subsequent data analysis, within a few minutes. This has facilitated the
application of Raman imaging to many types of biological samples, including live
cells and tissues, providing information on the spatial distribution as well as the
nature of the chemical components of the sample. Some studies have also shown that
time-lapse Raman imaging is possible (for examples, see [5–7]) providing additional
temporal information on changes in chemical distribution and composition.

Raman spectroscopy has a number of advantages over other analytical imaging
techniques such as fluorescence imaging. In general, Raman spectroscopy is non-
destructive, meaning that a sample can be measured multiple times, for Raman-based
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time-lapse imaging or for subsequent measurements with other analytical tech-
niques. In contrast to many biological assays, this allows Raman measurement
while the sample continues to carry out its normal function, e.g., cells can be
reimplanted and continue to develop. Raman spectra can be collected from samples
in many forms such as liquids, including aqueous solutions, soft and hard tissues,
solids, and powders. Samples can be relatively simple compositions, as may be
found in a pharmaceutical tablet, or more complex mixtures of components that may
be present in tissue sections or whole organisms. This flexibility in sample format
means that sample preparation steps are often simple and can be kept to a minimum
to avoid inducing noticeable changes in the sample under investigation. In addition,
it is possible to measure samples in conditions that mimic, or are close to, the normal
sample environment, particularly useful for in vitro cell or in vivo tissue analyses, for
example.

One of the main advantages of Raman spectroscopy is that it does not require the
use of labels to identify sample components, which is particularly beneficial where
the presence of a label may perturb the sample. This means that no prior knowledge
of the sample composition is needed to perform a Raman experiment and Raman
spectroscopy therefore has the potential to measure previously unknown compo-
nents in a sample. (It is worth noting that although Raman spectroscopy can be
performed on labeled samples, including Raman-active dyes, deuterium-labeled
samples, and molecular tags that produce bands in the silent region (e.g., [8]),
these are not routinely applied in Raman experiments.) The imaging studies outlined
in this chapter have all been restricted to those that do not use labels, including
deuterium labeling, or the use of signal enhancement, e.g., from surface plasmons,
utilized in techniques such as tip-enhanced Raman scattering (TERS) or surface-
enhanced Raman scattering (SERS). Readers interested in biological applications of
these enhanced Raman techniques are referred to several recent reviews on the topic
(e.g., [9–11]). In addition, the other imaging techniques described in the multimodal
Raman section have been limited to those that also do not require any sample
labeling.

With improvements in the speed of Raman imaging measurements in recent
years, there has been a corresponding increase in the number of published studies
using Raman imaging, particularly for biological applications. While there are a
number of recent reviews detailing the current status of Raman imaging for partic-
ular topics within bioanalysis, such as focusing on plant biology, hard tissue
applications, and so on, this chapter aims to showcase the wide range of biological
and medical-related applications utilizing Raman imaging. Although this chapter
primarily focuses on spontaneous Raman imaging, there are several other label-free
Raman techniques available that can vastly improve imaging speed, but at a trade-off
of spectral resolution and range. CARS and SRS are the most well-known
approaches and use coherent nonlinear effects to boost the measured signal. As
such, an overview of the implementation and types of results obtained with CARS
and SRS is also included. Raman, CARS, and SRS can all, potentially, be combined
with other techniques to provide additional information on the nature of the sample
under investigation. Therefore, the final section of this chapter focuses on recent

7 Label-Free Raman Imaging 279



developments in combining Raman-based imaging modalities with other imaging
techniques including infrared spectroscopy, mass spectrometry, digital holographic
microscopy, and Brillouin imaging.

In the following chapters, we will outline some of the main considerations
Raman, CARS, and SRS imaging including sample preparation (Chap. 2.1), instru-
mentation (Chap. 2.2), and data analysis (Chap. 2.3). In Chap. 3, we summarize the
key research findings in the last few years, primarily from 2010 onward, in the fields
of Raman (Chap. 3.1), CARS and SRS (Chap. 3.2), and combined imaging
approaches (Chap. 3.3) for applications in biosensing and medical diagnosis.

4 Experimental and Instrumental Methodology

4.1 Sample Preparation

Raman spectroscopy can be performed on a wide range of different sample types
from solutions such as tears, blood, plasma, and other bodily fluids (see Baker et al.
[12] for a recent review) to solid materials including teeth and bones (see
Gamsjaeger et al. [13] for a review). In terms of imaging studies, Raman has been
used to study a wide range of both soft and hard tissues in organisms ranging from
humans and other mammals to plants, fungi, and bacteria. Each of these sample
types has their own preparation constraints, and some example protocols have been
outlined in a recent review [14]. Some general considerations for both soft and hard
tissues are discussed below.

4.1.1 Sample Considerations
While sample preparation for Raman imaging is usually straightforward, there are
some factors that should be considered to ensure good-quality images. In general, it
is more challenging to perform Raman spectroscopy on dark-colored samples than it
is for lighter-colored or transparent samples, as darker colors can absorb the excita-
tion laser light resulting in damage to the sample. For example, Zhang et al. noted
Raman spectroscopy of black hair was difficult due to the melanin content which
absorbed the laser light resulting in sample destruction and so restricted their
analyses to lighter-colored hair [15]. Therefore, on darker pigmented samples, it
may be necessary to limit the excitation laser power used to prevent sample damage
or shift the wavelength to a nonabsorbing region, both of which can have an effect on
the signal-to-noise quality of the generated Raman spectra.

In many exploratory Raman studies, it can be useful to compare the Raman
images obtained with other imaging techniques, one of the most established being
fluorescence imaging. Fluorescence imaging (unless limited to autofluorescence)
requires the use of labels, either through the use of dyes, immunostains, or expres-
sion of fluorescent proteins such as green fluorescent protein (GFP) in the cells or
tissues of interest. In general, the presence of these labels will generate a broad
fluorescence signal that completely obscures the Raman bands in a spectrum. This
precludes the use of pre-stained samples for Raman, i.e., any fluorescence labels
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should be added after the Raman imaging has been performed, and means that
Raman imaging cannot routinely be applied to cells or tissues from transgenic
animals expressing fluorophores.

Currently, most Raman imaging of cells has been based on those in 2D cell
culture, i.e., individual cells or monolayers of cells. However, in the last few years
the possibilities of using 3D cell cultures have emerged. With continuing advance-
ments in fields such as scaffold engineering and tissue fabrication [16], or tumor
tissue architecture [17], for example, the ability to measure biomolecules, cells, and
tissues in 3D will be a key tool for future research in these areas. While the
practicalities of successful 3D cell culture preparation are beyond the scope of this
chapter, it is worth noting that it has already been shown that Raman spectra of
sufficient quality for analysis can be obtained from within both spheroidal 3D
cultures, approximately 300 μm depth, and cells embedded in a matrix, at approx-
imately 120 μm depth when using 785 nm excitation [18]. The effects of the laser
excitation wavelength on the penetration depth achievable are discussed in more
detail in the Raman instrumentation section. In a similar manner, imaging of both
hard and soft tissue has often required sectioning the sample to produce thinner, and
often flatter, subsections of the sample for analysis. Depending on the strength of the
sample, sectioning can result in tearing, fracturing, or other distortions to the sample.
As such, developments in imaging of 3D cell cultures may also be useful for imaging
of tissues by reducing the need for sectioning or may have an impact on the
applications of Raman imaging in surgery, for example, where tissue sectioning
prior to measurement is not possible.

4.1.2 Live Versus Preserved Samples
While it can be argued that imaging live samples, in conditions close to their natural
environment, is most desirable, it is not always possible to do so. Examples where
imaging live samples is not feasible include the use of nonsimultaneous multiple
imaging techniques where movement in the sample between measurements will
affect image registration, where the phenomenon under investigation occurs faster
than the time taken to collect an image, or where samples must be collected in a
different location to the imaging measurement, e.g., tissues collected during surgery
or from tissue banks. In circumstances where samples need to be preserved prior to
measurement, determining which fixation method to use can be a challenging
question. A number of studies have investigated fixation and cryopreservation
methods for cells [19, 20] including oocytes [21] and tissues [22–24] in terms of
their effects on sample morphology and biochemical composition as well as on
Raman spectra and image quality. Chemical fixation methods, such as formalin
fixation, and cytocentrifugation have been shown to preserve the cell in a state
close to that of live cells, while air-drying results in more distinct changes
[19]. When using chemical-based fixation methods for cells, aldehyde-based fixation
protocols perform better than alcohol-based methods, and parameters such as the
temperature of the fixation media also influence the quality of both the Raman
images and spectra [20]. In tissues, common fixation, embedding, and dewaxing
procedures can lead to a loss of lipid content, with the consequence that other cellular
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components such as proteins are relatively enriched in the resulting spectra
[23]. Depending on the tissue, xylene removal may not be completely effective,
resulting in some paraffin signal present throughout the sample, and may be partic-
ularly prevalent in some tissue types. This paraffin residue can also affect the
interpretation of molecules in the tissue section that have a spectral overlap with
paraffin, such as phospholipids [22]. However, the spectra are still detailed enough to
allow for clear determination of different tissue layers in skin [24] and colon tissue
[22], for example.

Although not commonly analyzed by Raman imaging, it is also possible to
measure biofluids, and for imaging, this would generally mean that the biofluid
would be dried out on a suitable sample carrier so that variations in sample
composition can be measured. When using this approach, it is important to consider
the concentration of the sample deposited onto the sample carrier as greater homo-
geneity in the distribution of components is seen for more dilute samples, as was
shown for proteins in synovial fluid [25].

4.1.3 Sample Substrates and Imaging Environment
The substrate that a sample is placed on for measurement can influence the Raman
spectrum, especially if the sample is relatively thin, for low numerical apertures, or
if Raman spectra from z-positions close to the substrate are needed. Many plastics,
such as those used for cell culture dishes, are not suitable for Raman imaging as
they give rise to very strong Raman spectra. Glass microscope slides and coverslips
can be a suitable option, particularly when using longer excitation wavelengths,
although most glass slides do produce some broad bands below approximately
1000 cm�1 which can be particularly noticeable in spectra collected close to the
glass surface. Quartz microscope slides and coverslips also give rise to relatively
weak, broad Raman bands, but these tend to cover a more limited wavenumber
range than those observed with glass substrates, making quartz a good option. In
terms of cell imaging, cell culture dishes with either glass or quartz bottoms are
available, allowing cell culture and Raman measurements to be performed on the
same substrate, minimizing the environmental change experienced by the cells.
Good-quality CaF2 exhibits a strong Raman band at approximately 321 cm�1 but
does not give rise to strong bands in the fingerprint or high wavenumber regions,
particularly when using visible excitation [26, 27]. Therefore CaF2 slides can also
be used for Raman imaging in cases where the low wavenumber regions are not
required. Other common sample carriers may not always be suitable for Raman
imaging, depending on the nature of the sample. For example, cells do not appear
to proliferate well on ZnSe [28], while other substrates may alter the Raman signal
obtained, e.g., MirrIR Low-E glass slides can increase the Raman signal via
reflections but require measurements to be performed in a transflection orientation
[29] which may not always be desirable.

Depending on the sample, the substrate may need to be treated in order that the
sample adheres to the substrate. This is common for cell imaging where the substrate
is coated with compounds, often proteins such as gelatine [30] or poly-L-lysine,
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which cells often adhere to better than the bare substrate. For other samples, such as
nonadherent cells, samples may have to be embedded in a matrix prior to measure-
ment. Example matrix materials include cellulose, methylcellulose, collagen, glyc-
erol, and complex matrices such as Matrigel. However, it should be noted that all of
these matrix compounds produce Raman spectra of their own, and so careful
selection of the right matrix material should be based on minimizing the spectral
overlap with the sample of interest.

Hard tissues and many preserved samples can be measured in air. However, for
live samples, and indeed some preserved samples, they should be immersed in
liquid during the Raman imaging experiment in order to prevent the sample drying
out. Raman spectra are not strongly affected by the presence of water, allowing the
use of aqueous solutions for sample immersion. Although water may be suitable
for some preserved samples, for most live sample imaging and particularly for
longer-term imaging, additional salts and sugars are needed to maintain the health
of the sample. Simple buffers such as phosphate-buffered saline supplemented with
an energy source such as glucose do not generally make a significant contribution
to the Raman spectrum of the immersed sample. It is also possible to measure
samples in common culture media such as RPMI 1640, DMEM, MEM, etc. as long
as they do not contain colored indicators such as phenol red, which create signif-
icant background contributions to the Raman spectra, often completely swamping
any Raman signals from the sample. Supplemented culture media, e.g., with fetal
bovine serum added, can still be used during Raman imaging experiments, but
depending on the concentration of the supplemented compounds, they may con-
tribute to the Raman spectrum.

4.1.4 Sample Number and Statistical Significance of Results
Finally, when designing any experiment that uses human or animal samples, or other
samples that are in limited supply, it is important to consider the number of samples
that should be analyzed. For exploratory studies, the sample number may not be as
important, but for any studies from which conclusions about human health, disease
markers, purity assessments, and so on are drawn, it is important to ensure that a
sufficient number of samples are analyzed to ensure the conclusions drawn are
robust and unbiased. The number of samples that will be required for a particular
study is dependent on several factors including the type of samples, the hypothesis or
scientific question under investigation, and the confidence limits required for
reporting the data. More information on the parameters affecting the appropriate
number of samples for a study and methods to determine appropriate samples sizes
have been outlined previously (e.g., [31–33]). With spectroscopic data in mind,
detailed information on the selection of the appropriate number of statistically
independent samples for use in classification models has been provided by Beleites
et al. While they focus on classifier training and testing, the points covered are also
applicable to other experiments (i.e., where classifier training is not used) including
where limited sample numbers are available [34].
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4.2 Instrumentation

4.2.1 Raman Instrumentation
The components of typical Raman microscopes have been comprehensively
described in recent reviews by Butler et al., Krafft et al., and Pence and
Mahadevan-Jansen [14, 35, 36]. Therefore, in this chapter we have concentrated
on those elements of particular importance for the analysis of biological specimens
and the developments in instrumentation that are specific for imaging microscopes.

Raman spectroscopy can be achieved using excitation wavelengths from the UV,
through the visible range, and into the infrared with the wavelength employed
influencing several aspects of the Raman spectra obtained from biological samples.
Using near-infrared (NIR) excitation wavelengths avoids the problems of fluores-
cence, partly due to the fact that the excitation photon energy is lower and cannot
drive the same transitions to fluorescing excited states that occur with visible photon
energies. Additionally the Raman spectrum and fluorescence do not overlap signif-
icantly [37] and NIR light penetrates deeper into tissues such as skin [38], compared
with visible and UV light. However, as the efficiency of most CCD detectors is lower
in the NIR region, and the Raman intensity is inversely proportional to the 4th power
of the excitation wavelength, acquiring Raman spectra with good signal to noise in
the NIR can require relatively long collection times [37]. Measurements taken with
excitation lasers operating in the visible region, therefore, benefit from increased
Raman intensities and better detector efficiencies; however, this is at the cost of
increased overlap with fluorescence contributions to the Raman spectrum. Despite
this, many of the studies discussed in 3.1 have been performed with visible excita-
tion, both in the green and red regions of the electromagnetic spectrum. The UV
region of the spectrum generally suffers less from fluorescence contributions [37]
but, due to the high energy of the excitation light, can cause photodamage and
photodegradation of the sample. Deep UV imaging is not commonly carried out due
to the risk of sample damage. However, under carefully controlled conditions, it is
possible and generates Raman images rich in information on nucleic acid bases and
aromatic amino acids. Adding Lanthanide ions can also significantly extend the
sample lifetime under deep UV imaging conditions [39]. The choice of excitation
laser may also depend on the sample under investigation as resonance enhancement
of Raman signals can occur when the excitation wavelength is close to an electronic
absorption band in the sample [40]. As examples of molecules of biological interest,
resonance Raman spectra of nucleic acid bases and aromatic amino acids can be
recorded with UV excitation, while carotenoids such as β-carotene and heme-based
molecules generate resonance Raman spectra at visible wavelengths [40, 41].

Raman measurements were initially performed as point-based measurements (see
Fig. 7.1a for a basic overview of a Raman microscope), which eventually led to the
ability to capture high-quality spectra from distinct points in biological samples
using confocal detection around the early 1990s, where the techniques were referred
to as “microspectroscopy” rather than “imaging” [42]. The approach was initially
very limited in terms of speed: if the detector is only one dimensional and the
acquisition time for a single Raman spectra is in the order of seconds, then modest
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a Raman Microscopy

b Coherent Anti-Stokes Raman Microscopy
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Fig. 7.1 Basic outline of instrumentation for (a) Raman, (b) CARS, and (c) SRS microscopes. In
all cases, many optical components such as lenses and filters have been omitted for simplicity. In
addition, only the laser path is represented, and indications of laser beam width, polarization, etc.,
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sized Raman images could take hours to acquire (e.g., 100 � 100 pixels, 1 s per
pixel, ~3 h). Especially for biological samples, where higher power may result in
sample damage, and even fixed samples that may degrade over long measurement
times, there has been a strong need for faster Raman imaging. Significantly faster
biological images can be obtained by using a line-shaped focus with a
two-dimensional detector, modality [43], allowing the observation of biological
dynamics with a time scale of minutes, such as apoptosis [44]. The 2D detector
allows for the parallel acquisition of all spectra from each point in the line-shaped
focus. For the current state of the art, high-end deep-cooled CCDs can collect more
than 90% of the incoming light, the laser excitation can be applied up to the limits of
sample damage, and the numerical aperture (capture angle) of the microscope
objectives is effectively maximized; the imaging speed for diffraction limited images
by spontaneous Raman can be on the order of minutes per cell and not substantially
faster unless some other factors are exploited. One intuitively obvious way to
improve imaging speed is to reduce the sampling points. Interestingly, this does
not always result in a significant degradation of the final image. Spectra taken from
points in cells separated by much more than the diffraction limit can show notably
different features [45], but in general, the oversampling in order to maximize
resolution includes a large amount of redundant spectral measurements that are not
significantly different from their adjacent pixels. This depends of course on the
spatial variability of the sample but also results from the physics of the microscope
itself, where the point spread function blurs each measured point. To avoid excessive
blur, oversampling is common, but for more uniform samples, where the differences
from region to region are more gradual, such requirements can be relaxed in order to
speed up the measurement time. Even for highly heterogeneous samples, intention-
ally undersampling and using compressed sensing reconstruction techniques can be

�

Fig. 7.1 (continued) are not shown. (a) Raman microscopy. Laser light is directed to the sample on
the microscope stage via a microscope objective, illuminating a point on the sample. Backscattered
light is directed via a bandpass filter through a notch filter (rejecting light that is the same
wavelength as the laser excitation) and slit (controlling the amount and angle of the light entering
the spectrograph) before dispersion of the light, via gratings, and collection on the CCD camera.
The addition of cylindrical lenses in the system, in conjunction with a 2D detector, results in parallel
collection of spectra from all points along a line illumination on the sample. (b) CARS microscopy.
Many different instrumentation approaches have been used for CARS microscopy, and so only a
stylized version is given here. Two laser wavelengths, a pump beam and Stokes beam, are directed
to the sample via a microscope objective. The output light is collected via a second objective and
detected via a spectrograph and CCD camera. Generation of the two laser wavelengths is often done
using a pulsed laser in conjunction with an optical parametric oscillator (OPO) or optical parametric
amplifier (OPA) or in conjunction with a photonic crystal fiber. (c) SRS microscopy. Similarly to
CARS, SRS employs two laser wavelengths, a pump beam and a Stokes beam, with the intensity of
one beam modulated. These beams are directed to the sample via a microscope objective where
(in the presence of a resonant vibrational mode) some degree of modulation is transferred between
the two beams. The light is collected via a second microscope objective and the change in
modulation of the beams detected via photodiodes attached to a lock-in amplifier
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very powerful in optimizing the total information acquired for a given amount of
measurement time and laser power [46].

For larger samples, particularly tissue sections, even with improvements men-
tioned above, measurement times with full imaging can still be prohibitive. Various
approaches to better “target” the Raman measurements to specific regions of interest
have been suggested in order to further reduce measurement times required. The
majority of these approaches involve combining Raman imaging into a multimodal
system where other analysis techniques provide an overview of the sample
(discussed in more detail in the multimodal imaging section) allowing Raman
measurements to be taken from the regions of interest identified by the other
modality. By using scanning mirrors, it is possible to select regions in a cell and
determine how much spatial information to average from the sample, which can
result in improved Raman spectra compared to single point or even full imaging
[47]. Another approach is to use the Raman data collected as a means of determining
the next measurement points. Rowlands et al. implemented this approach by first
taking two spectra at random. Next they calculated a cubic spline interpolant and a
Kriging interpolant between these two points. Depending on the result from the
Kriging interpolant calculation, the next measurement point is taken as either the
position furthest from those already measured or the position with the largest
difference between the two interpolants. The process is repeated with the new
measurement points until the difference between the two interpolants reaches an
acceptably small level. The increase in overall measurement speed is based on the
assumption that these two interpolant values will converge in areas where there is
little variation in sample features. This should result in fewer measurement points
taken in these regions while concentrating the measurements in areas with higher
variability [48]. An alternative method for reducing the number of spectral measure-
ments required to analyze a sample is to employ compressed sensing approaches,
where a signal can be reconstructed from a sparse subset of data points. This
approach has recently been applied to hyperspectral Raman images, without the
need for microscope modifications. High-resolution and relatively low-noise Raman
images could be reconstructed from five times less data point sampling than would
be used in conventional image Raman imaging, increasing the speed of measure-
ment. The reduced exposure time for the sample has added benefits of reducing
photobleaching on sensitive samples [46].

4.2.2 Coherent Anti-Stokes Raman Scattering (CARS) Instrumentation
The discussion so far has been concentrated on spontaneous Raman scattering,
whereby an incident photon is scattered according to the vibrational bonds in the
sample. The excitation light does not need to be coherent, although in practice, lasers
provide the most efficient narrow bandwidth and easily focused excitation fields.
The low Raman scattering cross section for most biological materials means that the
techniques require large photon flux, optimized collection geometries (i.e., high NA
lenses), and sensitive detectors. With excitation powers approaching the limits of
sample damage, one approach to improve signal is to tune the laser excitation to
resonate with a vibrational band of interest. This then requires coherent excitation
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and is usually implemented with pulsed lasers. Pulsed lasers have the additional
advantages of having high peak power, which is necessary to drive the nonlinear
interactions, and are usually tunable. Coherent Raman techniques have limitations in
the ability to measure and quantitatively interpret rich spectral information, but
rather than competing directly with spontaneous Raman spectroscopy in terms of
spectral range and resolution, they are usually exploited for their strengths, which
include the ability to provide high-speed, high-contrast spectral imaging. Until now,
the most common way to use nonlinear coherent effects to boost the Raman signal
has been to use coherent anti-Stokes Raman scattering (CARS) that can be used as an
imaging mode [49]. It is also possible to combine CARS in a complementary manner
with spontaneous Raman spectroscopy to provide detailed spectra from one mode,
with high signals from the CARS mode [50].

CARS imaging is implemented by using two wavelengths of laser excitation, one is
the pump beam which drives a molecular excitation to a virtual state, which can then
be driven, by stimulated excitation, down to a vibrational state by a Stokes beam
(Fig. 7.1b). The molecule can then be excited to a higher virtual state and driven by
stimulated emission down to the ground state. When the frequency difference between
the two incident beams is resonant with a vibrational transition in the sample, the
output signal increases. With the pathways involving virtual states, the process occurs
essentially instantaneously, following a four-wave mixing process, rather than follow-
ing actual excitation and de-excitation transitions which occur in fluorescence. This
means that the output CARS light is coherent and directional. This has implications for
detection methods including the possibility of gating the detection to reduce back-
ground signals, as well as control of the wave front and optimizing detection effi-
ciency, while maintaining polarization. It also makes the process highly nonlinear with
regard to the incident laser intensities. These points allow a degree of optical section-
ing which, in conjugation with the near-infrared wavelengths, allows imaging in tissue
samples that are difficult to image by spontaneous Raman imaging. For CARS, the
fact that the anti-Stokes shift is used means that the output signal is also far away from
the Stokes fluorescence typically generated from the sample.

While CARS imaging is a relatively complex imaging mode, in its most basic
form, it provides only the spatial contrast resulting from a single vibrational mode. In
practice this can be useful, but the ability to record multiple bands, or an entire
spectrum, remains a key strength of spontaneous Raman imaging. CARS research
has therefore pushed toward acquiring hyperspectral information. There are two
instrumental approaches to achieving hyperspectral CARS imaging. One is to
change the laser wavelength to achieve the signals for each vibrational modes of
interest. The second is to use a broadband source to produce multiple excitations of
vibrational modes [51].

The rapid pace of development in CARS techniques means that there are a large
amount of different reports using different variations in instrumentation, and a full
discussion is beyond the scope of this current work. However, key features of CARS
include the spectral selectivity and high-speed imaging capability [52]. The inherent
nonlinearity in CARS can also be exploited to increase both spatial and spectral
resolution by measuring the onset of saturation in the CARS signals [53].
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4.2.3 Stimulated Raman Scattering (SRS) Instrumentation
There are multiple ways in which coherent excitation and nonlinearity can be
exploited to achieve high signals in Raman measurements. Aside from CARS
techniques, discussed above, pulsed laser excitation can be used to stimulate
Raman scattering, known as SRS. SRS can be used as a rapid imaging modality,
with tunable selectivity for bands of interest. A good overview of the technique, with
an explanation of the differences between SRS, CARS, and spontaneous Raman
scattering, is available [52]. A significant advantage of SRS over CARS is the
reduced background signal contribution. In terms of implementation, SRS uses
two pulsed laser beams at pump and Stokes frequencies (Fig. 7.1c), and the intensity
of one of the pulsed beams is modulated. Due the nonlinear interaction of the two
laser beams, which occurs in the presence of a resonant vibrational mode at the laser
focus, a degree of modulation is transferred from one beam to the other. This can
then be detected using a lock-in amplifier and is related to the amount and type of
vibrational modes in the sample, producing imaging contrast. SRS shares some of
the overall limitations of CARS in the sense that it is challenging to acquire full
spectra, but a number of different approaches have been made toward this goal
[54]. High frame rate imaging, while stepping the spectral collection range, has
already been demonstrated at video rates and above [55].

4.3 Data Analysis

4.3.1 Data Pre-processing
Interpretation of Raman spectra, especially Raman spectra acquired during imaging
(which tend to have lower signal-to-noise levels than point spectra), usually requires
some level of pre-processing before analysis, either by visual inspection of the
spectra or by subsequent analysis by chemometric algorithms. Many of the points
for consideration have also been discussed in a recent review by Byrne et al. [56],
and particular attention to how experimental parameters affect Raman peak intensi-
ties, and hence Raman quantification, has been addressed by Kumar et al. [57]. Ide-
ally, when analyzing Raman spectra, there should be no contribution to the spectra
from any source other than the sample. While it is not always feasible to remove all
other influences to the spectra, pre-processing steps aim to remove non-sample
contributions as much as possible. Roughly, the sources of influence on the spectra
arise from the instrument, the substrate, and the sample itself.

The exact performance of Raman instruments will vary slightly from machine to
machine and will also change over time for an individual instrument particularly
where maintenance procedures such as laser alignment or replacement of compo-
nents are performed. Therefore, in order to allow comparisons between measure-
ments, both those taken on the same instrument and those taken on different
instruments, it is advisable to regularly asses the response of the Raman instru-
ment(s) used and, as and when necessary, correct parameters such as data point
spacing and scattering intensities [56]. There are various approaches to calibrate
Raman instruments, for example, Slater et al. have outlined a calibration procedure
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with the following steps: (1) wavelength calibration using a neon standard, (2) inten-
sity calibration using a tungsten-halogen standard, (3) laser wavelength calibration
using a Raman standard, and (4) validation of the calibration using the Raman
standard. They suggest cyclohexane as a good Raman standard, using the
801.1 cm�1 Raman band [58], but other materials with a well-characterized
Raman spectrum (particularly in terms of band position(s) and intensities) such as
silicon are often used as well. It should be noted that using a homogenous sample to
calibrate a Raman imaging system may obfuscate optical aberrations that appear
when a spatially variant sample is then used after calibration/alignment. Therefore
the quality of both spatially resolved components in the image and their spectral
features should always be carefully evaluated in acquired data, even when alignment
and calibration metrics appear correct. Where it is necessary to compare Raman
spectra that have been measured with different excitation wavelengths, calibration
procedures such as that suggested by Bocklitz et al. [59] can be used.

Other sources of spectral variation in the Raman spectrum originating from the
instrument response include electronic sources of noise such as detector sensor
variations, cosmic rays, dark current, and readout noise, which are always present to
some degree but are often unpredictable contributions to the spectra. In order to reduce
the influence of these sources of noise to the data, Raman images can be filtered or
smoothed. Cosmic rays often strike the detector during long measurement times,
causing errors that are large but usually very localized. They can then be removed
by a local application of a median filter, with a threshold (typically several standard
deviations) so that the majority of the data (i.e., the locations where no cosmic rays
exist) is not altered in any way. As a 3D hyperstack, Raman images can be smoothed
in the spectral domain, the spatial (x-y) domain, or both. Smoothing in the spatial
domain is of limited use, since noise will be present throughout the spectral vector
represented by one pixel, but smoothing in the spectral domain is commonly used.
Depending on the spectrometer resolution, slit width, and laser wavelength, the
spectrometer resolution is often less than would be implied by simply looking at the
output spectra, and a more realistic (and less noisy) spectra can be produced by
smoothing appropriately, considering all of these parameters. Loess fitting and other
techniques are commonly employed but are beyond the scope of this current work. In
general, however, it should be noted that the output from smoothing procedures should
result in removal of noise, without the removal of features interest. Oversmoothing in
the spectral domain will result in a loss of biochemical information, while over-
smoothing in the spatial domain will lead to blurring of images.

Even with careful selection of a sample carrier, there will usually be some contribu-
tion to the Raman spectrum from the sample substrate. There are several ways to remove
the background contributions in the spectrum. One method is to select a region of the
image where no sample is present, extract an average Raman spectrum from this region,
and then subtract this average from each pixel in the image. However, depending on the
exact proportion of contributions from the sample and background to each pixel in the
image, this may require careful implementation of baseline correction and normalization
prior to background subtraction. It can also easily force some pixel values to become
negative, which can be problematic for analysis since no real optical signal should be
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measured as negative. Another method to remove substrate influence in the Raman
spectrum is to use chemometric algorithms such as independent component analysis
(ICA) that identify the background contributions as one spectral component [56]. While
subtraction approaches can be useful when samples are imaged in simple media or
matrices, it should be noted that background subtraction becomes more difficult when
samples are imaged in more complex media. This is due to the mismatch between the
sample and the surrounding media in terms of composition, particularly where sub-
stances are present in the media that are not present in the sample, as subtraction will
result in negative contributions to the Raman spectrum of the sample for these sub-
stances. It is worth considering that even for simple media, the water “concentration”
will be higher outside the sample, and so background subtraction to remove media
contributions to the sample spectrum should also be normalized carefully before
subtraction.

Some distortions to the Raman spectra can originate from the sample itself and
also need to be addressed during spectral pre-processing. Autofluorescence often
results in an increased background signal, particularly in the fingerprint region of the
Raman spectrum. As most fluorophores have distinct excitation and emission ranges,
autofluorescence can be avoided by the choice of excitation laser used. However,
this is not always practical, especially if multiple fluorophores are present in the
same sample, and the influence of the autofluorescence has to be dealt with once the
spectrum is recorded. If the autofluorescence is relatively uniform across an image,
for example, if it originates from the sample substrate, it is usually possible to
remove the bulk of its influence by background subtraction. However, many com-
pounds within the cell generate some level of autofluorescence. Examples include
NAD(P)H, collagen, elastin, and flavins [60]. As these will not be uniformly
distributed throughout the cell, it is harder to remove their influence, and baseline
correction methods are perhaps the most effective solution. However, as the auto-
fluorescence can be a signature of the compounds in the cell, it is not always
desirable to remove it, since it can provide meaningful biological information [61].

One of the issues with analysis of tissue sections, and to a certain extent cells,
particularly when using chemometric analysis methods, is the effect arising from the
edges of the cell/tissue [30, 62]. Spectra originating from these regions can suffer
from a number of problems including baseline distortions and widely varying pro-
portions of sample versus background/substrate from pixel to pixel [62]. The high
spectral variability in these regions, as compared to the bulk of the tissue, results in a
large number of clusters/components that have little biological meaning. Strategies
to overcome this and to focus on the relevant differences in the sample include
controlling the number of clusters or components so that the edge of the tissue is
described by distinct clusters that do not influence the interpretation of the bulk of
the sample [30, 62]. Sample thickness can also affect Raman spectra, either through
different volumes of sample being probed at each pixel or through out-of-focus
effects [63]. A few studies have overcome the out-of-focus effects by using optical
profilometry methods to assess the 3D topography of the sample, directing the
measurement of the Raman spectra to always be taken from the top layer of the
sample [63, 64]. Normalization of spectra, either through the use of an internal
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standard or through vector normalization, can reduce the spectral differences
induced by sample thickness differences but should always be applied after other
corrections (background subtraction, baseline correction, and so on) [56].

4.3.2 Data Visualization and Analysis
Raman images of biological samples contain a wealth of information in terms of both
chemical contributions and spatial distribution, and visualizing the data is an impor-
tant step in interpreting this information. A common way to represent the data
contained in a Raman hyperspectral dataset involves producing false color images
based on the spectral information contained at each pixel in the image, e.g., the area
under a Raman band, Raman band intensity at a given wavelength, the ratio between
two Raman band intensities, or similar characteristics of the Raman spectra. Multiple
false-colored images can be overlaid to compare the distribution of molecules
represented by Raman bands at different wavelengths.

Ashton, Hollywood, and Goodacre [65] have shown, using a “rainbow” lookup
table (also known as “jet”) that is often the default color lookup table (LUT) for
many image plotting software packages, the importance of the way in which the data
is plotted in avoiding over-interpreting the data or missing features of interest. Using
the simulated data shown in Fig. 7.2, they show that four different images can be
obtained from the same dataset depending on how the false color is implemented. As
the authors point out, there is no “right” or “wrong” image here; rather each image is
able to answer different questions about what is contained within the data. The
example, shown in Fig. 7.2, shows this. Image (a) with a significantly truncated
range can answer the question “is this an animal?” (b) with a slightly increased
maximum can answer “what animal is this?” (c) covering the full range of counts can
answer “is there more than one animal here?” as a bird-like shape is also present on
the zebra. And finally (D) with discrete blocks of color for the scaling, rather than the
continuous scaling in the other three images, shows two bird shapes and so is able to
answer the question “how many animals are in the image?” [65]. This illustrates that
the appearance of “objects” in the data can be highly dependent on not only the type
of analysis performed but on something as simple as the false color LUT applied
when showing the image. Although the data shown in this example is analogous to
that of a single peak area/intensity/ratio plot, the points raised are also pertinent to
overlaid images and to any scale-based images produced during chemometric
analyses, for example, PCA scores images.

4.3.3 Chemometric Analysis Methods
Chemometric analysis methods aim to clarify components in the data and separate
them from noise, as well as provide other statistical tools such as classification of
features into groups. There are many chemometric analysis methods that can be
applied to Raman spectroscopy, many of which can also be adapted for the analysis
of Raman images. Chemometric algorithms are often classified in several ways.
They can be univariate, based on one measurement point (wavelength/Raman shift),
or can be multivariate, incorporating multiple measurement points in the analysis.
They can either be hard classification methods, where a spectrum (or image pixel)
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can only belong to one class, or they can be soft classification methods where a
spectrum or pixel can belong to more than one class. Finally, they can be
unsupervised, where no a priori information is used, or can be supervised, where
information, for example, in the form of a reference spectrum, is required for the
analysis. There are numerous articles that compare and contrast the various methods
that have been applied to Raman spectroscopy (e.g., [56, 66–71]) to which the reader
is referred to for further details. In this chapter, discussion has been limited to a brief
overview of those analysis methods most commonly applied to Raman imaging as
evidenced by the studies discussed in Sect. 3.

Principal component analysis (PCA) looks for a fundamental set of independent
variables in a dataset [72], thereby reducing the dimensionality of a dataset. PCA
produces a set of principal components (PCs) where PC1 describes the largest
variation in the dataset, PC2 describes the second largest variation in the dataset,
and so on. In terms of Raman imaging, PCA produces a score for each pixel/spectrum
along with a loading vector, containing spectral information on the variance in the
dataset, for each PC. The loading vectors contain both negative and positive peaks
and, depending on the complexity of the sample, can be challenging to interpret
[56]. The score values for each pixel can be used to create false color multivariate

Fig. 7.2 A comparison of rainbow-shaded images constructed from a simulated Raman map with an
intensity range of (a) 500–2000 counts, (b) 500–3500 counts, (c) minimum to maximum intensity,
and (d) minimum to maximum intensity but using discrete colors to form the color ramp, (i) and
(ii) identify the position of the bird shapes discussed in the text. Color bars are shown to the left of
each image (Figure reproduced from [65] published by the Royal Society of Chemistry)
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images showing the distribution of each of the PCs in a similar manner to the
univariate plots produced by Raman band intensities/peak areas, etc.

Hierarchical cluster analysis (HCA) is a method for grouping spectra together
into clusters based on their similarities to each other often by calculating Euclidian or
Mahalanobis distances [68]. In terms of Raman imaging, each pixel can be assigned
to a particular color based on which cluster the spectrum belongs to, creating a false
color map showing the location of spectra in each cluster. Selection of the number of
clusters is normally user defined, meaning that determining the number of clusters
can be somewhat subjective, although consideration of the spectral differences
between average spectra for each cluster and the standard deviation for spectra
described by one cluster can help determine how many clusters are appropriate.

Vertex component analysis (VCA) is based on unmixing hyperspectral datasets to
find their reference components, also known as end-members. VCA is based on the
end-members being vertices of a simplex in 3D space, meaning that all other data
points can be described in terms of these end-members [73]. For Raman imaging,
this means identifying the spectra that are the most “different” from each other and
producing false-colored images (one per end-member) that then describe the abun-
dance of that end-member at each pixel in the image. The end-member images can be
overlaid to produce a composite image. As for HCA, many of the implementations
of VCA require the number of end-members to be user defined.

Multivariate curve resolution (MCR) is another method for elucidating the pure
signals from a data matrix of mixed measurements, based on the idea that the mixture
is a bilinear model of pure signal contributions, or at least the variation in the dataset
can be described by a bilinear model. Raman images must be unwrapped prior to
MCR analysis and the results reformed into images [74]. Thus MCR produces
distribution images and corresponding spectra for each of the pure components
identified during the MCR analysis.

K-means clustering is another clustering method that aims to reduce a data set
into a defined number of groups. The process starts with “k” number of groups
consisting of a random data point. Subsequent data points are added to the group
whose mean is closest to that of the data point, and the mean of each group is
adjusted as new data points are added [75]. For Raman imaging, k-means clustering
can be used to produce false-colored maps, with each pixel assigned to a single
cluster, as well as also generating an average spectrum for each cluster.

5 Key Research Findings

5.1 Key Research Findings in Raman Imaging

5.1.1 Cell State and Metabolism
The use of Raman imaging for analysis of cells and tissues, particularly when used
for many of the applications to human health and disease discussed later, is depen-
dent on understanding the origins of the Raman signals generated. The simplest way
to do this is to compare cell and tissue spectra to the spectra of individual cellular
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components. This is relatively straightforward when the sample has a simple com-
position but can be challenging where a large number of different molecular species
are all contributing to the overall signal. One way to tackle this complexity, partic-
ularly for cellular imaging, although the same can be applied to tissue imaging, is to
identify marker bands or spectral profiles for classes of molecules, such as a lipid or
protein signature. An alternative approach, depicted in Fig. 7.3, is to compare Raman
and fluorescence images in order to identify spectral profiles for different cellular
compartments and organelles [76]. Ramoji et al. have also shown that false color
Raman images can identify some of the same cellular features as classical staining
methods in leukocytes [77]. In another example, this time exploiting the resonance
Raman effect, the colocalization of cytochromes B and C has been used to pinpoint
the location of mitochondria in yeast cells [78]. A more recent study has taken
hierarchical cluster analysis (HCA) of Raman images and matched the distribution
of each of the components generated in terms of the best overlap they have with
corresponding fluorescence images. In doing so, Raman spectra that are related to
each of the fluorescent stains used can be generated and can then be used as training
data/reference spectra for further analysis of Raman images, without the need for the
fluorescent staining of later samples [79].

One of the main applications of resonance Raman imaging in a biological context
has been for the study of cytochromes. As key components of the electron transport
chain, cytochrome molecules have been used as indicators of living cells, particu-
larly with regard to their redox states. Okada et al. followed the diffusion and
oxidative state of cytochrome C during apoptosis and showed that these changes
are independent of cell morphology [6]. The redox state of mitochondrial

Fig. 7.3 Comparison of immunofluorescence images (a–d) and Raman-based images (e–h)
measured by Klein et al. The red channels reflect actin, green channels reflect Golgi, and the blue
channels reflect the nucleus. There are differences in distribution between the Raman signals and
that of the fluorescence images, particularly in terms of actin distribution (correlation between a and
e= 0.36, b and f= 0.74, c and g= 0.71). However, the combination of the components can provide
a multichannel Raman image with a high degree of similarity to the fluorescence images [76]
(Reproduced from Elsevier [76])

7 Label-Free Raman Imaging 295



cytochromes in cardiomyocytes has also been estimated, based on the Raman
intensities originating from cytochromes c, c1, and b, with reduced forms providing
more intense Raman signals than the oxidized forms [80].

Several groups showed that with careful consideration of experimental condi-
tions, it is possible to image live cells multiple times, allowing changes in the cells to
be recorded at different time points (e.g., [5–7]). Pully et al. showed that changes in
carotenoids induced by exposure to light could be detected before other changes in
cell health, such as blebbing – a process that was accompanied by spectral changes in
DNA and proteins. They also noted that some of the main constraints on time-lapse
imaging studies are the control of nutrients, temperature, and pH of the cellular
environment [5].

Raman spectroscopy has commonly been employed to discriminate between
different cell types. Raman images characterizing the chemical composition (pri-
marily heme, vitamin A and lipid content) of several types of cells originating from
the liver (liver sinusoidal endothelial cells, hepatocytes, and hepatic stellate cells)
have been used to identify each cell type [81]. Spectral differences were also used to
classify different cell types/classes that may typically be present in blood from
cancer patients, such as leukocytes, leukemic cells, and tumor cells [82]. The
biochemical differences in Raman spectra of lymphocytes have been used to dis-
criminate between T and B lymphocytes [83], and Raman imaging of murine stem
cell colonies was able to identify nuclei and cytoplasm within the cells, as well as the
extracellular matrix between the cells [84]. Raman imaging is also capable of
distinguishing between different microorganisms, as shown by the identification of
Bacillus subtilis, Staphylococcus epidermidis, and Saccharomyces cerevisiae from a
mixture of all three species [85].

Identification of the current metabolic or activation states of cells can be a key
step in understanding the course of diseases occurring when these normal processes
go wrong. Raman imaging can determine the activation state of B lymphocytes, with
a decrease in phospholipid content associated with activation [86]. Ghita et al.
proposed that the differentiation status of neural stem cells could also be determined
by nucleic acid Raman bands, specifically those indicating the levels of cytoplasmic
RNA present, with higher concentrations seen in neural stem cells compared with
glial cells [87]. Raman imaging has been used to assess the quality of human sperm,
with healthy sperm exhibiting higher-intensity Raman bands associated with DNA
and mitochondria, compared with sperm that had undergone UV-induced damage
[88]. Chinese hamster ovary cells can be used for the production of proteins and
monoclonal antibodies with Raman imaging able to discriminate between the dif-
ferent cell lines, as well as potentially able to indicate high-producing cell lines via
the presence of a protein-rich signal that the authors attribute to the endoplasmic
reticulum (ER) [89]. Raman imaging has also been used to characterize the com-
munication between different cell types, with actin and DNA content and distribu-
tion shown to be important in the immunological synapse that forms between
dendritic cells and T lymphocytes [90].

Raman imaging of the cell cycle provides information on the different states of a
cell during normal cellular processes. An early study was able to identify the cell
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cycle stage based on the Raman spectra obtained. However, the study suffered from
problems in identifying the nuclear boundary which, as the authors pointed out,
could be addressed by increasing spatial resolution of the Raman images but at the
cost of the time taken for the measurements [91]. Shulze et al. were able to study the
nucleus in detail, particularly in terms of the RNA and DNA distributions [92]. Com-
bining Raman measurements with a second modality to identify the nucleus prior to
Raman imaging has been suggested as a method for speeding up the Raman imaging
[91]. Hsu et al. used such an approach, combining Raman measurements with
autofluorescence imaging to follow the division of cells during cytokinesis and
interphase [93].

5.1.2 Cancer Studies
Many cancer studies are performed on tissue sections, meaning that there is a mix of
cell types included within each sample. As Raman imaging provides information on
biochemical composition and spatial distribution, it can be used to identify the
presence of different cell types within a tissue section. One such study showed
that, in colon cancer tissue sections, Raman spectra could be used to identify
erythrocytes (rich in heme but lacking other protein or lipid bands), lymphocytes
(rich in lipids), connective tissue, and carcinoma (distinguished by differences in
protein and DNA content). Although some researchers tend to avoid using 532 nm
excitation for biological tissues in order to try and avoid the increased fluorescent
background signal, this study found that the regions with this increased background
also provided useful biological information as they correlated with areas where p53,
a tumor suppressor protein, was active [61].

A different approach, focusing on the spatial distribution of molecules within
breast tissue, has been used to assess a number of cell parameters including the size
and dimensions of the cell and nucleus, distance between neighboring cells and
Voronoi tessellation in order to characterize breast cancer cell types [94]. Larraona-
Puy et al. have looked at the different distribution of key molecules in different tissue
types, using a classification model based on bands associated with collagen, proline,
protein backbone, and DNA to identify regions of the skin. Not only were they able
to classify regions of normal tissue such as hair follicles, epidermis, and dermis,
closely matching that of histologically stained tissue sections, but they could also
identify regions of basal cell carcinoma [95].

Many cancer studies using Raman imaging have focused on the strength of, or
lack of, particular signals in the Raman spectra. For example, in a study of cancerous
and noncancerous tissue from salivary glands, the noncancerous tissue did not reflect
the β-sheet protein content seen in the cancerous samples [96]. The presence of
cancer cells in tissue, based on the acetylation and methylation of lysine residues in
proteins contained in the cancer cells, has also been proposed [97]. On a cellular
level, the presence and distribution of myeloperoxidase in both normal and abnormal
promyelocytes, along with its absence in myeloblasts, could be used to identify each
cell type as shown in Fig. 7.4. The numbers of each cell type found in bone marrow
and peripheral blood smears can then be used for the diagnosis of myelodysplastic
syndrome and acute myeloid leukemia [98].
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Surmaki et al. noted that while many studies of cancer identification or develop-
ment have concentrated on protein-based changes, lipids and carotenoid molecules
are also significant players in the cell; in particular with regard to cancer develop-
ment, they both have antioxidant properties that are important in the control of
reactive oxygen species. In their study, Surmaki et al. used Raman maps to identify
regions of carotenoids, lipids, and proteins with spectral differences seen for ductal
and lobular carcenomas. They also noted that Raman images will incorporate
information from the extracellular matrix, as well as the cells, providing additional
information on the cellular environment [99]. Other studies have also focused on
carotenoids and lipids in breast cancer, particularly looking at the nature of the lipids
present in terms of saturation [100]. The ratio of the intensity of the nucleic acid peak
at 785 cm�1 and the tryptophan peak at 752 cm�1 has also been proposed as a simple
method for identifying skin tumors [101].

As cancer development is a multistep process, biochemical changes detected by
Raman imaging can appear in areas that appear to be normal in morphological terms,
with such changes potential markers for the early stages of the disease [102]. For
example, an increased amount of lipid droplets in breast cancer cells has been
correlated with the aggressiveness of cancer, suggesting that fatty acid synthesis
could be an indicator of cancer development, particularly in the early stages of the
disease [103]. An increase in lipid droplets has also been implicated in the develop-
ment of colorectal cancer [104]. Raman imaging has also shown increased lipid
content, lipid saturation, and phospholipid content in cells expressing high levels of
the Her2/neu receptor, a proto-oncogene implicated in breast cancer, leading
Hartsuiker et al. to suggest that the fatty acid content may be an indicator of
metastatic potential in cells [105]. The metastasis of cancer cells from the primary
tumor to secondary sites around the body is often associated with the later stages of
cancer progression and can reflect poorer outcomes for the patient. The presence of
metastatic cancer cells can also cause complications at the secondary site. Raman
imaging has been used to monitor the effects of metastatic breast cancer cells on
endothelial cells in the aorta of mice, where Raman analysis indicated an 18%
increase in proteins and a 4% decrease in lipids for metastatic cancer cells. This
change in endothelial cell composition may be a factor in the alteration of vasodi-
lation that the authors note is associated with this disease stage [106].

There is currently a push to take Raman spectroscopy into the clinic, particularly
to determine if tissue is cancerous to ensure all cancerous tissue is removed, while
saving as much healthy tissue as possible, during surgery [107]. One of the main
limitations for implementing Raman imaging in this context is the time required for
measurements. However, advances such as the selective sampling approach outlined
by Rowlands et al. [48] have been applied to basal cell carcinoma [107] and breast
cancer tissue [108] potentially bringing the measurement time for large tissue
sections, on the order of 1 � 1 cm2, down to as little as 20 min [107].

5.1.3 Lifestyle Diseases and Aging
Lifestyle diseases, including diabetes, atherosclerosis, hypertension, strokes, and
heart attacks, are often linked to unhealthy lifestyle choices such as a high-calorie
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diet rich in fats and sugars, lack of exercise, as well as factors such as smoking and
alcohol consumption. These diseases tend to manifest in later life and are becoming
more prevalent, particularly in industrialized societies. The risk factors for many of
these diseases are shared, and the presence of some of these diseases themselves can

Fig. 7.4 Raman images from acute myeloid leukemia cells analyzed by Vanna et al. (a–d) Cells
stained with May-Grünwald-Giemsa stain. (e–h) Bright field images before Raman measurement.
(i–l) Hierarchical cluster analysis images. (m–p) multivariate images created from specific bands
relating to nucleus (blue) and cytoplasm (green). For images (m–o), the presence of
myeloperoxidase is shown in red. For image (p) the presence of hemoglobin is shown in red.
Scale bar represents 10 μm (Figure reproduced from [98] with permission from the Royal Society of
Chemistry)
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also be additional risk factors for other lifestyle diseases. For example, diabetes
itself, along with the accumulation of lipids or cholesterol and endothelial damage, is
an added risk factor for many other lifestyle diseases. Czamara et al. exploited the
sensitivity of Raman to lipids to investigate the calcification process associated with
aortic stenosis, finding colocalization between lipid and calcium (hydroxyapatite)
even for the very small mineral deposits [109].

The relatively strong Raman signals generated by lipids in cells and tissues have
been particularly beneficial for studies of atherosclerosis in both mouse models and
human tissues. Kochan et al. [110] were able to show that while the livers of normal
mice showed only small areas that were rich in lipids, the livers of atherosclerotic
mice were rich in lipids, as were the livers of diabetic mice. In addition, even though
the spectral overlap between vitamin A, essential for cell health [111, 112], and heme
complicated matters, they were also able to visualize the vitamin A content in the
mouse livers, highlighting a decrease in vitamin A content in early stages of disease
[110]. Similar results were observed in the brains of mice where lipid to protein
ratios were increased in animals in advanced stages of the disease [113]. A change in
the structure of proteins contained within endothelial cells has been indicated to
contribute to the stiffness of these cells during hypertension. Raman imaging has
also identified changes in overall protein structure, α-helix and β-sheet [114], and
amino acid composition [115], in mouse models of hypertension and atherosclerosis.

Raman imaging has been used to investigate the effects of sunlight on skin tissue.
In a study by Ali et al., the lack of DNA bands in the basal layer was taken as
evidence of DNA damage as a result of the solar radiation. The use of chemometric
analysis methods also showed irradiation-induced changes in lipid content in the
stratum corneum and the dermis [62].

Early identification of the complications of aging, such as the onset of
Alzheimer’s or Parkinson’s diseases, is important in managing the disease progres-
sion and, consequently, the patient’s quality of life. Raman imaging has been used
with the aim of resolving controversy surrounding the potential presence of amyloid-
beta (Aβ) protein, characteristic of Alzheimer’s disease, in the cornea of affected
patients. If Aβ was present in the eye, this could be an easily accessible tissue to
monitor, in contrast to the brain. Techniques, such as staining, had given both
positive and negative results for different researchers. Michael et al. then used
Raman imaging to characterize the β-sheet to protein ratio for regions in the
hippocampus with Aβ plaques or tangles, unaffected regions of the hippocampus,
and the cornea. They found that the ratio was elevated in the regions where plaques
and tangles were present, but unaffected areas of both the brain and the cornea had
lower ratios, indicating no Aβ is present in the cornea [116].

5.1.4 Infectious Diseases
Identifying the presence of infective agents, such as bacteria or parasites, is impor-
tant for implementing appropriate treatment, while analyzing the corresponding
immune response of the infected cells and tissues provides information that may
be beneficial for designing drug treatments or vaccines. Raman imaging has been
used in a number of studies investigating the presence of bacteria in mammalian
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cells. For example, the growth of Staphylococcus aureus has been tracked over a
24-h time period, with internalization of the bacteria confirmed via multiple images
taken at different planes through the cell to create a 3D image [117]. Both 2D and 3D
imaging approaches were used to identify cellular changes associated with Myco-
bacterium gordonae, with the lipid response in the mammalian cells suggested to
originate from lipid-filled phagosome or lipid bodies [118].

Raman imaging of Neospora caninum parasite infection in human brain micro-
vascular endothelial cells was able to indicate the location of the parasite within cells
through identification of the parasite nucleus and lipid-rich regions thought to be the
parasite membrane. In addition, the presence of a Raman band at 1554 cm�1 was
attributed to the presence of lysozyme, indicating Raman imaging can also identify a
step in the immune response of the infected cells [119]. Toxoplasma gondii is another
protozoan parasite that is known to infect a wide range of hosts and cell types. Cells
infected with T. gondii showed increased protein and lipid content, suggesting these
molecules are part of the cellular response to the parasite. However, increases in
nucleic acid content in the Raman spectra were noted to be proportional to the
parasite proliferation, therefore originating from the parasite itself [120]. In malaria,
Plasmodium parasites produce hemozoin, a crystalline form of heme, during
catabolisis of hemoglobin in infected red blood cells. Hemozoin gives rise to
resonance Raman signals when using green excitation wavelengths, allowing low
concentrations to be detected within cells. Imaging the presence of hemozoin in
erythrocytes is possible, even though erythrocytes also contain high concentrations
of hemoglobin, due to the small spectral differences between the two substances
[121]. Macrophages, forming part of the immune defense, are known to engulf
hemozoin particles released into the bloodstream during malaria, and Raman imag-
ing has been used to identify the presence of hemozoin inside macrophages, along
with characterizing the corresponding cellular rearrangements and changes in bio-
chemical composition of the macrophage cells [122].

5.1.5 Drug Treatments and Interactions
The effectiveness of drug treatment is dependent on the chemicals reaching the target
site in cells, tissues, and/or organs. Once in the appropriate location, the action of the
drug will induce changes, potentially both chemical and morphological, in the
surrounding cells and tissues. Conversely, if drugs accumulate in the wrong site,
the induced changes in the surrounding cells and tissues will manifest as undesirable
side effects. As Raman spectroscopy does not require a priori knowledge of the
sample, it is an ideal method to monitor cellular changes induced by drug interac-
tions. Chloroquine is used as a drug treatment for Plasmodium infections that cause
malaria. Raman imaging of infected erythrocytes has been used to probe the
oxygenation state of hemoglobin as a marker for the effects of the chloroquine
exposure [123]. Oxygenation of heme-based molecules has also been used as a
marker for the presence of Clostridium difficile infection. Infection also results in
altered protein and threonine contributions to the Raman spectra, attributed to the
presence of inflammation, with the threonine signal reduced after antibiotic treat-
ment [124]. Raman spectroscopy has been used to monitor the effects of drug

7 Label-Free Raman Imaging 301



treatments in models of disease by monitoring vitamin A levels in hepatic stellate
cells [125].

Other studies have noted that Raman imaging can monitor the effects of cancer
drugs such as panitumumab on cells, allowing an assessment of their efficacy, even
when the mode of action of the drug is not fully understood [126]. Anthracycline
compounds are also potential therapies for cancer, as they inhibit topoisomerase, and
have been shown to induce changes in the spectra originating from the cell nucleus in
a concentration-dependent manner [127]. Two structurally related compounds,
nobiletin and 5-demethlynobiletin, have been shown to have different effects,
suggesting different modes of action, on cancer cell lines. Raman imaging studies
showed that nobiletin induced changes in Raman bands originating from nucleic
acids, while 5-demethylnobiletin affected localized lipids [128]. Nucleic acids were
also the target for the action of indinavir and lopinavir in cervical cancer cells [129],
and both nucleic acid and protein secondary structure changes were seen in myeloma
cells after treatment with bortezomib, a proteasome inhibitor [130].

Photodynamic therapies, where a drug taken up into a cell or tissue is activated by
light exposure to produce free radicals or reactive oxygen species to induce cell
death in nearby cells, are used for cancer treatments. Brozek-Pluska et al. have used
Raman imaging to identify the cancer cell composition, track the uptake of hema-
toporphyrin, and assess the effects on the surrounding tissue after photoactivation.
They found cancerous regions were richer in saturated acids and proteins such as
mammaglobin A and that cancerous cells took up larger amounts of hematoporphy-
rin compared to noncancerous regions of the tissue. Additionally, they showed that
the Raman intensity of proteins and lipids in the surrounding regions did not alter
significantly after photoactivation [131]. Raman imaging has also been able to show
that cells with oncogenic mutations do not respond to drug treatments such as
erlotinib, in the same way as normal cells do [132], indicating Raman analyses can
provide insights into drug resistance as well as drug responses.

Depending on the chemical structure and concentration of a drug, it can be
possible to directly measure the presence of the drug in the cell, facilitating simul-
taneous measurement of the drug position and the response of the surrounding
regions of the cell. In drugs containing C�O bonds, by integrating across
1945–1965 cm�1, the drug location can be visualized, since that spectral region
does not overlap with signals from a typical cell. The drug location can be an
important step in determining its mode of action, and, in this case, the authors
were able to show that the drug accumulates both inside and directly surrounding
the nucleus [133]. Although exhibiting some overlap with cell-based vibrations, the
C=O bond in the cancer drug paclitaxel has also been used as an effective marker to
track the number of cells taking up the drug and its location at different exposure
times [134]. Another Raman imaging study, based on understanding the metabolism
of erlotinib which contains a C�C bond, have indicated that it is possible to assess
how drugs are modified within the cell, after desmethyl-erlotinib was detected inside
exposed cells [135].

The composition of drugs can be measured via Raman imaging, providing
information on both the nature and the distribution of active ingredients, other tablet
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ingredients such as binding or dilution agents, and the nature of the polymer coating
(if present). Vukosavljevic et al. used this approach to look at the composition of
tablets containing verapamil hydrochloride, a calcium channel blocker, and were
able to determine that drug release occurs through pores that form in the polymer
coating of the tablet [64]. In order to understand the process of drug transfer from
topologically applied drugs, e.g., those contained in lotions or creams, Goto, Morita,
and Terada have used Raman imaging to follow the crystallization of components
from creams containing urea as the active ingredient [136].

Modeling the uptake of nanoparticles is another potential application where
Raman imaging can provide insight into the cellular response to particulate matter.
Nanoparticles are sometimes employed as vehicles for drug delivery into cells, and
Chernenko et al. have used Raman imaging to follow the uptake and metabolism of
two nanocarriers (poly-(-caprolactone) (PCL) and poly(lactic-co-glycolic acid)
(PLGA)) tracking their location within HeLa cells via Raman bands characteristic
for the two molecules [137]. A significant impact of nanoparticles on human health
is the potential detrimental effect on our cells and organs from environmental
pollutants. Particulate matter in air, for example, has been shown to contribute to
lung cancer [138]. Taking the subcellular environment and induced changes in
metabolism as potential indicators of a toxic response, Dorney et al. investigated
the local environment of polystyrene nanoparticles that were taken up into the
cytoplasm of human lung adenocarcinoma cells [139]. Raman imaging studies of
fibroblasts and macrophages showed differences in nanoparticle uptake when
exposed to TiO2 nanoparticles, with fibroblasts storing the nanoparticles in small
vesicles, whereas the macrophages, with a higher uptake of nanoparticles, distrib-
uted them in much larger vesicles [140]. Other studies have suggested that nano-
particles such as TiO2 and α-FeO(OH) can pass across the nuclear membrane and
accumulate in the nucleus [141]. Extending these studies into multicellular organ-
isms, cyanobacteria have been shown to internalize TiO2 nanoparticles [142]. The
uptake of TiO2 nanoparticles by Caenorhabditis elegans has shown that despite the
increase in sample complexity, Raman imaging can still provide information on the
position of the nanoparticles as well as the changes they induce in the nematode
itself, particularly with respect to proteins [143].

5.1.6 Hard Tissues
Raman imaging has been used to study various aspects of tooth structure in humans
and primates. A recent study concentrated on the ratios of carbonate and phosphate
in the dentine – enamel junction, as well as determining the presence of collagen as
part of the organic component of teeth [144]. The composition of enamel in teeth
determines tooth strength with hypomineralization linked to increased porosity,
faster wear, and increased susceptibility to decay. Healthy enamel was shown to
have strong spectral features attributed to phosphate-rich minerals, whereas lesions
exhibited both carbonate substitution in the mineral components and an increase in
protein content [145]. Similar mineral substitution has also been shown in sea urchin
teeth where a simple band shift was sufficient to determine the presence of Mg2+

within the CaCO3 crystal structure [146]. In direct clinical applications, Raman
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imaging has identified the presence of pyrophosphate an atypical femoral fracture,
with no pyrophosphate observed for control samples [147].

A particularly intriguing study used Raman imaging to assess structural defects
created during tooth formation, based on the idea that these defects could be used as
an assessment of illnesses and other stressors occurring during the early years of
child development. The authors correlated the information from Raman imaging and
other analytical techniques, such as mass spectrometry, with that of medical and
behavioral data that noted the occurrences of stressful events in the lives of primates.
Raman imaging was able to identify small features, primarily changes in protein and
biomineral structure, that were not visible via light microscopy, and the resolution
provided by the Raman images meant the size of the defect, and therefore the length
of time the stressful event lasted could be estimated [148].

The repair of teeth, using resins, has also been studied by Raman imaging.
Toledano et al. investigated dentin adhesive systems in terms of their ability to
induce remineralization at the dentin interface [149]. In a further study, they found
mechanical stresses (modeling the effect of chewing or grinding on the
remineralization process) resulted in alterations of the mineral/matrix ratio [150].

Several studies have investigated the process of mineralization during bone cell
differentiation. Hashimoto et al. followed the mineralization process during the first
72-h of cell differentiation, using Raman imaging to locate the presence of hydroxy-
apatite [151]. In a further study, they showed that the β-carotene concentration was
proportional to the degree of mineralization, suggesting the presence of β-carotene
could be used as an indicator for the initiation of mineralization. In addition, they
also monitored cytochrome C as an indicator of apoptosis, with the onset of
apoptosis in different cells linked to the fluctuations in cytochrome C intensity
seen in the Raman spectra [7]. In another study of the mineralization process of
bone nodules, Raman imaging identified the transition of hydroxyapatite from
amorphous to crystalline during the 28-day monitoring period [152]. Extending
this to more direct medical applications, Gao et al. monitored human mesenchymal
stem cells, placed on a scaffold that would be implanted during bone regeneration
therapies, to assess the effects of such a scaffold on osteogenic differentiation. They
observed two stages of mineralization over a 28-day period and also noted that the
mineralization process in cells on the scaffold was slightly delayed compared to that
of cells on culture plates [153]. Of consequence for bioengineering, Raman imaging
has shown that other substrates can also affect stem cells including strontium ion
incorporation in bioactive glass resulting in increases in lipid rafts and cellular and
membrane cholesterol [154].

Hair is an easily accessible sample for analysis. Wei et al. have investigated the
potential for hair samples to provide information on the health status of an individ-
ual, namely, those suffering from rectal cancer. They found that different sections of
the hair may be more useful than others for such studies in that there were little
differences in cuticle between healthy people and cancer patients. The cortex and
medulla, on the other hand, both showed changes in proteins, with cancer patient’s
hair reflecting lower protein content in the cortex, less α-helical, and more β-sheet
proteins in the medulla [155]. Other hair studies have focused on the distribution of
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particular compounds such as squalene, a lipid produced by skin cells in humans,
noting it is primarily in the cortex [156]. Franzen et al. have also used Raman
imaging to study the hair follicle, as it allows easy penetration into the skin for
drugs, etc. They characterized the follicle in terms of the hair, sebum, and skin
dermis and epidermis structures in both humans and pigs, as porcine skin is often
used as a model for the human skin [63].

5.1.7 Plants, Algae, Molluscs, Bacteria, Fungi, and Small Multicellular
Organisms

In plants, Raman imaging has primarily been used to investigate the composition of
plant cell walls and other structural elements, with a focus on molecules including
lignin and polysaccharides such as pectin and cellulose. The lignin and total carbo-
hydrate content of cell walls in poplar trees has been described by Pererra et al.
[157]. Analysis of Norway spruce and Scots pine showed similar lignin and cellulose
distributions between both species, but spruce trees showed higher amounts of
lignin-coniferyl aldehyde/alcohol groups in the secondary cell wall compared to
the middle lamella and primary cell wall. Pine, on the other hand, showed compa-
rable lignin-coniferyl aldehyde/alcohol content in the secondary cell wall and middle
lamella, while the primary cell wall reflected lower levels [158]. The cell wall
architecture in different regions ofMiscanthus sinensis cv. has also been investigated
with Raman imaging, providing information on the orientation of cellulose fibers
with respect to the fiber axis [159]. The orientation of cellulose fibers was also
important in brittle culm rice plant mutants, where cellulose fibers are arranged in a
random orientation, as opposed to the parallel orientation found in wild-type plants
[160]. Cellulose is an important source of ethanol for fuel during fermentation, and
Chu et al. used Raman imaging to show that NaOH treatment of Miscanthus �
giganteus samples removed lignin while leaving the cellulose behind [161]. Vermaak
et al. have also imaged the distribution of molecules within plants, focusing on the
steroidal glycoside p57 which has potential appetite suppressant properties, and
found that p57 is primarily found in the inner fleshy part of the plant with low
amounts in the outer layers [162]. In addition to the main plant, pollen grains are also
amenable to Raman imaging studies. Analysis of intact grains provides information
on the composition of the pollen grain walls, and molecular information on the
substructure of the grains can be obtained from Raman images of sectioned
grains [163].

Using tomatoes as a model system, Chylinska et al. identified the presence and
distribution of pectin, cellulose, and polysaccharide molecules [164]. Tomatoes were
also the focus for a recent study into ester cross-linking in cutin [165]. The distri-
bution of pectins, cellulose, and hemicellulose in apples has been determined at
different time points during the growth and storage of the fruit. These components
are relatively evenly distributed throughout the young fruit. As the fruit matures, the
pectins become more concentrated in the edges of the cell walls. During storage, the
pectin distribution, once again, becomes more evenly distributed [166]. The distri-
bution of plant cell wall polymers, namely, pectin and lignin, in different parts of the
plant Phormium tenax is shown in Fig. 7.5. Higher pectin content in the lower
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regions of the plant (Fig. 7.5 P1) was attributed to higher water content. This was not
found in higher regions of the plant (Fig. 7.5 P3 and P4), which show a higher lignin
content, reduced water content, and increased mechanical stability [167]. The dis-
tribution of lipids and lignin has also been used to understand the waterproofing
characteristics of Arabidopsis plants [168]. The rhizosphere bacterium Pantoea
sp. YR343 has been studied in terms of its co-culture with Arabidopsis thaliana,
with Raman imaging able to distinguish wild-type and mutant bacteria via the
resonance Raman contributions originating from carotenoids [169].

Raman imaging has been used to study algae, for example, to determine the
proportions of silica, inorganic and organic components found in the cell walls of
diatoms [170]. Monitoring the ratio of biomolecules in crops intended for producing
biofuels is an important step in ensuring a good-quality fuel, for example, with a high
calorific content, is produced. Chiu et al. used Raman imaging to assess the lipid and
carbohydrate content in algal cells when subjected to stress. They showed that the
lipid-to-carbohydrate ratio is affected by the nature of the stress applied, with
nitrogen depletion resulting in increased carbohydrate content, but nitrogen deple-
tion in combination with an increase in salinity increased the lipid content
[171]. Polysaccharides are also a key component of fungi as well as plants and
algae, and a recent study illustrated the ability of Raman imaging to simultaneously
measure multiple polysaccharide components, including α- and β glucans and
mannan, from fungal spores [172].

Raman imaging has also been used to investigate the nature and distribution of
biochemicals within multicellular, living organisms. The connections between hard
and soft tissues in molluscs have also been visualized by Raman imaging to
investigate the interface between the living tissue and shell [173]. Raman imaging
can also be used to study the whole organism as shown by Nakamura, Hotta, and
Oka who followed the development of the Ciona intestinalis (sea squirt) embryo
during development from the two-cell stage through to the tail bud stage. They were
able to identify muscle and ectoderm at multiple stages throughout the development
and to discriminate these cells from others that had divided from the same parent cell
but that had different developmental fates [174]. Nematodes are particularly acces-
sible samples for Raman imaging as they are usually semitransparent. Raman
imaging has also been employed to assess the changes in Radopholus similis
nematodes, a banana plant parasite, to the anigorufone compounds produced by
the banana plants in response to a nematode infection. Exposed nematodes showed
an increase in lipid-rich droplets which the authors suggest may be a defense
mechanism to limit the toxic effects of the anigorufone on the nematode [175].

5.1.8 Food and Drug Quality and Safety
Raman imaging has been used in a number of studies investigating the distribution of
components within the sample. Smith et al. have imaged the distribution of fat,
protein, and water in processed cheese, along with additives such as trisodium
citrate, starch, and paprika. [176]. Carotenoids are responsible for the color in fruit
and vegetables such as tomatoes and peppers and are an important part of our diets as
they have protective capabilities including antioxidant properties and vitamin A
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activity. Raman imaging has been used to study the nature and subcellular location of
carotenoids in chili peppers, as the subcellular location has been proposed to affect
the dietary availability of the carotenoids. Carotenoids were located in lipid bodies
that were outside of the chromoblast. The pepper varieties studied (four red and one
orange when ripe) were found to contain different carotenoid compounds. For
example, lutein was the main carotenoid component of Costeno-Amarillo, whereas
NuMex Heritage 6-4 was rich in β-carotene [177].

The incidence of several food scandals in recent years, such as melamine in
powdered milk in China and horse meat in meat products in the UK and Europe, has
raised questions about the origins and quality of our food products. A number of
studies have shown that Raman imaging can be a useful tool for quality control and
the identification of contaminants in a number of food items. Quin et al. tested the
potential for Raman imaging to determine the presence of contaminants such as
ammonium sulfate, dicyandiamide, urea, and melamine in dry milk. Taking advan-
tage of the well-defined Raman spectrum of the contaminants, compared to the
broader-featured milk powder spectrum, they could simultaneously detect these
contaminants at concentrations between 0.1% and 5.0% [178]. Extending this,
Dhakal et al. tested the potential for Raman imaging to determine the presence of
melamine in spiked samples of skimmed milk powder. Using a thresholding
approach on the images, they were able to detect melamine at concentrations as
low as 0.005% [179].

The compound benzylisothiocyanate (BITC) has antimicrobial properties. Clem-
ent et al. used Raman imaging to investigate the action of BITC when incorporated
into food packaging, with a focus on its effects on the food-borne mold Aspergillus
ochraceus. They showed BITC-induced spectral changes associated with most
classes of macromolecule – saccharides, proteins, lipids, amino acids, and so on –
indicating BITC disrupts multiple cellular processes in A. ochraceus, which will
ultimately lead to the death of the microbe [180].

Not all food adulterations are dangerous to human health such as those that
involve the substitution of one food product with another, usually cheaper, food
product. Eksi-Kocak et al. have noted that pistachio nuts, as a more expensive crop,
are often bulked out by the addition of green peas which exhibit similar green-
colored kernels. They were able to use spectral feature differences observed across
small areas of Raman images to identify the presence of both pistachio and green pea
in mixtures of different proportions [181].

Raman imaging has also been applied to the analysis of drug mixtures in both
genuine and counterfeit tablets. Kwok and Taylor compared genuine Cialis tablets,
containing the active ingredient tadalafil and binding agents lactose monohydrate

�

Fig. 7.5 (continued) integrating between 1075 and 1114 cm�1 reflecting changes in cellulose
orientation. PEC: intensities calculated by integrating between 842 and 872 cm�1 reflecting pectin
content. LIG: intensities calculated by integrating between 1641 and 1546 cm�1 reflecting lignin
content (Reproduced from Springer [167])
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and microcrystalline cellulose, to two fake tablets. These fake tablets were found to
contain talk, starch, calcium sulfate, and several unknown ingredients in addition to
varying amounts of the active ingredient. They were also able to show that the
genuine tablets had a much more even distribution of the ingredients compared to the
counterfeit tablets [182]. Sacré et al. showed that the spatial differences in the
chemical distribution of sildenafil in counterfeit and genuine Viagra tablets were
not sufficient to discriminate between the two groups; however, the presence of
lactose was a clear marker for counterfeit tablets [183].

5.2 Key Research Findings in Nonlinear Raman Imaging

5.2.1 Coherent Anti-Stokes Raman Scattering (CARS) Imaging
The sensitivity of CARS to lipids has been shown to visualize the accumulation of
lipids in adipocytes with higher definition and at an earlier stage to oil red O staining
commonly used for marking lipids [184]. This sensitivity has meant that CARS
imaging has predominantly focused on areas where the presence of lipids or lipid
metabolism is a key component of the sample. Bradley et al. have used CARS to
monitor the early stages of early embryo development. They tracked the distribution
of lipid droplets showing that the early embryo, at the two and four cell stages,
exhibit small lipid droplets. As development continues, cells exhibit fewer droplets
but these are larger in size. They also noted that the composition of the lipid droplets
varied, with different ratios of saturated and unsaturated lipids found in droplets from
the same embryo [185]. Unsaturated fatty acids were the focus of another study that
investigated the nature of the fatty acids that were involved in the transport of yolk
lipoprotein into C. elegans oocytes. Through the analysis of mutants deficient in
polyunsaturated fatty acid synthesis, the authors were able to determine that omega-6
fatty acids were a key regulator of this fatty acid delivery process [186].

Jüngst et al. exploited the sensitivity of CARS to lipids in order to monitor the
fusion process of lipid droplets in adipocytes, observing the cells over a 120-h
period. They found that the increase in size of lipid droplets was mainly due to
fusion of smaller droplets, rather than being due to synthesis of new lipids. They
showed that the transfer of material was from the smaller droplets to the larger
droplets, with the rate of transfer dependent on a number of parameters including the
relative size difference and the diameter of the smaller droplet [187]. A similar study
also monitored lipid droplets during the development of adipocytes, this time
illustrating that the nature of fatty acids present in the cell culture medium can
influence the fatty acid composition of the lipid droplets. The maturation stage of the
adipocyte was also shown to be a determining factor in the speed of the cellular
response to the change in fatty acid composition of the extracellular environment
[188]. The manifestation of many lifestyle diseases is accompanied with changes in
lipid signals. CARS imaging has identified increased lipid signals in brain samples
from mice suffering from Alzheimer’s disease [189].

Lipid droplets are also important in algae, and Cavonius et al. were able to
identify three phases in the synthesis process. They employed time gating in order
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to measure the lipid signals despite the strong pigmentation from the chloroplasts,
but they did note that, when measuring time-lapse images of live algal systems, the
extended exposure to the CARS excitation light is likely to have an effect on the light
harvesting of the chloroplasts [190].

The myelin sheath surrounding nerves also gives rise to strong CARS signals due
to its fat content. Berlanger et al. used CARS to image the myelin content of the
spinal cord in live mice [191]. Turcotte et al. used polarization-resolved CARS to
study myelination in live zebra fish and to assess promyelination drugs [192]. CARS
imaging of lipids had also been used to indirectly measure the sweating process by
covering a small area of skin with an exogenous oil, thereby filling the sweat pores.
The oil can then be imaged as it is flushed out by the discharge of sweat
[193]. Although CARS-based research is dominated by lipid imaging, a few studies
have been engaged in determining the distribution of other molecular classes. Wang
et al. looked at the distribution of pheomelanin, responsible for red hair pigmenta-
tion, in melanocytes, amelanotic melanomas, and a red-haired mouse model [194].

As with conventional Raman imaging, CARS can be used as a method to assess
the impact of nanoparticle uptake on tissues. Johnston et al. were able to locate the
presence of both TiO2 and Au nanoparticles in macrophages, hepatocytes, and live
animals with the CARS signals able to visualize both the cells and the position of the
nanoparticles [195]. An investigation into the uptake of environmental microplastics
by crabs has also used CARS to locate the particles within the crab [196].

Some CARS studies have also used spontaneous Raman measurements (usually
point spectra) to provide spectral information while still retaining the speed of CARS
measurement. This approach has been used to identify brain tumors, with tumor
boarders and regions of infiltration imaged at the cellular level. The CARS signal
was moderately reduced in metastatic tumors and markedly reduced in the glioblas-
toma regions, with Raman spectroscopy showing that this reduction in CARS signal
was due to a lower lipid content in the tumors [197]. FAST (femtosecond adaptive
spectroscopic techniques) CARS imaging and Raman spectroscopy have been used
in conjunction to distinguish between polarized and non-polarized epithelia in breast
tissue, based on the lipid ordering present [17]. In studies of breast and prostate
cancer cells, CARS images showed an increase in the number and size of lipid
droplets, while Raman spectroscopy indicated an increase in saturation of the lipids
present, after treatment with the drugs medroxyprogesterone acetate or synthetic
androgen R1881 [198].

A method for increasing the spectral information provided by CARS is to
measure broadband CARS, which produces spectra that are more akin to conven-
tional Raman spectra, with the first report showing a vibrational spectrum covering
the region from 600 to 3200 cm�1 [199]. This opens up the technique for more
detailed investigation of protein structure, as the peak shifts associated with α-helix,
β-sheet, and other protein structural forms can be measured. Bito et al. found that the
cortex of hair is mainly α-helical, while the cuticle is richer in β-sheet and random
coil structures, with an α-helix to β-sheet transition observed after chemical and
mechanical treatments [200]. Several recent studies have begun to explore the
possibilities of combining CARS with chemometric analysis techniques. Lin et al.
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applied PCA to CARS images of the meibum lipids produced by meibomian glands
in the eyelid, using the lipid composition to identify the different functional regions
within the gland [201]. El-Mashtoly et al. focused on the 2700–3000 cm�1 region
and used a random forest approach to automate identification of common cellular
organelles such as the endoplasmic reticulum, lipid droplets, nucleus, and
nucleolus [202].

5.2.2 Stimulated Raman Scattering (SRS) Imaging
SRS has been used to visualize different biomolecules within food products.
Roeffaers et al. were able to image the two phases in mayonnaise, fat and water,
as an example of a simple emulsion. SRS images could also be obtained from cheese
and a soy-based drink which have extra components, proteins and carbohydrates, as
well as fat and water [203]. In plants, SRS has been shown to discriminate between
different wax components, cellulose and pectins [204], and to assess effects of
maleic acid treatment on lignins in cell walls of poplars [205]. SRS has also been
used to investigate the uptake of the fungicides azoxystrobin and chlorothalonil in
plants, both of which contain C�N bonds allowing clear identification of the peaks
in the “silent region” of the spectrum [206].

Egawa et al. have used SRS to study pig and human skin with a particular focus
on the various stages of differentiation in keratinocytes [207]. SRS has also been
used to monitor the changes occurring in mammalian tissues during disease
manifestation. Tian et al. studied the nerve degeneration occurring in amyotrophic
lateral sclerosis (ALS) in mouse models of the disease. They found changes in the
peripheral myelin, with lipid depositions appearing in ALS-affected individuals. In
addition, they monitored the effects of treatment with minocycline, a drug known
to slow the progression of ALS in mice, which appeared to reduce the number of
lipid deposits observed, but did not reduce them to the levels seen in unaffected
individuals [208]. SRS has also been used to investigate the lipids present in
ovarian cancer stem cells, with cells such as ALDH+/CD133+ cells that have
high tumorigenic and metastatic potential [209] found to have a high degree of
unsaturated lipids [209]. Li et al. also noted that the degree of saturation in lipids
could be indicative of the metabolism after noting COV362 cells grown in a
monolayer had lower levels of lipid unsaturation compared to those grown as
spheres [210]. Many molecules give rise to Raman signals between 2800 and
3000 cm�1, but Lu et al. have exploited the small shifts in position for each of
the main classes of molecules to measure signals from DNA with SRS. They
showed that it was possible to measure SRS signals from DNA in a sample of
mixed components, within a cell, and within skin samples, as well as using SRS
time-lapse imaging to monitor chromosome dynamics [211].

As with CARS, a few recent studies have been extending the analysis of SRS
signals through the application of chemometric analyses. Satoh et al. have used
PCA, concentrating on the 2800–3100 cm�1 region, to visualize acetaminophen-
induced liver injury in mice [212]. Datta et al. used VCA to identify lipid droplets
within a protein matrix when investigating metabolism and oxidative stress in
cardiomyocytes derived from pluripotent stem cells [213].
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5.3 Multimodal Imaging

Although the speed at which Raman imaging can be performed has increased with
developments such as line scanning and improvements in detector sensitivity, it is
still slow in comparison to many cellular processes. One way to compensate for this
is to combine Raman with other modalities that have faster imaging capabilities and
provide additional information on the nature of the sample. Multimodal approaches
to Raman measurement can ideally combine two or more techniques that are applied
to the sample simultaneously, so that the information between the different modes
can be most easily compared. The instrumental challenges of that approach can be
significant [214], but highly useful measurements can still come from multimodal
techniques carried out sequentially on a sample [215]. Indeed, by relaxing the
constraint of measuring simultaneous multimodal information, a wider variety of
modalities may be used. For example, fluorescent staining measured following
Raman can be a very useful validation technique.

One of the big challenges with multimodal imaging is the image registration
between different measurement techniques. This is particularly problematic where
one modality is used to provide information on what another modality is measuring
as differences in the z-resolution, and probed volume will mean that there will be
differences in the morphological and, potentially, molecular species measured by
each technique [79, 214].

5.3.1 Raman and Infrared (IR) Spectroscopy
Raman and IR spectroscopies are both forms of vibrational spectroscopy, but as
Raman imaging is based on a scattering process and IR imaging is based on
absorption, they can be used to provide complimentary information on a sample.
IR imaging is much more sensitive to the presence of water, meaning that it can be
difficult to measure aqueous samples, restricting many of the studies to tissue
sections or other samples that can be dried prior to measurement.

Garip et al. have used both Raman and IR imaging to investigate the changes in
rat liver during treatment with simvastatin. Both Raman and IR images showed
varying decreases in lipids and proteins, leading to an overall increased lipid:protein
ratio, and Raman analysis also suggested a relative increase in DNA to proteins. The
authors concluded that simvastatin causes notable damage to the liver, possibly
through oxidative stress mechanisms [216]. Lau et al. used Raman and IR in
conjunction to study the distribution of biomolecules within Steinernema kraussei
nematode worms. Due to the different measurement configurations, confocal Raman
images provided high spatial resolution images in a single plane through the
nematode. IR images performed in transmission mode, on the other hand, provided
complementary information in terms of the biochemical composition of the whole
thickness of the worm [217].

In terms of hard tissues, Raman and IR imaging have been used in conjunction to
study untreated human hair with both techniques providing information on the
protein secondary structure and lipid composition of hair fibers. In addition, due to
the fact that Raman is sensitive to disulfide linkages, Raman images also provided
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information on keratin, which is rich in cysteine amino acids [15]. Bone tissue
engineering was the focus of a study concentrating on determining the biocompat-
ibility of a composite made from hydroxyapatite and β-glucan. Here, Raman imag-
ing was used in conjunction with infrared spectroscopic imaging to investigate the
differences between the composite and decalcified bone, identifying subtle changes
in the mineral composition and a decrease in phosphate contributions with increasing
age of the sample [218]. Chia et al. have also used Raman and IR imaging to study
the formation of biochar (produced by heating biomass in limited oxygen environ-
ments) used as a soil additive. FTIR was able to show the effects of mineral additives
on heat-induced chemical changes in the biochar, while Raman data provided
information on the carbon structure in biochar and mineral-enriched biochar [219].

Raman and IR imaging have also been combined with additional modalities.
Caine et al. added CARS and fluorescence imaging in order to investigate the
alterations to the brain caused by a stroke. Raman provided high spatial resolution
imaging of the lipid acyl groups revealing that the neuropil within in the peri-infarct
zone showed reduced amount of lipid acyl groups. CARS showed that both the
ischemic infarct and the surrounding peri-infarct zone were mainly devoid of
myelinated axons. This information was complimented by IR and fluorescence
imaging of the same areas [220]. Palombo et al. combined the chemical information
obtained from Raman and IR imaging with Brillouin imaging, providing information
on the mechanical properties, primarily the viscoelasticity, of Barrett’s esophagus
samples [221].

5.3.2 Raman and Mass Spectrometry (MS) Imaging
In recent years, mass spectrometry imaging has been applied to a number of
biological samples (for a recent review, see Spengler et al. [222]) with a small
number of studies looking to combine the mass-based sample information from
MS with the vibrational information from Raman imaging. Lanni et al. combined
secondary ion mass spectrometry (SIMS) with Raman in order to image bacterial
biofilms of Pseudomonas aeruginosa, identifying components such as quinolones in
the sample [223]. Ahlf et al. used an alternative MS modality, matrix-assisted laser
desorption ionization (MALDI), combined with Raman for the analysis of 3D cell
cultures. In this case, unlike Lanni et al., Ahlf et al. did not directly correlate the
Raman and MS images, instead analyzing both modalities with PCA and then
correlating the components obtained. For both techniques, the main variation,
identified by the first principal component, identified the necrotic core of the culture,
while the second component was associated with the proliferating edge
[224]. Bocklitz et al. have proposed a workflow for combining Raman imaging
with MALDI-based MS imaging, using a larynx carcinoma sample as their target. In
this workflow, Raman images were compared to the H&E-stained images, with
Raman identifying two layers in the epithelium attributed to differences in metabolic
state. MALDI images were then taken from regions where the Raman and pathol-
ogist classifications were in agreement and from regions where the two did not agree,
with m/z values from the MALDI imaging providing additional information to aid in
classifying the tissue [225].
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5.3.3 Raman and Atomic Force Microscopy (AFM)
AFM probes the mechanical properties of a sample such as viscoelasticity, stiffness,
and topography [226]. Recently, the information provided by AFM imaging has
been used to try and decouple the molecular concentration of components within
cells from the topography of the sample in Raman images, as a move toward
quantitative Raman measurements that are completely independent of sample thick-
ness. In this case, correlated Raman and AFM images were used to produce
quantitative maps of the cellular distribution of components such as proteins and
RNA [227]. Correlated AFM and Raman images have also been used to study the
effects of ex vivo treatment methods, particularly those commonly used in cell
fixation protocols, on human erythrocytes [228]. Raman and AFM have also been
used to assess the oxidation state of heme in erythrocytes [229].

Raman and AFM studies have often included IR imaging analyses as well. One
such study used all three techniques to investigate the content and distribution of
usnic acid, which has potential antibiotic properties, in three different species of
lichen [230]. Raman imaging and AFM have also been used in conjunction with IR
images to study mycobacterium and gram-negative bacteria, Pseudomonas putida
and Escherichia coli in co-culture [231].

5.3.4 Raman and Digital Holographic Microscopy (DHM)/Quantitative
Phase Imaging

Digital holographic microscopy (DHM) is a quantitative, label-free, and noninva-
sive technique that provides information in terms of the phase shifts induced by a
sample [232]. DHM can be performed at high frame rates, making it an ideal
complement to the relatively slow collection times required for Raman imaging.
The implementation of a dual DHM and Raman system has been achieved using
the same light source for sequential measurements [233] and by using two light
sources and spectral separation allowing for simultaneous measurements from the
two modalities [232]. The quantitative phase image information provided by DHM
has been used to screen red blood cells infected with malaria, identifying cells of
interest which can then be further analyzed by Raman to provide chemical and
spatial distribution of hemozoin, for example [233]. Simultaneous measurements
have provided information on the classes of biomolecules that give rise to the phase
signals. Raman spectra of cells are often lipid-rich, with moderate-intensity bands
from proteins and smaller contributions from other molecules such as nucleic
acids. On the other hand, proteins and nucleic acids generate a significant propor-
tion of the contrast in phase images, while the contribution from lipids is less
intense. This highlights an additional aspect of the complementarity between the
two imaging modes [232]. The combination of Raman and DHM has also been
used to assess the health of bovine sperm cells during selection for artificial
insemination. In this case, the morphology of the cells, provided by DHM, gave
insight into the health of the sperm, and the Raman images and spectra were used to
identify the X-carrying and Y-carrying sperm [234].
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5.3.5 CARS, Second Harmonic Generation (SHG), and Two-Photon
Emission Fluorescence (TPEF)

CARS has often been used in conjunction with second harmonic generation (SHG) and
two-photon emission fluorescence (TPEF) imaging. This triple combined approach has
been used to study the muscle tissue changes induced by cold shock in crustaceans, with
CARS providing information on the ER, cisternae, and T-tubules [235]. All three
techniques are able to identify the epidermis, dermis, and subcutis in the human skin,
but Heuke et al. demonstrated that an overlay of all three images combined provided
clear delineation between the tissue types, illustrating this with example regions includ-
ing a sweat gland, sebaceous gland, hair bulb, and blood vessels [60]. In cancer
applications, the three techniques have been used to discriminate between normal,
desmoplastic tissue and cancerous lesions in the lung [236] and to identify normal
tissue, tumor, and necrotic tissue in the kidney [237]. In atherosclerosis studies, CARS
has been used in conjunction with TPEF and SHG to study the plaque deposits [238,
239]. The vitamin A content of pig liver has also been investigated with all three
modalities where CARS produced images of the vitamin A droplets, fluorescence
imaging highlighted the hepatocytes and liver sinusoids, and SHG showed the location
of connective tissues [240]. Chernovskaia et al. combined CARS at two different
wavelengths, with TPEF also at two different wavelengths and SHG to provide in
total five image channels for the investigation of inflammation in diseases such as
Crohn’s disease and inflammatory bowel syndrome as shown in Fig. 7.6. The authors
used the information from these combined modalities to predict different levels of
chronicity, architecture, and activity associated with the samples [241].

CARS and TPEF have been used together to study the reorganization of the major
classes of biomolecules in cells during the cell cycle. Along with quantitative
analysis of concentrations of these molecules at particular points in the cell provided
by Raman spectra, the study showed that proteins are inhomogenously distributed
throughout the cell and that lipids tend to be more abundant at the edges of the cell.
In addition, only the local concentration of DNA was found to fluctuate during the
mitosis and G1 phases of the cell cycle [242].

CARS and SHG have been used to provide complimentary information on fibrosis in
nonalcoholic fatty liver disease with SHG providing information on the nature of the
fibrosis and CARS identifying the liver fat [243]. In a mouse model of obesity, both
techniques were used to visualize the increase in size of adipocytes induced by high fat
and fructose diets [244]. The combination of CARS and SHG has also been employed in
several studies centered on proteins. Fibrin hydrogels are one type of substrate used as a
scaffold in regenerative medicine, and Mortati et al. used SHG and CARS to follow the
collagen production of mesenchymal stem cells, as an indicator of cell differentiation,
and corneal fibroblasts in 3D cultures on these scaffolds [245]. Brackmann et al. used
CARS and SHG in combination to investigate orange fruits/vegetables such as sweet
potatoes, carrots, and mangos, with CARS used to visualize the carotenoids and SHG
highlighting the starch granules in each sample [246]. Brackmann et al. also looked at
the interaction of cells with a matrix, this time investigating the interactions of smooth
muscle cells with a cellulose matrix in terms of how they compress the matrix [247].
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Fig. 7.6 Multimodal images (a, c, d, f, h, i) and corresponding H&E-stained tissue sections (b, e,
g, j) of normal (a–e) and diseased (f–j) colon mucosa. Sub-figures (a) and (f) show multimodal
images acquired with CARS at 2930 cm�1, TPEF at 503–548 nm, and SHG. Sub-figures (c) and (h)
show details from (a) and (f) represented by the white boxes. Sub-figures (d) and (i) show
multimodal images corresponding to sub-figures (c) and (h), respectively, that were acquired with
the combination of CARS at 2850 cm�1, TPEF at 426–490 nm, and SHG. Red, CARS; green,
TPEF; blue, SHG. White scale bar represents 1 mm and black scale bar 250 μm. Arrows:
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Mansfield et al. have compared CARS and SRS for imaging of superficial zone
chondrocytes showing that SRS provides a spectrum closer to that of the Raman and
also gives rise to a clearer image. They then went on to combine TPEF, SHG, and
SRS imaging to investigate the structure of cartilage, with three SRS channels
providing images of carbonate, phosphate, and CH stretching. The TPEF images
provided information on autofluorescence, while the SHG images highlighted the
collagen fibers [248].

6 Conclusions and Future Perspectives

Raman imaging has been applied to a wide range of sample types and fields of
research that all have an impact on human health. That includes a growing variety
of applications including fundamental studies of biological reactions, through the
assessment and quantification of disease states and the impact of environmental toxins
on biological systems or more indirectly through determining the quality of foodstuffs
and drugs. Future developments in Raman imaging will, no doubt, continue to expand
the applications of Raman analyses to other fields of biochemical analysis.

In terms of applications for medical diagnosis, many studies have shown the potential
for Raman in characterizing changes in cells and tissues that can be thought of asmarkers
for diseases as wide ranging as cancer, atherosclerosis, dental lesions, and parasitic
infections. The next stage will be to expand these small-scale studies to larger sample
sizes and more complex sample groups (e.g., samples from patients who exhibit symp-
toms from multiple medical conditions) with a view to applying Raman-based diagnos-
tics in clinics and surgeries. In many cases, this will involve the development of smaller,
dedicated instruments and the development of automated software for determining the
status of a sample. While much of the instrumentation currently being developed for use
in surgery or other clinical settings are primarily concerned with recording single point
spectra, the information provided byRamanmapping and imaging studies is useful when
developing such probes [249], particularly in terms of the spatial distributions and
concentrations of the key molecules of interest in a given sample.

In terms of instrumentation, it is challenging to directly improve the amounts of
acquired Raman signal, since for many setups, detector sensitivity, grating efficiencies,
and so on are relatively close to what might be expected theoretically. Instead,
improvements in Raman imaging are likely to come from improving the speed of
measurement via measures such as increased degree of parallel acquisition (i.e., in the
same way that line scanning drastically improved Raman imaging speed, other
improvements might be implemented) or by increasing resolution [250]. Additionally,
improvements are already underway by use of smart selective sampling, compressed

�

Fig. 7.6 (continued) 1, lymphocytes, increase overall fluorescence, loss of crypt density; 2, crypt
branching; 3, irregularities of crypts’ shape; 4, flattened epithelial layer facing the lumen
(Figure reproduced from Nature Publishing Group [241])

7 Label-Free Raman Imaging 317



sensing, or other techniques to reduce the number of spectra required to construct an
image. In essence, these directions involve the optimization of the desired information
content that can be measured in a constrained set of parameters, where laser power,
sample damage, and measurement time are all crucial considerations. The optimum
measurement would then provide the best answer to a given hypothesis, by optimizing
the measurement protocol according to the physical constraints. Most current work
does not take this approach, partly because the optimum measurement may require a
flexible and customizable imaging system. There is then a trade-off between the best-
case measurement approaches and practical considerations. Nevertheless, we can
expect significant improvements in Raman imaging, with increased attention to
exploiting these factors. In addition, combining Raman imaging with other modalities,
providing correlated but nonredundant information, will be important in future studies,
particularly where the other modalities measure different characteristics of the sample,
compared to the Raman spectra. In terms of live sample imaging, complimentary
modalities with high frame rates will be particularly useful characterizing sample
changes taking place during the Raman imaging measurement, currently on the order
of a few minutes for a typical cell.

The complimentary information obtained from multimodal imaging, particularly
when measurements are taken simultaneously, will also further our understanding of
what biochemical information is contained within the Raman images. As Raman
spectra contain contributions from all Raman-active molecules in a sample, they are
rich in information but complex to interpret. Chemometric algorithms are very useful
for decomposing the spectra into various types of components, but these component
spectra are also composed of contributions from mixtures of molecules. Therefore,
correlating Raman images with those obtained from other techniques will allow us to
more accurately identify the nature of the molecules contributing to particular
Raman signals. This knowledge can be transferred back to single modality Raman
studies, allowing more detailed interpretation of the biochemical composition of
samples.
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1 Definition of the Topic

Magnetic resonance imaging (MRI) and ultrasound (US) are two prominent medical
imaging modalities. They are extensively and routinely used in various medical
fields, such as cardiology, embryology, neurology, and oncology. In this chapter we
describe the application of nanoparticles for MRI and US image enhancement.
Moreover, the utilization of nano-scaled compounds for multimodal MRI-US imag-
ing, allowing further increase of diagnosis certainty, is depicted.
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2 Overview

Imaging is a key method for obtaining medical diagnosis. To improve pathology
detection ability, intravenous injections of contrast media are often performed. Such
materials change a specific physical property of the tissue to which they reach,
resulting in improved image contrast.

The developments in the field of nanotechnology have created vast opportunities
for improved medical care, in the disciplines of diagnosis and treatment as well. The
extremely small nanoparticles’ (NPs) size and their high surface area to volume ratio
impact various physical properties. This includes mechanical, magnetic, and optical
characteristics, as well as allowing improved tumor targeting.

Here, we describe the utilization of NPs in two imaging modalities: US and MRI.
These two modalities provide a vast spectrum of clinical applications, are exten-
sively used, and are both non-ionizing in nature. The comparison and added value of
NPs over conventional contrast agents will be described herein with an up-to-date
review of relevant research. Finally, nano-scaled compounds allowing multimodal
MRI-US will be reviewed, and future perspective will be given.

3 Introduction

Imaging is a process in which a certain property of an object is mapped to create a
representative image. In medicine, several tissue properties are suitable for imaging
purposes, such as atomic number in X-ray computed tomography (CT), proton
density and spin relaxation in MRI, and acoustic impedance in US [1]. The image
can represent an integrated physical property along a certain dimension (e.g., chest
image in X-ray) or a cross-sectional slice (as in MRI and CT), depicting the inner
structure of the body. In addition, several imaging protocols and image reconstruc-
tion techniques allow the representation of three-dimensional (3D) images. In
several modalities, such as single photon emission computed tomography
(SPECT), positron emission tomography (PET), and X-rays, the acquisition proce-
dure involves the use of ionizing radiation. The two modalities discussed here, MRI
and ultrasound are both non-ionizing in nature and considered hazardless.

The use of diagnostic imaging is highly common in the clinic [2], since correct
and early detection of pathology has immense impact on prognosis. An essential
factor for pathology detection is the existence of sufficient contrast between normal
and abnormal tissue. To increase the differentiation ability, contrast agents are
frequently used. In certain modalities, administration of contrast materials may
reach 50% of all imaging sessions [3]. A common target for contrast enhancement
is blood vessels. After an injection of a contrast media intravenously, veins/arteries
are highlighted, allowing an improved examination of their condition. Under such
conditions, blockages or impaired vessels are more easily detected, as poor contrast
agent uptake is clearly visible. Contrast agents are used also in cardiology [4] and
gastrointestinal tract disorders detection where contrast agents can also be
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administered orally [5]. The utilization of contrast agents is naturally of great
importance in tumor detection and characterization [6].

The term NPs commonly relate to particles with two or three dimensions of
1–100 nm in size [7, 8]. Nonetheless, this term is also often used for defining size
ranges of 10–1000 nm size range [9], 1–50 nm diameter [10], and even less than
1 micron [11]. The remarkable developments and rapid expansion of the field of
nanotechnology have brought staggering opportunities to medical imaging.

The prominent advantages that NPs hold include:

1. Increased passive tumor accumulation ability. Tumor-related blood vessels are
commonly leaky, with pores of minimum 100 nm in size [12], and typically of
less than 780 nm in diameter [13]. This characteristic, known as the enhanced
permeability and retention (EPR) effect, does not occur in non-pathologic tissues
and consequently leads to NPs accumulation in tumors [14]. To achieve increased
tumor penetration using the above described mechanism, long circulation time of
the NPs is required. This can be obtained by various manners, e.g., by poly
(ethylene glycol) (PEG) encapsulation [15] and dextran coating [16].

2. Active targeting and efficient drug carrying ability. The high surface-to-volume
ratio of NPs can be utilized for efficient conjunction ability to targeting ligands
[17], including folic acid [18], insulin, and peptides. In addition, NPs can be
conjugated to drugs, with an increased loading capacity [19].

3. Tunable imaging parameters. The extremely small size of the NPs yields also
unique physical properties, e.g., by quantum mechanics-related effects
[20]. Moreover, by controlling the synthesis procedure to yield particles in
different sizes and morphologies, the imaging properties can be tuned to allow
superior contrast generation [21, 22].

Accordingly, nano-scaled contrast agents are vastly investigated in all imaging
modalities used in the clinic [23]. Prominent composites include gold nanoparticles
in CT [24], nanobubbles in ultrasound [25], radiolabeled nanoparticles for PET and
SPECT [26, 27], and iron oxide nanoparticles in MRI [28].

Another rapidly growing research trend is the exploitation of a single nano-
compound for imaging using two or more different modalities. Using such materials,
each imaging technique provides its added value, resulting in a more comprehensive
evaluation of the pathologic state, and increased diagnosis certainty. Moreover, using
a single contrast agent administration for several modalities prevents the physiolog-
ical stress stemming from multiple dosages [29].

Several review papers have been published covering topics such as nano-scaled
ultrasound contrast agents [30], nano-scaled MRI contrast agents [31], and multimodal
contrast agents [32]. This chapter provides a unique step-by-step explanation of the
physical background behind the mechanism of nanoparticles as contrast agents for MRI
and ultrasound. It is structured to gradually add the needed building blocks for intro-
ducing the reader to the current state-of-the-art research in the field of multimodal
MRI-ultrasound nano-agents. It is directed and oriented to provide a fundamental picture
of the MRI and US nano-imaging field and outlines recently published relevant work.
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4 Experimental and Instrumental Methodology

4.1 Magnetic Resonance Imaging (MRI)

MRI is an imaging method which utilizes magnetization properties of the studied tissue
to generate images.When subjected to a strongmagnetic field, some atom nuclei react in
response to radio waves transmitted toward them at a specific frequency (termed the
“resonance frequency”) by absorbing them and then emitting detectable radio waves.
This phenomenon is termed “nuclear magnetic resonance (NMR).” In most medical
applications, imaging is based on the NMR of the hydrogen nucleus, i.e., a proton.

In order to explain MRI in simple terms, it is preferable to consider a voxel of
tissue. Within such a voxel, (which dimensions are typically about one cubic
millimeter), there are numerous hydrogen atoms. Each hydrogen proton can be
approximated by a positive electric charge which spins around the proton axis.
Resulting from this electric loop, a small magnetic field is generated around the
hydrogen proton. Each hydrogen proton has its “private” magnetic field aimed at an
arbitrary direction in space. Since magnetic fields are directional, they add up like
vectors. Thus, in such random distribution of the small magnetic fields of the
hydrogen protons, the resultant magnetization of the voxel is nearly zero (neglecting
the earth’s magnetic field). When placed within the strong magnetic field of the MRI
scanner (denoted as B0) which strength is commonly between 0.1 and 7 [Tesla] (one
Tesla is about 20,000 times the magnetic field of the earth), these numerous magnetic
fields are aligned with the MRI field, somewhat similar to a compass needle aligning
with the magnetic field of earth. As a result, the voxel becomes “magnetized” with a
magnetic moment per volume denoted as M0 (see Fig. 8.1). This magnetic moment
linearly depends on the strength of the magnetic field B0 and the number of hydrogen
protons per volume (termed “proton density”).

Next, consider the magnetization vectorM0 of that voxel. This vector is positioned
along the z-axis of a stationary frame of reference, which aligns with the magnetic
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Fig. 8.1 (Left) The magnetic
fields of the hydrogen protons
in a voxel are randomly
oriented in space; hence, the
resulting magnetic moment is
nulled. (Right) When placed
within the MRI, they reorient
and the resulting magnetic
moment is M0
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field of the MRI, i.e., B0. Two transmission antennas are then positioned along the
corresponding x and y axes. The first antenna transmits a field Bx = B1 � cos (ω0t)
while the second transmits a field By = B1 � sin (ω0t). This results in a magnetic field
B1 which is located at the x-y plane and rotates around the z-axis with an angular
frequency ω0 which equals to the resonance frequency. This causes a tilt of the voxel
magnetization vector M0 by an angle α from the z-axis (see Fig. 8.2). The magnitude
of this angle depends on the strength of the field B1 and the transmission duration.

When the B1 transmission is stopped, the tilted magnetization vectorM0 retains its
rotation but also begins a realignment process with the z-axis. M0 has two compo-
nents: Mz which is aligned with the MRI magnetic field B0 and Mxy which rotates
perpendicularly to that field, i.e., in the x-y plane. The rotation frequency is the
resonance frequency ω0. Next, the two transmission antennas are replaced by
receiving antennas with the same configuration as shown in Fig. 8.2. Since Mxy is
actually a rotating magnetic field, it induces currents/voltage in the receiving anten-
nas. These are the signals from which the MRI image is generated.

The contrast in an MRI image is generated by the differences in the signals
emitted from the different voxels at a specific acquisition time. This specific time
point is designated as echo time (TE). The differences between different materials or
tissue types stem mainly from three characteristic properties: (i) proton density
which relates to the number of hydrogen protons in the voxel, (ii) spin-lattice
relaxation which relates to the realignment of the magnetization vector with the
z-axis (see Fig. 8.3) and is characterized by a time constant T1, and (iii) spin-spin
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Fig. 8.2 (Left) When two orthogonal antennas transmit radio waves as explained in the text, a B1

field which rotates about the z-axis at the resonance frequency is generated. (Right) As a result, the
magnetization vector M0 is tilted by an angle α from the z-axis
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relaxation which relates to the dephasing of the transverse magnetization Mxy

components (see Fig. 8.3) and is characterized by a time constant T2.
Images are generated by using special spatial encoding magnetic fields called

“gradients.” The process of image data acquisition is termed “pulse sequence.”
There are numerous pulse sequences; each sequence emphasizes a different property
of the tissue. If the image emphasizes the number of protons per volume, it is termed
“proton density weighted.” And similarly there are T1- or T2-weighted images.

Two exemplary preclinical MRI scanning systems are depicted in Fig. 8.4, along
with a typical mouse positioning MRI cradle.

4.2 Ultrasonic Imaging

Ultrasonic waves are actually sound waves which frequency exceeds 20 KHz (the
upper limit for the human ear). Commonly, the frequencies used for medical imaging
are in the lower MHz range, i.e., 1–10 MHz. These waves carry mechanical energy
which travels at the speed of sound through matter. Typically, in soft tissues, the
speed of sound is about 1500 [m/s]. The variations in the speed of sound can be used
to characterize and image different tissue types.

Z

x y

Z

x y

Spin-Lattice relaxation 

Spin-Spin relaxation 

MZ

M0

Time

Mxy
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Time

Fig. 8.3 (Top left) Spin-lattice relaxation. (Top right) The response of the vertical magnetization
component Mz is time dependent and differs for each material. (Bottom left) Spin-spin relaxation.
(Bottom right) The response of the transverse magnetization componentMxy is time dependent and
differs for each material
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Sound waves stem from a rapid change in the local pressure at their origin and
carry their energy as a perturbation in the medium pressure. Accordingly, their
amplitude is measured in pressure units, i.e., Pascal. When traveling through a
homogeneous medium, ultrasonic waves are attenuated exponentially with a char-
acteristic attenuation coefficient α. Thus, if the initial amplitude is P0, at a distance
x from the origin, the amplitude will be:

P xð Þ ¼ P0 � e�αx (8:1)

The attenuation coefficient varies from one tissue type to another; therefore, α can
be used for tissue characterization and as a source of contrast in imaging as well.
Importantly, the attenuation coefficient increases in the lower MHz range almost
linearly. Consequently, when the frequency is increased, the penetration range into
the tissue decreases rapidly.

Another important tissue property that is relevant to imaging is termed the
“acoustic impedance.” Marked as Z, it is defined by the multiplication of the tissue
density ρ by its speed of sound C, i.e.:

Z ¼ ρ � C (8:2)

When traveling from one tissue to another, the ultrasonic waves encounter a
change in the acoustic impedance. As a result an echo is generated. The ratio
between the echo amplitude PR and the amplitude of the impinging wave PI is called
the reflection coefficient R and is given by:

R ¼ PR

PI

¼ Z2 � Z1

Z2 þ Z1

(8:3)

Fig. 8.4 (Top left) Preclinical 1 T MRI system (Aspect, Israel), composed of a permanent magnet.
(Top right) Preclinical 9.4 T MRI system (Bruker, Germany). (Bottom) Bruker MRI compatible
mouse positioning bed. Anesthesia is provided using a chamber into which the mouse head is
inserted. The bed is heated to a user-defined temperature, and respiration can be monitored by
placing a sensor close to the mouse chest
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where Z1 and Z2 are the acoustic impedances of the first and second tissues,
respectively. As can be noted, the absolute value of R ranges between 0 and 1;
thus, if Z2 � Z1 ) R � 1, such as the case for metal implants or bones relative to
soft tissues, strong echoes will be reflected. On the other hand, one can note that also
when Z2 � Z1 ) R� � 1, such as the case for air next to soft tissues or blood, the
reflection coefficient is high and strong echoes will be obtained. (The negative sign
merely indicates phase change.)

The amplitude PT of the wave that travels through the boundary between the two
tissues into the second one is given by the transmission coefficient:

T ¼ PT

PI

¼ 2Z2

Z2 þ Z1

(8:4)

In most of the cases, ultrasonic imaging is based on measurements of the reflected
echoes. The basic principle is depicted schematically in Fig. 8.5. A transducer, which
is commonly made of a piezoelectric material, transmits a short ultrasonic wave into
the body. The wave travels at the speed of sound C. Whenever it encounters a change
in the acoustic impedance (Eq. 8.2), an echo is reflected (Eq. 8.3). The echo travels
back to the transducer. Its amplitude and time of arrival Δt are registered. The
distance S to the reflection point is estimated using the equation:

S ¼ C � Δt
2

(8:5)

To obtain a two-dimensional (2D) image, the acoustic beam sweeps through the
object. This is commonly done using a fan-shaped configuration as depicted in
Fig. 8.6. At every transmission angle, the echoes reflected from the object along
that beam are collected and stored. The time elapsed from the ultrasonic pulse
transmission to each detected echo is translated into distance using Eq. 8.5. The
2D location is determined by accounting for the transmission azimuth as well (see
Fig. 8.6). The amplitude of the echo is graphically presented by assigning a gray
level value to the relevant pixel. The stronger the echo the brighter is the pixel.

Transducer

Target

2
C tS .D

=

Fig. 8.5 Ultrasonic waves
transmitted from the
transducer will be reflected
from a target having different
acoustic impedance. The echo
amplitude depends on the
reflection coefficient, and the
distance is calculated from the
travel time of the waves back
and forth
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An example of murine in vivo ultrasound experimental setup, as well as a typical
pulse-echo (B-scan) image, is shown in Fig. 8.7.

Much less common is the use of through-transmission imaging. With this method,
the time required for the ultrasonic waves to travel from one side of the scanned object
to another and their amplitudes are registered. From this information two types of
images can be generated (see Fig. 8.8): (i) a projection image, which is actually an
acoustic shadow of the object, and (ii) a computed tomography (CT) cross-section,
which can be reconstructed when collecting projections around the object. The latter is
basically similar to X-ray CT images, but the reconstructions map the speed of sound

Transducer

Echo Acquisition
Image Reconstruction

Fig. 8.6 (Left) In order to
obtain a 2D image, ultrasonic
pulses are transmitted along
multiple directions through
the object. The echoes
reflected along each
transmission direction are
collected and registered.
(Right) An image is
reconstructed by depicting
each echo as a bright pixel at
the corresponding spatial
location

Fig. 8.7 (Left) Mouse positioning and imaging setup (VisualSonics, CA). The limbs are positioned
atop electrodes, providing online ECG display. The surface is heated to a user-defined temperature,
and anesthesia is applied via a facial mask. The mouse-imaged area is shaved and depilated, and a
coupling gel is applied. (Right) A B-mode (reflected waves) ultrasound image of the mouse
abdomen scanned using Vevo 2100 high-frequency ultrasound scanner (VisualSonics, CA)
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or acoustic attenuation coefficient. An exemplary dedicated breast scanning system
which is based on through-transmission ultrasound is depicted in Fig. 8.9.

5 Key Research Findings

This part will include three major subsections: (i) nanotechnology-based US imaging
tools for medical diagnosis, (ii) nanotechnology-based MRI imaging tools for
medical diagnosis, and (iii) nano-scaled compounds for multimodal MRI-US imag-
ing. Each subsection begins by describing the main principles of contrast agent
enhancement mechanisms relevant to the specific modality, including examples of
conventional contrast agents. Next, representative and up-to-date findings (mainly
from the years 2010–2016), related to nano-scaled contrast agents, will be described.

5.1 Nanotechnology-Based Ultrasound Imaging Tools
for Medical Diagnosis

5.1.1 General Principles of Ultrasound Contrast-Enhancing
Mechanism

The conventional contrast agents for ultrasonography are gas-filled microbubbles
(MBs), a few microns size. The core can be made of air or other gases such as
fluorocarbon and sulfur hexafluoride. The coating can be composed of albumin, a
phospholipid shell, a polymer, or other materials aimed to increase the bubbles’

Projection Imaging Ultrasonic CT

Acoustic projection

Fig. 8.8 (Left) By measuring the travel times and amplitudes of through transmitted waves, an
acoustic projection (shadow) is obtained. (Right) By collecting projections from around the body, a
computed tomography (ultrasonic CT) images can be obtained
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stability in the vascular system [33]. As the acoustic impedance of the MBs is
negligible compared to biological tissues, they are highly echogenic. In other
words, the impedance mismatch of the bubble with the blood causes an almost
complete reflection of the acoustic energy back to the ultrasonic transducer. More-
over, the bubbles resonate in response to ultrasonic irradiation and yield a nonlinear
effect generating subharmonic and higher harmonic signals. To further increase the
MBs signal-to-noise ratio (SNR), signal processing means can be implemented on
the acquired raw radiofrequency (RF) acoustic signals, for obtaining images
depicting specific harmonics only [34]. As the MBs are retained in the blood for
several minutes without crossing the endothelium [35], their main clinical applica-
tion is vascular imaging. In cardiology, MBs can assist in assessing the heart
function, improve the visualization of the cardiac chambers’ borders, detect throm-
bus or ischemia, etc. [36]. Vascular flow quantification may also be obtained by MBs
destruction. This can be achieved using a high mechanical index pulse transmission
[37] and analysis of the refilling rate. Difference in vascular flow characteristics can
also assist in tumor detection and evaluation, e.g., in the liver [38].

In attempts to reduce the size of ultrasound contrast agents for obtaining the
benefits of the nano-scale, as described in Sect. 3, five major research paths were
investigated. In the straightforward approach, a downscaled version of a micro-
bubble is synthesized, i.e., a gas-containing nanobubble. Another approach replaces
the gas core with a liquid. Although the liquid content, which is termed nanodroplet,
is less echogenic than gas, it can be vaporized into an increasingly echogenic
microbubble after tumor penetration. Two additionally attractive methods are the

Water tank 
with 

ultrasonic 
transducers 

Raw signal 
display 

Reconstructed 
image display 

Analog 
signal 

generator 
and receiver 

Dedicated patient 
bed with a hole at 
the breast location 

Computer 

Fig. 8.9 Through-transmission ultrasound system components. (Left) The electronic boxes and
computerized elements. (Right) A patient is positioned atop a dedicated bed, with a hole through
which the breast is inserted. The examined breast is immersed in a water container, and ultrasonic
transducers perform 2D/3D acoustic projection or computed tomography scanning. Generously
contributed by Ilana Katz-Hanani from the Technion – Israel Institute of Technology

8 MRI and Ultrasound Imaging of Nanoparticles for Medical Diagnosis 343



synthesis of echogenic liposomes and the utilization of gas-generating nano-scaled
substances. Finally, attempts to use solid nanoparticles as ultrasound contrast agents
were performed. The commonly used nano-structure shells were composed of either
a polymer or a single/double layer lipid. Figure 8.10 illustrates the main element of
each approach. In the following subsections, we shall further elaborate on each
contrast agent type and describe the representative works recently performed.

5.1.2 Gas Core Nanobubbles
As stated earlier, the intuitive way to obtain a nano-scaled US contrast agent is to
synthesize a smaller version of a microbubble. When studying the capabilities of
aptamer-conjugated nanobubbles (486 nm), ex vivo 40 dB enhancement was dem-
onstrated [39]. It shall be noted that a 40 MHz transducer was used and that the
nucleic acid ligands were designed to target human acute lymphoblastic leukemia,
while the echogenic core was composed of perfluoropropane (C3F8) gas. The

Fig. 8.10 Schematic illustration of nano-scaled ultrasound contrast agents. (a) Gas core nano-
bubble – gas (typically fluorocarbon) is trapped in a polymer or a lipid shell. (b) Nanodroplet – a
liquid core nanoparticle, which can be vaporized into a gas-containing microbubble. The shell may
be a phospholipid layer, as illustrated. (c) Echogenic liposome. The echogenicity is assumed to
occur from air inside the liquid phase or the lipid bilayer. (d) Solid nanoparticle. (e) Gas-generating
nanoparticle
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necessary question at this point is weather the abovementioned contrast is suitable
for in vivo applications and its comparability to conventional agents.

A comparative study between 435 nm C3F8-filled nanobubbles and clinically
used microbubbles (SonoVue®, for which the average particle size is of 2.5 μm)
demonstrated higher contrast improvement and longer imaging duration when using
the nanobubbles [40]. This was demonstrated both in vitro and in vivo, using gastric
cancer xenograft in mice. A further support for the in vivo ability of C3F8-filled
nanobubbles was demonstrated in [41], as bubbles of 200–650 nm generated
contrast improvement in an in vivo breast tumor mice model. Researchers from
the same group have also synthesized similar nanobubbles but with a more uni-
formly distributed size (478.2� 29.7 nm), conjugated to tumor targeting agents [42].

In another mice study [43], gas-containing polymer nanobubbles (521 nm) dem-
onstrated contrast in the kidney, liver, and tumor which was comparable to
SonoVue® microbubbles. Moreover, the improved contrast imaging duration was
longer in the NPs’ case. The NPs’ ability to load gene therapy agents and to
efficiently transfect them in vitro was better than that of compared liposomes.

Polymers offer a biodegradable, biocompatible, and stable shell choice for nano-
bubbles. Commonly, the FDA-approved polymer poly(lactic-co-glycolic acid)
(PLGA) is used [44]. In an in vitro study, 1D ultrasound scans (A-mode) at
10 MHz of PLGA air-filled nanocapsules (370 nm, 45 μg/ml) demonstrated 15 dB
signal enhancement [45]. In another study, perfluorocarbon gas-filled PLGA bubbles
(approximately 700 nm in diameter) generated contrast improvement when injected
to tumor-bearing mice, under harmonic imaging [46].

A formulation of smaller gas-filled nanobubbles (200 nm in diameter), composed of
C3F8 core, lipid-shelled nanobubbles, with the surfactant pluronic, was reported in
[47]. In a later comparative study [48], the echogenicity of these nanobubbles was
reported as comparable and in some cases superior to the clinically used Definity®

microbubbles.
A unique biological approach was suggested by Shapiro et al. [49], which derived

gas vesicles of 45–250 nm width and 100–600 nm length from bacteria and archaea
(Fig. 8.11). In vitro studies demonstrated these gas-filled substances’ ability to
enhance the ultrasonic signal in both the fundamental frequency and higher har-
monics. As with microbubbles, the vesicles were destructible using high pressure
pulses. Similar to other NPs, aggregation of the vesicles resulted in an increased
signal. In vivo mice studies using nontargeted intravenously injected vesicles dem-
onstrated increased liver and inferior vena cava contrast.

5.1.3 Nanodroplets
Nanodroplets are liquid core composites. Although they can be synthesized to a size
as small as 200 nm, their echogenicity is lower than gas core NPs [30], due to their
reduced compressibility. In order to increase contrast ability, after the NPs accumu-
late in a cancerous tissue, they can be phase-shifted by vaporization into
gas-containing microbubbles. It was demonstrated that acoustic radiation, generated
by a 5 MHz transducer, was able to transform decafluorobutane (DFB) nanodroplets
of 200–600 nm diameter, into microbubbles [50].
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In another study, a liquid core of perfluorooctyl bromide (PFOB) was encapsu-
lated in a shell of PLGA, with a PEGylated phospholipid-modified surface [51]. In
this work, dosages of 50 mg/mL nanocapsules, 200 μL in volume and 200 nm in
size, were injected into gel-containing chambers, intravenously (IV) through the
retro-orbital sinus and intratumoral to tumor-bearing mice (human pancreatic cancer
cells). Although the in vitro and intratumor experiments demonstrated improved
contrast, the IV injections did not result in any improved tumor visualization. While
histological studies demonstrated some particles residing in the tumor, the lack of IV
injection-related contrast may stem from the relatively big particle size, preventing
the accumulation of high particle dosage in the tumor.

A recently developed method enabled the synthesis of a mixed solution
containing nanodroplets and gas core nanobubbles [52]. In vitro 15 MHz examina-
tion demonstrated that the solution resulted in an improved backscatter compared to
liposomes, and in vivo 40 MHz mouse aorta imaging demonstrated clearly visible
contrast improvement.

In various cases, the stimulator for the nanodroplets vaporization into micro-
bubbles is diagnostic ultrasound with sufficiently high mechanical index. A spatially
specific approach was recently suggested, in which low intensity focused ultrasound
was used [53]. The researchers showed that acoustic transmission of 1 MHz focused
ultrasound, applied for 2 min at 3.2 W/cm2 intensity, was able to phase change
nanodroplets into microbubbles located in a subcutaneously implanted mice tumor,
yielding visibly detectable image brightening. In addition, the conjugation of folate
to the nanodroplets (average diameter of 321 nm) resulted in significantly improved
tumor targeting ability.

5.1.4 Echogenic Liposomes (ELIPs)
Echogenic liposomes (ELIPs) are phospholipid vesicles that contain gas either in
their lipid section or in their liquid center [54, 55]. Compared to gas core NPs, they
are more stable and mechanical pressure durable [56]. In an in vitro study, the

Fig. 8.11 Transmission
electron microscopy (TEM)
image of purified gas vesicles
from Anabaena flos-aquae.
Generously contributed by
Prof. Mikhail Shapiro from
California Institute of
Technology
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acoustic characteristics of ELIPs were examined using a broadband stationary pulse-
echo methodology [57]. The resulting contrast agent efficiency was at the same
range as commercially available microbubbles, when comparing the scattering-to-
attenuation ratio. It should be noted that the synthesized ELIPs’ solution contained a
large number of 65 nm in diameter particles, but the general size distribution was
rather wide, containing also particles with a diameter of a few microns.

In another study, a physiological flow phantom containing porcine plasma was
used to evaluate ELIPs suitability for blood pool contrast enhancement [58].
Acquired B-mode images indeed detected improved image contrast (mean digital
intensity of approximately 20 dB).

A vascular application was suggested for the ELIPs, by using their conjunction to
atherosclerosis-related inflammatory markers [59]. The concept was demonstrated in
an in vivo porcine study, in which the ELIPs yielded enhanced signal at the diseased
artery site, when imaged using intravascular ultrasound (IVUS). In a different study,
tissue plasminogen activator (tPA) was loaded into ELIPs, providing dual imaging
therapy capabilities [60]. An occlusive thrombus was produced in the aorta of
rabbits. The thrombus site was detected using real-time B-scan mode, following
the injection of the ELIPs. A 2-min ultrasound transmission with a mechanical index
of 0.4 was then performed to release the blood clots breakdown agents. Blood flow
velocity recovery was measured using pulsed Doppler. The loaded ELIPs demon-
strated a significant image brightening effect as well as faster and more efficient blood
flow velocity improvement (indicating the thrombolytic therapy effect).

5.1.5 Gas-Generating Nanoparticles
A different and unique method for generating NP-based US contrast is engineering
an agent capable of releasing gas either spontaneously, in a response to specific
pathology, or when sensing a clinically important molecule.

Polymeric NPs were demonstrated as potential candidates for such substances.
According to the study depicted in [61], carbonate dioxide nanobubbles were formed
on the surface of a polymeric nanoparticle. As reported, the bubbles have gradually
merged into microbubbles. This potentially should occur at the tumor site, post
penetration using the EPR effect. The gas-generating polymeric NPs were
200–500 nm in size, and increased echogenicity was demonstrated using subcuta-
neous injection to the lower backs of mice, as well as intratumoral injection. The
duration of ultrasound signal increase was around 12.5 min, followed by gradual
decrease.

In a selectively activated gas release study [62], the researchers synthesized a
500 nm silica core particle, coated by a layer of enzymes that catalyze the decom-
position of hydrogen peroxide (H2O2) to microbubbles. The clinical importance of
H2O2 stems from its association with various diseases, including inflammation. The
nanospheres were injected near a subcutaneous abscess in rats and generated well-
detectable microbubbles.

Recently, a different group of researchers synthesized poly(vanillin oxalate)
particles of 550 nm diameter, capable of releasing CO2 when triggered by H2O2

[63]. Since ischemia/reperfusion injury is also associated with H2O2 production, the
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particles were able to detect the injury site by releasing echogenic bubbles in an
injured liver mice model. Moreover, the particles released vanillin that demonstrated
therapeutic ability.

In another recently published work, a pluronic-based nanocarrier, containing
calcium carbonate particles, was reported as suitable for ultrasonic tumor imaging
[64]. The complex size was characterized as 160 nm at physiological conditions and
was able to generate CO2. Imaging at 10 MHz frequency demonstrated in vitro
echogenicity as well as tumor enhancement in mice 1 h post intravenous injection.
Characterization of the gas formation in various pH conditions demonstrated
increased efficiency at acidic conditions, which are typical in some tumor cases.

5.1.6 Solid Nanoparticles
Although solid NPs are not expected to cause nonlinear ultrasound phenomena,
several attempts were made to examine their suitability to serve as US contrast
enhancers. Silica nanospheres of 100 nm were examined using 30 MHz B-scan
[65]. Agarose phantom experiments demonstrated the particles visualization, and IV
injections of the particles to mice yielded image brightening of the liver. This
brightening persisted for 1.5 h. Nevertheless, the average gray-scale change was
only around 30%, and the visual effect was rather mild.

Another solid NPs examined for ultrasonography are polylactic acid (PLA) NPs
(250 nm diameter) [66]. PLA is a biodegradable, FDA-approved material [67]. The
NPs were conjugated to breast cancer cells targeting agents. B-scan images of the
PLA-nanoparticles containing cells demonstrated image brightening; however, the
obtained effect was of less than 25%.

In a later study, the advantages of solid materials (increased durability over time
to ultrasonic radiation as opposed to collapsible bubbles) were incorporated with the
high echogenicity of gas-filled substances [68]. Silica and silica-boron perfluor-
opentane (PFP)-filled nanoparticles were synthesized, with 500 nm in diameter.
The NPs were injected into the thighs of rabbits, yielding a well-visualized signal
for 4 days. The authors suggested that the ability of the NPs to maintain their location
without collapsing for long time periods may be useful for marking and visualizing
the borders of breast cancer during surgical procedures.

In a later study by the same group of researchers, 500 nm iron-silica nanoshells
were filled with PFP [69]. The particles were visible for 10 days after intratumoral
injection in ex vivo breast tissue as well as in mice tumors.

Although the ability to maintain a fixed anatomical location for long time periods
is an advantage in the clinical case of surgical-related tumor delineation, it consti-
tutes a disadvantage for the application of systematically administering faster-
degrading contrast agents (e.g., for tumor detection). To address this issue, it was
suggested to use phosphate-based glass nanospheres (200–500 nm in diameter)
[70]. The particles were imbedded in matrigel and injected into mice flanks. The
resulting images demonstrated around fourfold signal increase by injecting 2 mg/mL
of the composite. In addition, phantom studies showed that the particles imaging life
was about 4 h.
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Multi-walled carbon nanotubes (20–30 nm diameter, 400 nm length) were inves-
tigated as harmonic imaging and B-scan ultrasound contrast agents [71]. The parti-
cles brightened the injection region in ex vivo porcine livers and hearts, as well as in
in vivo porcine bladder.

Additional studies in which solid-based NPs were investigated for ultrasound
imaging include iron oxide and copper oxide NPs. As these two cases involve MRI
imaging as well, they are described in the multimodal imaging section (5.3.2).

5.2 Nanotechnology-Based Magnetic Resonance Imaging Tools
for Medical Diagnosis

5.2.1 General Principles of MRI Contrast-Enhancing Mechanism
The prevailing mechanism for MRI contrast improvement using exogenous media is
relaxation time shortening. The inverse of the longitudinal (spin-lattice) relaxation
time r1:

r1 ¼ 1

T1

ms½ ��1
(8:6)

and the inverse of the transversal (spin-spin) relaxation time r2:

r2 ¼ 1

T2

ms½ ��1
(8:7)

can be empirically estimated with respect to various particle concentration, yielding
a quantitative estimate of the contrast agent ability to shorten the relaxation time
(occasionally termed as molar relaxivity), with the units of [mM�1s�1].

An ideal T1 contrast agent will have an r2/r1 ratio which is close to one [72] and a
high r1 value. On the contrary, the higher the r2/r1 ratio is, the more efficient the
contrast agent is for T2 imaging [73].

The most prevalent and routinely used contrast agents in clinical MRI are
gadolinium-based compounds which shorten the T1 relaxation time of nearby
water molecules. This effect thereby yields a brightened region which is termed as
“positive contrast.” Although the exact longitudinal relaxivity may be different for
various products, the characteristic value for these materials is 5 mM�1s�1 [74]. A
known limitation of gadolinium-based agent injection is the possible clinical com-
plication, to which renal disease patients are susceptible. As gadolinium adminis-
tration to such population may cause nephrogenic systemic fibrosis, it should be
highly avoided [75].

Another paramagnetic metal that is used for positive contrast generation is
manganese. The application of manganese-based agents to the liver and to the
gastrointestinal tract was previously approved for clinical use [76].

Moving to the nano-scale, three main research paths are prevalent in the literature:
(i) the implementation of a gadolinium-based nano-composite, as discussed in Sect.

8 MRI and Ultrasound Imaging of Nanoparticles for Medical Diagnosis 349



5.2.2; (ii) the use of T1-related contrast agents which are manganese-based NPs, as
discussed in Sect. 5.2.3; and (iii) the use of iron oxide nanoparticles (IONPs) which
are the most popular NPs in MRI [77, 78], as discussed in Sect. 5.2.4.

Although not the focus of this section, it should be noted that several additional
nano-scaled materials, which are not based on the relaxation mechanism of MRI, are
increasingly developed. Two main examples are the utilization of non-proton-based
imaging. For example, in a mice study utilizing 19F MRI, perfluorocarbon nano-
emulsions were targeted to venous thrombosis, resulting in contrast to noise ratio
improvement [79]. In another example, nano-scaled chemical exchange saturation
transfer (CEST) agent dendrimers, 5 nm in size, presented a significant contrast
improvement for over an hour, after injection into mice brain tumors [80].

5.2.2 Gadolinium-Based Nanoparticles
As stated above, the intuitive approach for engineering a nano-scaled MRI contrast
agent would be to synthesize a nano-scaled version of a gadolinium-based composite.
PEGylated gadolinium oxide (Gd2O3) NPs of less than 10 nm were synthesized for
cell labeling [81]. Under a magnetic field of 1.41 T, the NPs presented a relatively high
r1 relaxivity of 14.2 mM�1s�1, while characterized by a close to one (1.21) r2/r1 ratio.
When brain cancer cells were labeled with the particles, their in vivo detection in mice
brains was feasible. The effect of coating on the longitudinal relaxivity of Gd2O3 NPs
was examined in [82]. It was found that polyvinyl pyrrolidone (PVP) coating yielded a
high value of r1 relaxivity, 12.123 mM�1s�1, whereas oleic acid-based coating yielded
only 0.5397 mM�1s�1. The PVP-coated Gd2O3 NPs were later injected to tumor-
bearing mice. Although the tumor contrast improvement was not very dominant, the
liver blood vessels visualization improved, as well as the kidney contrast.

In another approach, gadolinium molecules were loaded into PEG-coated lipo-
somes of less than 100 nm [83]. The particles yielded an approximately 30% contrast
improvement in a murine tumor model, as well as improved liver positive contrast.
The synthesis of gadolinium-encapsulated carbon dots (12 nm) resulted in a longi-
tudinal relaxivity of 5.88 mM�1s�1 at 7 T [84]. When conjugated to a targeted
ligand, the particles demonstrated tumor enhancement in a murine model.

Recently, a squared-shaped, PEG-coated, 24 nm, gadolinium-based nano-com-
posite was synthesized for gastrointestinal tract imaging [85]. It presented a high
longitudinal relaxivity value at 1.4 T (r1 = 16.4 mM�1s�1) and yielded distinct
brightening of a rabbit stomach for more than an hour, after oral administration.

5.2.3 Manganese-Based Nanoparticles
In 2007, MnO nanoparticles of various sizes were reported as possible MRI T1 contrast
agents [86]. The researchers synthesized particles of 7, 15, 20, and 25 nm in size and
found that the r1 values increased as the particles became smaller (maximal value of 0.37
mM�1s�1 at 3 T for the 7 nm agent). After injecting the particles to mice, the kidney
contrast improved as well as the visualization of various brain structures. On a brain
tumor model, nontargeted MnO particles yielded image brightening in various brain
regions (attributed to impaired blood-brain barrier), whereas targeted MnO particles
resulted in specific contrast enhancement in the tumor.

350 O. Perlman and H. Azhari



In a later study, the molar r1 relaxivity of MnO-based composites was increased
(0.99 mM�1s�1 at 11.7 T), by using mesoporous silica coating [87]. The authors
hypothesized that the improved T1-related effect stems from the ability of water
molecules to penetrate the coating. These particles (diameter = 86 nm) were used to
label mesenchymal stem cells transplanted in mice brains and were ultimately
visualized as a white dot in a T1-weighted scan.

A further improvement in r1 value was later presented (3.55 mM�1s�1), when
yolk/shell hollow particles of manganese-based and platinum particles (40–50 nm
core) were synthesized [88]. In vitro cell studies, however, revealed that the resulting
composites are more cytotoxic than solid MnO particles.

Recently, a nano-scaled composite containing manganese and graphene,
functionalized with dextran was synthesized [89]. It demonstrated a very high
relaxivity value of 92 mM�1s�1. The blood vessels of mice were brightened for
about 2 h post the NPs injection on 7 T magnetic field.

5.2.4 Iron Oxide-Based Nanoparticles
Iron oxide nanoparticles (IONPs) are characterized by an extremely high r2 molar
relaxivity value, rendering them excellent T2/T2* contrast agents. They are capable
of altering image contrast even in relatively small concentrations. The common
composites are magnetite (Fe3O4) and maghemite (γ-Fe2O3), but other variants are
also under research [90].

Feridex®, a dextran-coated iron oxide nano-agent, was the first FDA-approved
iron-based contrast agent [91] and was used for liver tumor detection. Iron is naturally
taken by the liver Kupffer cells and macrophages in general [92]. When a liver
pathology exists, the anomalous cell (as in a tumor or metastasis) does not contain
macrophage-related activity; therefore the healthy parts of the liver are darkened when
they absorb the IONPs, while the diseased region remains bright [93].

An important pathology that does involve macrophages’ activity is inflammation.
By injecting IONPs intravenously, their accumulation in inflamed regions can be
detected. The utilization of this concept was demonstrated in an inflammatory bowel
disease (IBD) rat model [94]. Using T2-weighed imaging after ultra-small (3–5 nm)
IONPs IV injection, inflamed colon regions were well visualized and corresponded
to histology findings. In a later work, IBD-induced mice were injected with
macrophage-labeled IONPs. The particles manifested as reduced signal regions
with an approximately 50% reduction at the intestine, and their visualization was
strongly correlated with clinical score [95]. Other macrophage-related applications
of IONPs include infection studies, renal inflammation, and heart conditions [96].

As stated earlier, the main and most significant effect of IONPs is T2/T2*
shortening, which stems from creating local field inhomogeneity. The IONPs
cause a susceptibility difference relative to their physiological surroundings. Such
effect is manifested as image darkening, also termed as negative contrast (see
Fig. 8.12). The disadvantage of this phenomenon is the difficulty in distinguishing
IONPs’ related dark regions, from natural image voids and artifacts. Nevertheless,
several approaches were investigated for achieving IONPs’ positive image contrast
(brightened regions). To begin with, the transverse and longitudinal molar relaxivity
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values of the previously FDA-approved Feridex IONP-based contrast agents are
120 mM�1s�1 and 10.1 mM�1s�1

, respectively [97]. As the r2/r1 ratio is higher than
10 in this case, the T2/T2* effect is mostly dominant. Ferumoxytol, on the other
hand, is an FDA-approved iron supplement for anemia patients, with relaxivity
values of r1 = 38 mM�1s�1 and r2 = 83 mM�1s�1 [98]. Given the smaller r2/r1
ratio in this case, the compound is useful for both T1 and T2 imaging, using
T1-weighted and T2-weighted pulse sequences, respectively. Ferumoxytol was
investigated for various angiography-related positive contrast applications [99]. It
was found to provide distinct image brightening, as long as the particles are diluted
enough, to prevent susceptibility-related, T2* artifacts (stemming from the high r2
value). The capability of ferumoxytol in improving cancer detection in children and
young adults was evaluated in a 22-subject human trial [100]. Whole-body diffu-
sion-weighted images were fused with T1-weighted images after the IONP admin-
istration, yielding tumor detection and staging abilities, comparable to those of
PET/CT.

Another approach for obtaining positive contrast using IONPs is using special
MRI pulse sequences that will selectively excite the water surrounding the IONPs
[101]. Using this approach, images depicting the IONPs’ location only (visualized as
white regions) can be obtained. Other proposed methods were based on post-
processing of phase images [102] and ultrashort echo time [103].

Recently, selective positive contrast imaging of IONPs was suggested, using
acoustically induced rotary saturation [104]. According to this approach, the imaged
area is acoustically vibrated or displaced, while applying a modified spin-lock
imaging protocol. The IONPs create a substantial susceptibility effect, yielding a
change in the local field; hence, if displaced at the relevant frequency (with respect to
the spin-lock frequency), they may produce a signal change, proportional to their
concentration. The concept was demonstrated in phantoms, with 10 nm maghemite
NPs. The minimal detected concentration was 20 μg/mL Fe, and the resulting images
contained color overlay of the IONPs only, atop T2-weighted conventional images.

To summarize this section, a list of related NPs and their effect is outlined in
Table 8.1.

Fig. 8.12 An MRI image of
IONPs phantom. The three
equal-sized circles correspond
to the IONPs target cylinders
embedded in an agar
phantom: control (no IONPs)
region, 25 μg/mL IONPs
region, and 50 μg/mL IONPs
region. Note the substantial
image darkening associated
with the nanoparticles
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Table 8.1 Recently published examples of MRI NPs research

Nanoparticle
type

Clinical
application
(imaging target)

Core
size
(nm) Additional study information References

Gadolinium-
based

Gastrointestinal
tract

24 Rabbit study [85]

Kidney and
liver

2.9 Gadolinium oxide NPs [82]

Tumor 12 Gadolinium-encapsulated
carbon dots; mice study

[84]

Brain therapy
monitoring

– Gadolinium-functionalized
nanographene oxide, mice study

[105]

Iron-based Tumor
angiogenesis

5.14 Polymer-coated IONPs, mice
study

[106]

Tumor necrosis Less
than 30

Human study + mice study [98]

Tumor
apoptosis

128.4 Magnetite aggregates [107]

Ovarian cancer 9.2 Folic acid targeting, mice [108]

Atherosclerosis 24 Zinc-doped ferrite nanoparticles,
rat model

[109]

Inflammatory
bowel disease

3–5 Rat model [94]

– Mice [95]

Brain tumors 30 Human study [110]

Alzheimer’s
disease

Less
than 100

Mice study
Curcumin-conjugated IONPs

[111]

Lymph node Less
than 59

Human study [112]

Liver 22 Fe5C2

r2 � 973mM�1s�1
[113]

Pancreatic
cancer

110–130 Fe3O4@SiO2 modified with
anti-mesothelin antibody, mice
study

[114]

10.3 Mice study, milk protein-coated
particles

[115]

Manganese-
based

Monitoring
apoptotic area in
brain injury

– Rats study [116]

Brain and
kidney

7–25 Mice study
r1 = 0.12 � 0.37 mM�1s�1

[86]

Tumor 8 Mice study
r1 � 0.6 mM�1s�1

[117]

100 Mice study
r1 � 10.2 mM�1s�1

[118]

(continued)
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5.3 Nano-Scaled Compounds for Multimodal MRI-Ultrasound
Imaging

Multimodal imaging, namely, the ability to image the same object with more than
one imaging modality, is a rapidly growing field of research. A prominent example
in terms of hardware is the usage of PET/CT scanners, which offers the ability to fuse
metabolic and highly specific functional images with high-resolution anatomical
images. In the field of nano-scaled contrast agents, the ability to use a single
composite for more than one modality can significantly improve diagnosis certainty.
As an illustration, consider IONPs which are administered to an MRI-scanned
patient. In case a relatively high concentration of the IONPs reaches a diseased
site, a dark image void may appear. To clinically ensure that the visualized darkening
is not the result of a random artifact, a second image obtained by a modality which is
based on a different physical process may provide a definitive answer. For example,
if the IONPs could also generate a well-discernible image contrast in US as well as
MRI, the patient could undergo two consecutive examinations if needed, confirming
the suspected diagnosis.

The main research conducted in engineering nano-scaled complexes, capable of
providing a dual-modal imaging by both MRI and US, can be divided into two main
categories: (i) embedding an MRI metal-based, relaxation time-altering nano-agents,
such as gadolinium-based, manganese-based, or iron-based, into a nano-scaled
ultrasound contrast agent, such as nanobubble, nanodroplet, and ELIP, and
(ii) attempting to find an “as-is” nano-agent which will be suitable for US imaging
as well as MRI, without any required modifications.

5.3.1 Metal in Bubble Dual-Modal Composites
Initially, extensive research was conducted in attempting to trap the most commonly
used MRI NPs – IONPs, in the most commonly used ultrasound contrast agent –
namely, microbubbles [121, 122]. The resulting composite dimensions were in many
cases larger than a micron. Although larger than the defined nano-scale, this type of
agents will be shortly described here due to their impact on later detected nano-based
complexes which provided dual-modal capability. One such example is the synthesis

Table 8.1 (continued)

Nanoparticle
type

Clinical
application
(imaging target)

Core
size
(nm) Additional study information References

Others Liver 12 Combination of gadolinium,
manganese and iron oxide, dual
T1 and T2 contrast, mice study

[119]

Cell labeling Around
200

PLGA-perfluorooctyl bromide
NPs, 19F-MRI, mice study

[120]

Venous
thrombosis

Less
than 165

Perfluorocarbon nanoemulsions,
19F-MRI, mice study

[79]

Brain tumors 5 CEST contrast agent, mice study [80]
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of IONPs in a fluorocarbon gas core, polymer-shelled microbubbles [123]. The
resulting complex size could be tuned between 450 and 1300 nm in size, but the
ultrasound contrast was found to degrade as the size was reduced. The suitability of
the composite for dual-modal imaging was demonstrated in rat livers. Although
deviating from the scope of this chapter, it should be noted that one of the advantages
of such bubble-based complexes is the capability to load them with therapeutic
materials. For example, various studies embedded antitumor medications in bubbles
[124]. Figure 8.13 depicts a representative example of iron oxide in microcapsules
multimodal ultrasound-MRI study [122]. As can be noted, the administered complex
agent results in both increased ultrasound echogenicity and MRI contrast alteration
(commonly T2/T2*-related image darkening).

As mentioned earlier, the main limitation in the aforementioned complexes is the
relatively large agent size, preventing efficient tumor accumulation. Several recent
works succeeded, nonetheless, to obtain smaller contrast agent sizes. Huang et al.
[125] synthesized bubbles with an approximate size of 200 nm. The outer shell was
made of polyacrylic acid (PAA) and pluronic F127. The inner volume contained
embedded iron oxide NPs and entrapped PFP gas. The nanobubbles demonstrated
increased B-scan ultrasound contrast in vivo (subcutaneous tumor-bearing mouse),
as well as MRI T2-shortening effect. The incorporation of IONPs to the nanobubbles
demonstrated an improvement in the US contrast, with respect to gas-only bubbles.
In addition, when a magnet was positioned next to the tumor, the nanobubbles
presented improved selective accumulation.

Fig. 8.13 In vivo ultrasound images of mouse liver (top) and MRI images of mouse kidneys
(bottom), after injection of control saline (left) and Fe3O4@PEG-PLGA microcapsules (right).
Generously contributed by Prof. Decheng Wu from the Institute of Chemistry, Chinese Academy
of Sciences
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In another work, IONPs were embedded in water instead of gas and encapsulated in
a methoxy PEG-PLA shell [126]. An in vitro study has demonstrated that the acoustic
attenuation increased with the IONPs concentration. By the same concept, other nano-
size ultrasound contrast-enhancing complex types can be used to trap a magnetic nano-
metal element, thus resulting in a multimodal imaging contrast agent. Based on the
nanodroplet mechanism (see Sect. 5.1.3), IONPs were embedded in a polymer shell
with a phase-changing liquid core [127]. As IONPs are sensitive to laser irradiation,
near-infrared energy was used to convert the liquid core into gas and resulted in an
acoustic contrast improvement, in addition to the T2-based MRI contrast. The concept
was illustrated on mice livers and tumors. In another study, SPIO containing nano-
droplets enhanced liver US-MRI signal, while the phase change from liquid core
nanobubbles to gas core microbubbles was triggered using ultrasound [128].

Another example of ultrasonic agent embedded with metallic MRI agent is the
combination of gadolinium with mesoporous silica NPs. The resulting 200 nm in
size compound, demonstrated multimodal enhancing abilities for stem cells
imaging [129].

5.3.2 Multimodal Solid Nanoparticles
Although the previously mentioned, bubble-like structure complexes resulted in
noticeable MRI and US contrast improvement, they suffer from two main shortcom-
ings: the complex size is typically larger than 100 nm, and the synthesis procedure
may be complicated. These reasons motivated several studies, in which the suitabil-
ity of the “as-is,” smaller than 100 nm, metallic nanoparticle with MRI and ultra-
sound imaging was examined. In a rat brain tumor model, animals were administered
with IONPs and imaged using MRI (resulting in T2 image darkening). Next,
ultrasound images of the ex vivo removed brains were taken, demonstrating brighter
tumors when SPIO was administered (with respect to control or gadolinium admin-
istration) [130]. In a later similar study, ex vivo rat brain imaging after IONPs
injection allowed improved visualization of the central nervous system (CNS)
lesions, which corresponded to the detected locations on MRI [131]. In a later
study, however, B-scan ultrasound of IONPs did not result in a satisfying and distinct
contrast improvement [132].

Another method, developed for improving the ultrasonic detection ability of
IONPs is magneto-motive ultrasound (MMUS) [133]. According to this approach,
a magnetic generator is placed under the imaged organ. After IONPs injection and
their arrival to the designated pathology-suspected area, the magnetic field vibrates
the particles, which in turn can be detected by ultrasound. In a consecutive study,
IONPs were detected in rats sentinel lymph nodes using MRI imaging in vivo and
MMUS postmortem [134].

A different approach was recently suggested for IONPs ultrasonic detection.
Since the underlying physical property of the conventional B-mode ultrasound
(backscatter) was not sufficient for the particles unequivocal detection [132], the
effect of the particles on other acoustic characteristics was examined [135]. The
study found that IONPs do not affect the acoustic attenuation in a clinically relevant
concentration range. However, they increased the speed of sound (SOS) of the
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examined object in a linear manner. This acoustic property can be imaged using the
through-transmission ultrasound method (see Sect. 4.2). In a set of in vitro and
ex vivo experiments, the feasibility of IONPs’ detection via SOS change was
demonstrated, while MRI of the same particles, with similar concentration, verified
multimodal contrast capabilities.

Another type of “as-is” solid NPs suitable for both MRI and through-transmission
ultrasound are copper oxide (CuO) NPs [136]. These 7 nm in diameter particles
yielded T1-based contrast improvement on an agar-based phantom at 9.4 T while
providing concentration-dependent through-transmission ultrasound enhancement.
In contrary to IONPs, the dominant physical property affected by the CuO presence
was the acoustic attenuation.

A summary of this section is outlined in Table 8.2.

Table 8.2 Recently published examples of multimodal US-MRI NPs studies

Nanoparticle
type

Clinical
application
(imaging
target)

Core size
(nm) Additional study information References

IONPs in
microbubble

Liver 400–1300 Rat study, polymer shell-
encapsulating fluorocarbon gas
and IONPs

[123]

Liver, kidney,
and spleen

3.7
micron

Magnetite in PEG-PLGA
microcapsules, mice study

[122]

Tumor Larger
than a
micron

Maghemite in a polymer-based
microbubble

[121]

Tumor lymph
node

868 A chemotherapeutic drug was
also encapsulated

[124]

IONPs
combined
with US
nano-agent

General
imaging
(in vitro
study)

50–200 In vitro study, IONPs in liquid
core, PEG-PLA-based shell

[126]

Liver and
tumor

374 IONPs embedded in the
polymeric shell of a phase-
changing liquid core, near-
infrared irradiation activated

[127]

Tumor 200 IONPs in polymeric thermo-
sensitive nanobubble

[125]

Liver 385 IONPs embedded in a
nanodroplet, ultrasound shifted
to a microbubble

[128]

Gadolinium
combined
with US
nano-agent

Stem cells 200 Cardiac tissue enhancement
after silica-Gd-nanoparticle-
labeled stem cell injection, mice
study

[129]

Tumor 100–400 Hollow silica nanospheres
combined with gadolinium,
mice study

[137]

(continued)
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6 Conclusions and Future Perspective

The field of nano-scaled contrast agent development has attracted extensive and
international research efforts. Nevertheless, the only FDA-approved and commercially
available ultrasound/MRI nano-scaled contrast agent today is iron oxide [139]. Several
main limitations hamper the bridge-crossing between the preclinical vast research
effort and the clinical implementation: (i) the toxicity profile of the nano-agents has to
be thoroughly defined and biocompatibility well proven [140] for obtaining regulatory
approvals; (ii) for reproducibility, as slight changes in particle morphology may alter
its efficiency and physiological behavior, the manufacturing process needs to be
precisely repeated for each new batch [141]; and (iii) the targeting ability must be
sufficient, namely, great percentages of the injected dose ultimately arriving the target
site, allowing clear differentiation between healthy and pathological tissue.

Another obstacle, for de facto translation of a discovered nano-scaled contrast
agent into a routine clinical practice use, is the “proof-of-concept” approach. In other
words, the majority of studies provide an initial investigation of a newly developed
material by means of in vitro cell cultures and most typically murine studies.
However, once completed, no further investigations and consecutive research on
larger animals/clinical trials are commonly conducted.

In terms of ultrasound nano-agents, it shall be noted that the majority of studies
described relatively large materials, in many cases exceeding 500 nm. As the
probability of benefiting from the associated EPR effect increases for smaller NPs
[142], it is highly desirable to reduce the size of US-dedicated agents. In that sense,
solid nanoparticles could provide a possible solution.

Table 8.2 (continued)

Nanoparticle
type

Clinical
application
(imaging
target)

Core size
(nm) Additional study information References

Multimodal
solid NPs

Brain 62 Ex vivo rat brains imaged using
SPIO on B-mode ultrasound and
T2-weighted MRI

[130, 131]

Kidney 87 Magneto-motive ultrasound of
IONPs

[133]

Sentinel
lymph nodes

31 and 67 Magneto-motive ultrasound
postmortem and MRI in vivo

[134]

In vitro and
ex vivo
studies
performed so
far

7–10 Through-transmission
ultrasound and MRI

[135, 136]

Others Human
pancreatic
islets tracking

170–213 Perfluorocarbon NPs for 19F
MRI and US imaging

[138]

358 O. Perlman and H. Azhari



In summary, it should be noted that the fascinating multidisciplinary knowledge,
integrated in the field of nano-scaled contrast agents, requires expertise in various
fields. In the endeavor to obtain a major nano-progress, scientific multidisciplinary
teamwork plays a critical role [31].
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1 Definition of the Topic

Magnetic tools here are defined as the nanotechnologies for medical diagnosis,
including in vitro diagnostics, ex vivo examination, and in vivo imaging by using
magnetic nanoparticles (MNPs). In this chapter, we describe the mechanism, instru-
mentation, and medical results of different advanced magnetic tools.

2 Overview

Different developed magnetic tools based on MNPs are proposed for medical diagno-
sis, for example, in vitro diagnosis, in vivo diagnosis, and ex vivo diagnosis. In each
magnetic technology, the mechanism and key research findings are introduced.

MNPs possess biosafety, excellent magnetic properties such as super-
paramagnetism characteristics, and cheap cost. Hence, numerous biomedical applica-
tions cover diagnosis, imaging, cell sorting, drug delivery, and hyperthermia treatment.

Current magnetic technologies still have some limitations, for example, high cost
and maintenance of high-field magnetic resonance imaging (MRI), etc. To avoid
these drawbacks, magnetic technologies introduced here were based on the unique
characteristics of MNPs, rather than magnetic characteristics of materials. These
introduced magnetic tools contain immunomagnetic reduction assay, vibrating sample
magnetometer, low-field nuclear magnetic resonance and magnetic resonance imaging,
blocking-temperature bioassay, scanning superconducting quantum interference
device (SQUID) biosusceptometry, and ultrasound-induced magnetic imaging.

3 Introduction

For many medical applications, covering diagnosis, imaging, treatment, and drug
delivery, the nanotechnologies were usually developed based on the utility of
nanoparticles or nanomaterials. With the advantages of nanoparticles, such as good
circulation, targeting, etc., the medical diagnosis and imaging could be promoted to
achieve the high sensitivity and specificity, for example, the early detection of tumors
or the accuracy positioning tumors. In comparison with radioactive [1], optical [2], and
ultrasound [3] types of nanoparticles, MNPs [4] have been frequently used in clinics as
commercial reagents of in vivo imaging (Ferucarbotran, Resovist, Germany) or exam-
ination (Sienna+, Endomagnetics, UK; MF-CEA-0061, MagQu, Taiwan) because of
crucial advantages, such as biosafety [5, 6], molecular imaging [7], the ability of
distribution manipulation [8], hyperthermia [9], and drug delivery [10].

MNPs usually could be mainly divided into some groups of metallic ones [11,
12], gadolinium ones [13], and iron oxide ones [14]. In metallic nanoparticles, cobalt
nanoparticles always possess higher magnetic moment, but their biosafety is less
appropriate for biomedical applications. Iron platinum nanoparticles, encapsulated
with phospholipid coating, have significantly better T2 relaxivities than iron oxide
ones. However, the intracellular biodegradation produces cytotoxic iron for iron
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platinum nanoparticles, rather than safer iron ions for iron oxides ones. Iron-
catalyzed decomposition of hydrogen peroxide into reactive oxygen species results
in membrane lipid oxidation, damage to DNA and proteins, and tumor death
[15]. Similarly, gadolinium-based nanoparticles are currently the common MRI
contrast agent, but their toxicity has been warned by FDA recently [13]. Iron
oxide nanoparticles, also named as ferrite nanoparticles, are composed of Fe3O4 or
γ-Fe2O3 in the core and surfactants, silica, silicones, or phosphoric acid derivatives
in the coating to increase their stability in solution.

For the sensing ultrasmall and ultrafew MNPs, the sensitive detection mechanism,
including the magnetic sensor and the mechanism of signal transfer, is usually the key
role. The SQUID is the most sensitive magnetic sensor currently. Its common config-
uration is the superconducting loops containing Josephson junctions, where a RF
SQUID sensor possesses one Josephson junction and aDCSQUID sensor has two ones.

Due to composed superconducting materials, the cooling refrigerants are liquid
nitrogen and liquid helium, and then SQUID sensor cooling by the former and the later
was so-called high and low critical temperature (Tc) sensor. In general, the former can
achieve the sensitivity of 10�13 T, and the latter is 10�14 (Fig. 9.1). The low-Tc SQUID
could detect the neuro signal of a human brain and usually constitute of magnetoen-
cephalography. Although the sensitivity of the high-Tc SQUID is worse than low-Tc
one, it could detect the ultrafew MNPs. Besides, the high-Tc SQUID sensor is
powerfully applied in biomedical laboratories and hospitals because the liquid nitrogen
has much cheaper and simpler requirement of dewar container.

Even thoughSQUIDs are very sensitive, the dewar thickness and vacuumgap always
increase the sensing distance between SQUID sensor and samples, largely decreasing
the detection sensitivity based on Biot–Savart law. In order to avoid the drawback, the
mechanism of the flux transfer was proposed to enhance the detected magnetic signal,
i.e., themagneticflux [16]. The transfer coil was composed of two parts (Fig. 9.2).One is
the pickup coil composed of copper wires at the room temperature that could be closed
to the sample as soon as possible, and the other is the input coil cooled at liquid
nitrogen which could offer the amplified magnetic flux surrounding a SQUID sensor.
The magnetic field (Bp) of the sample induces the induction voltage at the pickup coils,
and then its current flows to the input coil and generates the magnetic field (Bi) for the
SQUID detection. Hence, it could be effectively suppressed that the decay of magnetic
signals results from the distance between the sample and the SQUID sensor.

Due to the room temperature, the thermal noise of the pickup up is worse than those
of the input coil but inhibited by some methods, like few turns or the refrigerant
cooling [17]. In addition, the amplified times of the flux transfer is defined as follows:

Bi

Bp

¼ ωLinpπr2p

npπr2i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rp þ Ri

� �2 þ ωLp þ ωLi

� �2q (9:1)

where L, R, n, r, and ω are the inductance, resistance, number of turns, radius of the
coil, and the angular frequency, respectively. Subscripts of p and i separately indicate
the pickup coil and input coil.
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4 Advanced Magnetic Tools

Medical diagnosis is the first medical procedure of screening positive condition or
determining which disease. Besides, it is also the last one to evaluate the treatment
effect. In addition to physical examination, popular diagnostic procedures are exam-
ination of body fluids, pathology inspections, imaging, etc. Although some meth-
odologies have been clinically applied in these diagnostic procedures, the improved
approaches than current ones are still expected to meet the gradually serious clinical
requirement, such as more biosafety, high sensitivity and specificity, rapidness, low
cost, etc. Due to MNPs with many mentioned advantages, some MNP-based
approaches have been developed, for example, immunomagnetic reduction assay,

Fig. 9.1 The sensitivity and applications of the SQUID sensors

Fig. 9.2 Flux coupling from
the sample to the SQUID
sensor [16]
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vibrating sample magnetometer, and bioassay using blocking temperature for in vitro
diagnosis and low-field NMR/MRI for in vivo and ex vivo diagnosis.

4.1 Immunomagnetic Reduction Assay

In comparison with current immunoassays, the advanced magnetic immunoassay,
named as immunomagnetic reduction (IMR), has several powerful advantages, for
example, the wash-free assay, the high specificity without optical interference of
biomaterials, one-antibody utility opposite to two ones used in sandwich enzyme-
linked immunosorbent assay (ELISA), longer lifetime than fluorescent labels of
optical-based methodologies, and much biosafety opposite to gamma-radioactive
isotopes used in radioimmunoassay.

IMR has been widely applied in many complete diseases, such as Down syn-
drome [18], Parkinson disease [19], hepatocellular carcinoma (HCC) [20],
Alzheimer’s disease [21–23], vascular endothelial growth factor related to some
tumor diseases [24], Hb and HbA1c [25], nervous necrosis virus [26], H5N1 virus
[27], orchid viruses [28], etc. [29].

4.1.1 Mechanism
MNPs are composed of Fe3O4 in core, dextran surfactant, and bioprobe coating,
such as H1N2 (Fig. 9.3). Bioprobe-coated MNPs and their solvent constitute the
magnetic reagent. The preparation step is to mix the magnetic reagent and the liquid
sample with the target biomolecules. Consequently, an IMR instrument is to measure
the variation of alternating current (ac) magnetic susceptibility χac of the mixture
from the entire free-of-bioconjugation state to partial bioconjugation state [30]. The
IMR mechanism is that the bioconjugation effect results in the magnetic clusters
formed by some target molecular and conjugated MNPs as well as larger bioprobe-
coated MNPs, possessing the reduced χac, i.e., the slower response with ac excitation
fields (Hac). Further, the scale of bioconjugation effect is proportion to the amount of
target biomolecules. Hence, the representative analyzed IMR factor was defined as
follows. χac,o and χac,φ are the χac of the mixture before and after the bioconjugation
of target molecular in concentration, denoted as φ, separately:

IMR %ð Þ ¼ χac, o � χac,φ
� �

=χac, o � 100% (9:2)

The χac variation of the mixture of magnetic reagent and H1N2 solution with time
is plotted in Fig. 9.4 [31]. Here, anti-H1N2-coated MNPs was assayed H1N2 bio-
molecules. The round dots denoted the χac,o, average of 66.18, before the
MNP–H1N2 bioconjugation. Consequently, the cross dots showed scattering χac
because bioprobe-coated MNPs conjugated H1N2 biomolecules. Finally, the
dynamic χac achieved stable state, denoted as square dots, for mean χac,φ of 64.54.
Hence, IMR (%) was 2.48%, larger than the standard deviation of 0.09%.
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Hence, IMR is associated with several unique advantages in immunoassay.
First, the wash-free feature due to the measurement of χac difference between
unbounded and biotarget-bounded MNPs is simplifying the IMR assay process;
opposite to the physical intensity, this washing step for the removal of the
unbound target biomolecules or unbounded MNPs massively happens to popular
immunoassay, such as ELISA. Secondary, the high specificity results from the
bounded interference biomaterials to MNPs with weaker conjugation force could
be removed by the centrifugal force of the rotating MNPs using ac magnetic field,
instead of the washing steps utilized in other immunoassays. Third, only one type
of bioprobe, rather two ones in sandwich ELISA, is used. Fourth, with dynamic

Fig. 9.3 IMR mechanism. MNPs with and without bioconjugation, and magnetic clusters possess
different χac under Hac
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labeling MNPs instead of static labeling materials of both fluorescent and radio-
active indicators, IMR is a direct and homogeneous assay, which typically
exhibits high reliability levels. Fifth, because the reduction in χac can be accu-
rately measured to correspond with the concentration of the target biomolecules,
the concentration of the biomolecules can be quantified.

4.1.2 Experimental and Instrumental Methodology
The instrumentation principle of the mixed frequency was introduced at first.
Consequently, the electrical type and SQUID type of IMR instruments were
illustrated.

Instrumentation Principle
The instrumentation principle contained several features [32]. By applying an
external ac field Hac with a certain frequency f, the sample expressed the ac
magnetization Mac, i.e., χac, due to the definition of Mac/Hac, for the detection. To
prevent the detection of the signal contributed by the external Hac, the features of the
IMR instrumentation contain the gradient pickup coils, wired in opposite directions,
and two excitation coils for the Hac, exhibited at mixed frequencies of mf1 + nf2 with
m and n being integers (Fig. 9.5). Consequently, the Mac was also responsive to each
Hac at mixed frequencies of mf1 + nf2, and only one at around 20 kHz was chosen to
evaluate the signal variation with time (Fig. 9.6).

Electrical Type of IMR Instrument
The excitation and detection devices for IMR (Fig. 9.5) were common for all types of
IMR instruments. For the electrical type, the root-mean-square value of Hac at target
mixed frequency was around 2 � 10�4 T. The readout and amplified electronics are
connected between the pickup coils and the data acquisition for the spectrum
analysis. The typical example was the magnetic immunoassay analyzer (XacPro-E,
MagQu).

SQUID Type of IMR Instrument
• Single-channel
The excitation and detection devices for IMR (Fig. 9.5) were common for all types
of IMR instruments. For the SQUID type, the excitation and detection coils were
similar with the electrical type of the IMR instrument. However, the pickup coils
were connected to an input coil surrounding a high-transition temperature (high-Tc)
rf SQUID sensor, rather than the readout and amplified electronics for the electrical
type of the IMR instrument. It followed the mentioned mechanism of the flux
transfer (in the section of 3 “Introduction”) [33]. Hence, the configuration could be
divided into the sample part and the sensor part in magnetically shielded boxes
with different shielded factors (Fig. 9.7). Consequently, the SQUID type of IMR
instrument was very stable for long-time detection of the tiny signal variation due
to the ultrafew biomolecules conjugated to bioprobe-coated MNPs. The signal
from the SQUID electronics was similarly fed to the data acquisition for the
spectrum analysis.
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Fig. 9.5 Schematic diagram
of the excitation and detection
devices for IMR [32]

Fig. 9.6 The detected Mac at a mixed frequency mf1 + nf2 in the spectra varied with the
concentration of biotarget avidin. The magnetic reagent was 1 ml and 0.39 emu/g [32]
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Fig. 9.7 Scheme of the single-channel SQUID IMR instrument [33]
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• Four-channel
The difference between the single-channel and four-channel of the SQUID IMR
instrument was the electrical signal to input and output the common configuration of
the excitation and detection devices (Fig. 9.8) [34]. For the two excitation coils of
Hac at different frequencies in each channel, the excitation signals at two frequencies
were not only generated from function generators but also amplified by the amplifier.
For the pickup coils in each channel, the detection signal of each channel, as denoted
with Ch. 1 to Ch. 4, was fed into the input coil of the mechanism of the flux transfer
(in the section of 3 “Introduction”) in turns.

4.1.3 Key Research Findings
The major features of IMR were introduced with some examples of assaying target
molecules.

High Specificity
The feature of high specificity was verified by using the magnetic reagent of anti-
H5N1-coated MNPs for the assays on the samples of inactive H5N1 virus and pure
H5N1 protein as well as the similar interferences of pure H1N1 protein and pure
H3N1 protein individually [27]. Here, the magnetic reagent of 100 μl and 0.3 emu/g
was separately mixed with two samples and interferences of 20 μl using a vortex for
2 min. Consequently, the single-channel SQUID IMR instrument was utilized to
measure χac variation of the mixture with time. Finally, the standard curve of the
magnetic reagent of anti-H5N1-coated MNPs was found with the dependence of the
IMR factor, denoted as Δχac/χac,o � (χac,o � χac,φ)/χac,o � 100, on various concen-
tration φ of inactive H5N1 virus, as shown in Fig. 9.9. The consistence between the
standard curve and the IMR factor of assaying pure H5N1 protein proved the
reliability. Further, the high specificity was verified with the IMR factors in noise
levels, while pure H1N1 protein and pure H3N1 protein in high concentration of
200 pg/ml were assayed.

The specificity comparison between IMR and popular ELISA was studied by
assaying alpha-fetoprotein (AFP) mixed with some interference materials, including
hemoglobin (Hb), conjugated bilirubin (C-BL), triglyceride (TG), and vascular

Fig. 9.8 Scheme of four-
channel SQUID IMR
instrument [34]
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endothelial growth factor (VEGF) [20]. For these interference materials, the con-
centrations and related disease are listed in Table 9.1. And the AFP concentration in
each sample is 500 ng/mL. The sample of the pure AFP solution without interference
materials was labeled with “None,” and other samples of the AFP solution with
interference materials were labeled with concentration and abbreviation of interfer-
ence materials in Fig. 9.10. The results of IMR assay for these samples were shown
in Fig. 9.10a. The IMR (%) of all samples which exhibit around 2.27% indicates no
detectable interference was shown for IMR assay on AFP. Oppositely, the results of
ELISA assay for these samples in Fig. 9.10b show that the optical densities (OD) 450
are 0.07� 0.003 for the pure AFP solution labeled with “None,” higher than 0.45 for

Fig. 9.9 The IMR factor
Δχac/χac,o for inactive H5N1
virus (labeled with ●) in
various concentration in the
red coordinates of the lower
x-axis as well as H5N1 protein
(labeled with �) in various
concentration and H1N1 and
H3N1 proteins (labeled with
~ and ■) of 200 pg/ml in the
blue coordinates of upper
x-axis [27]

Table 9.1 The utilized interference materials in the IMR and ELISA assays for AFP biomarkers
[20]

Interfering material Related disease
Normal reference
level

Concentration
used

Hemoglobin Hemolysis <500 μg/mL 600 μg/mL

1000 μg/mL

Conjugated bilirubin Jaundice <2 μg/mL 5 μg/mL

10 μg/mL

Triglyceride Hypertriglyceridemia 500–1500 μg/mL 2000 μg/mL

Vascular endothelial growth
factor

Malignancy <0.05 ng/mL 0.1 ng/mL
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the AFP solution with interference materials. The reasons were illustrated as follows.
The interference materials always contribute the nonspecific binding, for example,
the AFP solution with Hb/C-BL/TG is faintly red/orange/white. The sample color
seriously affects the emission/transmission/absorption of fluorescent markers in the
optical-examined ELISA. Oppositely, the magnetic signals are independent of any
sample color. In addition, to suppress this false-positive result, the ELISA mecha-
nism only depends on the repeated washing process, but the IMR mechanism applies
the centrifugal force to break down the weak bioconjugation between interference
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Fig. 9.10 Interference materials to (a) IMR (%) and (b) ELISA, respectively. The AFP concen-
tration in each sample is 500 ng/mL, and the pure AFP solution is labeled with “None” [20]
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materials and bioprobe-coated MNPs. The former has limited improvement even
though massive manpower and time are consumed. The latter absolutely removed
interference materials.

High Sensitivity
The sensitivities of IMR and ELISAwere compared in Fig. 9.11 [34]. The IMR and
OD value via ELISA increased with the concentrations of Aβ-40 and Aβ-42, ΦAβ-40
andΦAβ-42, in Fig. 9.11a and b, separately. However, the OD value has no significant
variation with ΦAβ-40 and ΦAβ-42, while ΦAβ-40 and ΦAβ-42 are lower than 100 and
10,000 pg/ml. The IMR sensitivities of ΦAβ-40 and ΦAβ-40 achieve near 1 pg/ml
and 10 pg/ml. It indicated that the detectable concentration of the SQUID IMR
instrument is lower than ELISA by two orders of magnitude for ΦAβ-40 and four
orders of magnitude for ΦAβ-42. Since the concentrations of ΦAβ-40 and ΦAβ-42 in
cerebrospinal fluid (CSF) for Alzheimer’s disease patients are at the level of tens to
hundreds of pg/ml, [35, 36], the concentrations in blood are expected to be much
lower than tens of pg/ml. The Aβ-40 and Aβ-42 in CSF could be assayed by ELISA
and IMR, but the Aβ-40 and Aβ-42 in blood must be done by IMR. The sampling
CSF is too dangerous to accept by patients, but sampling blood is much safer to
screen Alzheimer’s disease by assaying Aβ-40 and Aβ-42 in blood instead of CSF.

The Universal Model of IMR with Biotarget Concentrations
Similar to the analysis methods in other immunoassay [37–39], the relationship
between IMR value and concentration φ of target biomolecules follows such behav-
ior so-called logistic function:

Fig. 9.11 The dependence of IMR signal and OD via ELISA on (a) ΦAβ-40 and (b) ΦAβ-42,
respectively [34]
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IMR %ð Þ ¼ A� B

1þ ϕ
ϕo

� �ρ þ B (9:3)

Table 9.2 shows the parameters A, B, φo, and ρ for viruses (e.g., swine influenza
virus H1N2 and H3N1), protein (e.g., GST-TRIM33), cytokine (e.g., human
GM-CSF), and small-molecule chemical (e.g., chloramphenicol and leucomalachite
green). As the concentration φ of target biomolecules was as low as zero, the IMR
value achieves the parameter A, i.e., the value of the noise level. Oppositely, as φ
becomes very high, the saturated IMR value comes to the parameter B. Besides, as φ
is φo, the IMR value approaches the middle between the parameter A and the
parameter B. The assay sensitivity is usually defined as the concentration, while
the IMR factor is 1.5 times as the noise level [40].

The lower/higher values of ρ related to the suppressed/enhanced type of collective
bioconjugation between bioprobe-coatedMNPs and biomolecules. For example, viruses
H1N2 or H3N1 are much bigger than protein, cytokine, and chemicals in Table 9.2 by
two orders of magnitude. Hence, bioprobe-coated MNPs are always conjugated to few
virus particles. It results in the suppressed type of collective binding effect and the low ρ.

The logistic behavior for the IMR-φ curve is feasible for different biomolecules or
chemicals with variant values of parameters A, B, φo, and ρ. By scaling IMR signal
to (IMR�A)/(B�A), and φ to φ/φo, the relationships between the normalized IMR
of IMRnor and the normalized concentration φ/φo are found [40]:

IMRnor ¼ IMR� Að Þ= B� Að Þ ¼ 1� 1

1þ ϕρ ϕ ¼ ϕ=ϕo (9:4)

With Eq. 9.4 and Table 9.2, the IMRnor � φ curves for assaying various bio-
molecules are universal, as shown in Fig. 9.12. It indicates the χac reduction occurred
from the MNP conjugation to target molecules with the concentration of target
molecules is universal for different biomolecules.

4.1.4 Conclusions and Future Perspective
Based on bioprobe-coated MNPs, the IMR assay possesses some advantages of high
sensitivity, high specificity, easy operation, etc. in comparison with the popular

Table 9.2 Fitted parameters A, B, jo, and r of the IMR-j curve for various biomolecules. The
utilized antibody type for the IMR assay is also listed [40]

Biomolecule Antibody type

Parameter

A B ϕo ρ
HIN2 Polyclonal 1.06 3.65 0.024 0.64

H3N1 Polyclonal 0.96 5.34 0.060 0.50

GST-TRIM33 Polyclonal 0.63 3.23 69.46 0.86

GM-CSF Monoclonal 0.81 14.53 0.819 0.77

Chloramphenicol (CAP) Monoclonal 0.65 6.26 2.24 0.94

Leuco-malachite green (LMG) Monoclonal 0.75 8.86 1.78 1.01
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ELISA. Especially, the SQUID IMR instrument was ultrahighly sensitive for the
early diagnosis of the biomarkers in blood of Alzheimer’s diseases. In addition, the
characteristic curve of normalized IMR factor was universal for different categories
of biomolecules. These results reveal the diverseness and promising feasibility of
IMR for clinic or field-try applications.

4.2 Vibrating Sample Magnetometer

4.2.1 Mechanism
A vibrating sample magnetometer (VSM) [41, 42] is a scientific instrument for
magnetization (M )–field (H ) curves, named as the hysteresis curve, of materials.
While the M variation of bioprobe-coated MNPs between bound to and free of
biomarkers was examined by a VSM, the biomarker concentration in the tested
sample was determined. The working principle was illustrated in Fig. 9.13. While
tested samples without biomarkers were mixed with bioprobe-coated MNPs, the
magnetic dipole of each bioprobe-coated MNP separately aligned parallel to the
external field. By contrast, if tested samples with biomarkers, the biomarker was
conjugated to one or some bioprobe-coated MNPs to form the magnetic cluster. For
the mixture of bioprobe-coated MNPs and test sample, the total weight kept con-
stant, but the magnetic moment varied with magnetic characteristics of all bioprobe-
coated MNPs in separate or cluster state [43]. Hence, the M, defined as the ratio of
the magnetic moment to the weight, could be used an indicator for the evaluation of
the biomarker concentration. From the Langevin function, the M of all bioprobe-
coated MNPs at a low magnetic field increases with the formation of magnetic
clusters [43], but the M of each separate MNP is kept constant. In other words, the
M of the mixture of nonmagnetic biomarkers and bioprobe-coated MNPs increased
occurred from the conjugating of nonmagnetic biomarkers to one or some separate
bioprobe-coated MNPs (i.e., the formation of magnetic cluster), rather than by
adding any magnetic materials. Furthermore, more biomarkers led to an increased
cluster formation, which increased the M of the mixture.
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Fig. 9.12 Universal
dependence of the normalized
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concentration for various
biomolecules [40]
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In comparison with immunomagnetic reduction (IMR), the working principles of
IMR and VSM assays are consistent in the magnetic characteristics variation under
the formation of the magnetic cluster, i.e., the decrease of AC susceptibility and the
increase of DC susceptibility. The former was measured with the IMR assay, and the
latter was proportion to M, measured by a VSM. More biomarkers contributed to the
higher number of magnetic clusters. Hence, for IMR and VSM assay, the variation of
the measured intensity with biomarker concentration could be analyzed with the
Langevin function.

4.2.2 Experimental and Instrumental Methodology
The configuration of a VSM includes two mechanisms of excitation and sensing
(Fig. 9.14). The excitation mechanism is to magnetize the sample in different field
strengths by an electromagnet and vibrate sinusoidally by a vibration motor. The
sensing mechanism is to transfer the generated fluxes from the magnetized sample to
the induced voltage by the pickup coils and a lock-in amplifier, analyzing at the
vibration frequency.

The commercial VSM (Hystermag, MagQu Co., Taiwan) with the vibration
frequency at 30 Hz, similar to several tens of hertz in general commercial VSMs,
was utilized to measure the hysteresis curve. The standard solvents of phosphate-
buffered saline (PBS) with biomarkers of different concentrations were tested to find
the standard curve of the VSM assay at first. Consequently, the human serum was
examined and analyzed with the founded standard curve. For the study of HCC [44],
AFP antigens of clinical tumor biomarkers were solved with the PBS solvent to
simulate the serum of normal and HCC patients with the concentration (ΦAFP) range
of 0–5000 ppb, covered most clinical ranges.

For comparison with the performance of AC-susceptibility-based IMR [20], the
examination dose was the same, namely, 60 μl in the tested solution and 0.1 emu/g
and 40 μl in anti-AFP-coated MNPs (AFP reagent, MagQu Co., Taiwan), which

Samples without tumor biomarkers Samples with tumor biomarkers

antibody Dextran

solvent

tumor
biomarker

magnetic
cluster

solvent

HH

Fe3O4

Fig. 9.13 Scheme of the biomarker evaluation with bioprobe-coated MNPs under the H. The
mechanism is the formation of magnetic clusters caused by the conjugation of biomarkers to
bioprobes coated on MNPs. Magnetic clusters exhibited greater DC susceptibility than single
MNP [44]
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contained MNPs with hydrodynamic diameters of 48.6 � 9.8 nm and a saturation
magnetization (Ms) of 92 emu/g [45].

4.2.3 Key Research Findings
For samples mixing AFP-antibody-coated MNPs and the test solutions, the M–H
curves in Fig. 9.15 show some features. In addition to the common expression of
superparamagnetism, the variation of saturation fields (Hs) was discussed.

For a low ΦAFP of 0–20 ppb, Hs was at approximately 0.2 T. In comparison with
the popular Resovist magnetic reagent (SHU 555A, Schering Deutschland GmbH,
Germany), Hs was higher than 0.5 T [46]. The difference of Hs came from the
discrepancy of the magnetic core size of MNPs [14], which was 9% for the utilized
AFP reagent by magnetic force microscopy (SPA400, Seiko Instruments, Inc.,
Japan) in the preliminary study and 65% for the Resovist MNR [46].

Similarly, for a high ΦAFP of over 20 ppb, the Hs increased with ΦAFP, for
example, 0.4 T at 100 ppb and higher than 0.5 T at 500–5000 ppb. It was explained
with the same theory of the discrepancy of the magnetic core size of MNPs. Due to
larger magnetic clusters with the increased effect core size, a high ΦAFP induced
more or larger magnetic clusters. Consequently, the discrepancy was enhanced, and
then the Hs increased [43, 46].

Msub-T at 0.5 T of sub-Tesla increased withΦAFP was shown in Fig. 9.16. Further,
the following logistic function was utilized to clearly explain the relationship
between the experimental Msub-T and ΦAFP:

Msub�T ¼ A

1þ ϕAFP

C

� �B
þ D (9:5)

where A, B, C, and D are �0.617, 1.042, 8723, and 0.653, respectively. The fitting
line expressed a flat region and a steep slope at low ΦAFP and high ΦAFP values,

Fig. 9.14 VSM (a) instrumentation principle. (b) The utilized commercial VSM product
(Hystermag, MagQu Co., Taiwan)
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separately. Due to the measurement error of Msub-T within 1 � 10�3 emu/g, the
lowest reliable ΦAFP was nearly 25.3 ppb. In other words, the detected Msub-T

remained at 0.03 emu/g while ΦAFP lower than the sensitivity of 25.3 ppb, the
same as the Ms of the mixture of anti-AFP-coated MNPs and the PBS solvent with
zero ΦAFP.

Besides, the tested serums of five HCC patients and five normal persons are
labeled in Fig. 9.16a and analyzed for the ΦAFP values using Eq. 9.5. Initially, the
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Fig. 9.15 M-H curves of only ΦAFP in PBS [44]
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Fig. 9.16 The markers of only AFP antigens in PBS and serum of HCC patients and normal
persons were marked in (a) the curve of Msub-T in relation to ΦAFP and (b) the calibration curve of
ΔMsub-T in relation to ΦAFP [44]
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obtained ΦAFP values of all normal persons and HCC patients exceeded the clinical
criterion of 20 ppb, as shown in the inset in Fig. 9.3a. It indicated the ΦAFP values
were overevaluated by the measured Msub-T. It could be explained with some reasons.
One is the false-positive phenomenon that the conjugation to anti-AFP MNPs was
nontarget biomolecules, rather than AFP antigens. The vibration force by a VSM
was contributed to shake the entire of the bound nontarget molecules and anti-AFP
MNP together with the solvent flow, rather than the large and fixed biosensor in other
works [47]. Hence, the vibration force of the VSM, opposite to the centrifugal force
by IMR, has the limited suppression of the nonspecific conjugation.

To overcome the overevaluated phenomenon, the false-positive Msub-T value was
evaluated from the average Msub-T value of normal persons, contributed from fewer
ΦAFP than 20 ppb and nonspecific molecules. The calibration factor ofΔMsub-T, defined
as the difference between the Msub-T value of a tested person and the average Msub-T

value of normal persons, was used as the calibratedΦAFP to mark in the calibrated fitting
curve (Fig. 9.16b). And the fitting curve in Fig. 9.3b was obtained by subtracting the
sum values of A and D in Eq. 9.5 for zero ΦAFP from the measured Msub-T. Conse-
quently, ΔMsub-T of 2.25 � 10�3 emu/g was used as the criterion for discriminating
HCC patients. And all the calibrated ΦAFP of the five normal persons and five HCC
patients was, respectively, less than and higher than 20 ppb. Here, two negativeΔMsub-T

values were meaninglessly expressed in the lowest ΦAFP in Fig. 9.16b. Besides, as the
evaluation of screening criterion, the value of the average Msub-T value of normal
persons is more meaningful if the number of normal persons increases.

4.2.4 Conclusions and Future Perspective
The mechanism of a VSM assay was to measure the increased M of the magnetic
cluster, formed from the conjugation of biomarkers to some bioprobe-coated MNPs.
The formation of magnetic cluster induced not only the variation of the DC M for a
VSM assay but also that of AC magnetic susceptibility for a IMR assay. The clear
demarcation between the normal and HCC groups indicated the feasibility of using
ΔMsub-T as the primary analysis factor for identifying risk ΦAFP in HCC serums.

4.3 Bioassay Using Blocking Temperature

4.3.1 Mechanism
According to the Néel–Brown theory, the reversal of the magnetic moment of single-
domain particles is governed by the rate of flipping an energy barrier; this process is
thermally activated and can be described by relaxation time τ, which follows the
Néel–Arrhenius equation [48, 49]:

τ ¼ τ0exp U
kBT= Þ�

(9:6)

where τ0 is the attempt time, kB is the Boltzmann constant, and U is the energy
barrier. The behavior depends on the type of superparamagnetic nanoparticle and the
strength of interparticle interactions. In past studies [50–52] using Eq. 9.6, the MNP
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system is static when τ becomes much longer than the measurement time τm and
then appears to be blocked at temperatures below TB. The superparamagnetic and
blocked states can be observed at temperatures above and below TB, respectively.
Here, TB corresponds to the temperature at τ = τm and can be calculated as [50]

TB ¼ U

kBln τm=τ0ð Þ (9:7)

where the typical values for τ0 are 10�9~10�10 s [53], and τm is typically 100 s for
DC measurements, and U=KV (the energy barrier proportional to the volume of the
particle), in which K is the magnetic anisotropy constant and V is the magnetic core
volume of the MNP. Below TB, the rate of thermally activated processes becomes
insufficient for the system to achieve equilibrium; thus, the MNP magnetic moment
remains blocked in a metastable state.

Looking deeper into the thermally activated relaxation behavior via Eqs. 9.6 and
9.7, one can see that TB is also governed by U, which influences the magnetism in
BMNs. U is dominated by K, which describes the dependence of the internal energy
on the direction of the magnetization orientation and thus should depend on the
magnetocrystalline structure and interparticle interactions in BMNs under an applied
field. Figure 9.17 shows the ZFCM(T) curves for a sample with 10 ppm of AFP under
various applied fields, from which we can see that TB is indeed field dependent [54].

The correlation between H and TB has been discussed in many studies [55–57]. A
simple analytical expression describing the functional behavior is

TB Hð Þ ¼ KV

kBln τm=τ0ð Þ 1� H

HK

� �α

(9:8)

where HK is the anisotropic field and α is approximately 1.5 [58]. This model
simplifies a complex situation by replacing the many-body problem with a single-
particle description and may be strictly valid for noninteracting systems.

Fig. 9.17 ZFC M(T ) curves
for a sample with 10 ppm of
AFP under various fields. The
arrow denotes the maximum
point in the ZFC M(T )
curve [54]
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The simplified expression of Eq. 9.8 does not describe the TB(H) curves well
because of the interparticle interactions, as expected from previous MFM results.
Recently, a simple modification of the random anisotropy model was proposed
[57]. This model is applied to magnetic polycrystalline systems by considering
interparticle interactions. According to this model, the correlation length LH between
interacting particles describes a correlation volume within which a number of
particles contribute to magnetic anisotropy to generate an average anisotropy con-
dition. Therefore, Eq. 9.8 can be rewritten as [58]

TB ¼ Kπ D3 þ x L3
H � D3

� �	 

6kBln τm=τ0ð Þ 1þ x L3

H � D3
� �

=D3
	 
1

2

1� HDCMs 1þ x L3
H � D3

� �
=D3

	 
1
2

2K

( )3
2

(9:9)

where x represents the nanoparticle volume fraction of the magnetic phase and D is
the particle diameter. Furthermore, all these parameters are related to LH and are field
dependent according to the relationship:

LH ¼ Dþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Aeff

HDCMs þ C

r
(9:10)

where Aeff represents interaction intensity, which corresponds to the intergrain
exchange constant A for nanocrystalline alloys [59]. Parameter C should give the
interaction intensity variation with particle concentration, where C is set to zero to
consider a system with strong interactions.

In addition, the TB also depends on the antigen concentration φAFP. The behavior
shows logistic function given by [38]

TB ¼ A� B

1þ φAFP

φ0

� �β þ B (9:11)

This universal logistic function provides a basis to estimate unknown amounts of
biomolecules [31]. Multiple categories of bio-entities, for example, proteins, viruses,
small-molecule chemicals, and cytokines, have all been shown to behave similarly
despite being different from each other, resulting in a general logistic function for all
biotargets. The present concentration-dependent TB also shows the behavior of a
logistic function, which provides a foundation for assaying unknown amounts of
biomolecules.

4.3.2 Experimental and Instrumental Methodology
The MNPs used in this study were dextran-coated Fe3O4. The MNPs were prepared
as previously reported [60]. Oxidizing the Fe3O4-coated dextran with NaIO4 to
generate aldehyde groups, –CHO caused the dextran to react with the antibody
through –CH=N– and covalently conjugate with the antibody. The unbound
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antibodies were magnetically separated from the conjugated BMNs. The biotarget
was the antibody. The experiment used samples consisting of the Fe3O4 antibody
(40 μL) mixed with antigen (60 μL). The antigen concentration of the 60 μL antigen
solution was varied. The samples were incubated in Eppendorf tubes for 2 h at room
temperature. Figure 9.18 shows a schematic diagram depicting conjugation of CRP
(antigens) and Fe3O4-antiCRP (Fe3O4 antibody) nanoparticles to form Fe3O4-anti-
CRP-CRP clusters. More clusters of antibody–antigen-combined BMNs are
expected to form in a sample with a higher concentration of antigen [61], and
Fig. 9.19 shows TEM images of CRP, Fe3O4-antiCRP nanoparticles, and conjugated
Fe3O4-antiCRP-CRP clusters [61]. After incubation, 1 μL of each mixed sample was
dropped on a filter paper, dried, and then measured under various applied magnetic
fields using a SQUID sensor.

4.3.3 Key Research Findings
Figure 9.20 shows theM�H curves of samples with 0.2 and 10 ppm of AFP antigen
at 300 K, demonstrating the superparamagnetic behavior of the BMNs. MS of the
samples increases with AFP concentration [54]. MS varies with AFP concentration,
suggesting that magnetic interparticle interactions occur between BMPs because
AFP is nonmagnetic. In addition to MS, the inset of Fig. 9.20 shows the normalized
magnetization M/Mmax(H ) curves for the corresponding samples; before saturation,
the normalized magnetization of the sample with 0.2-ppm AFP is higher than that of
the one with 10-ppm AFP. This indicates that samples with different AFP concen-
trations possess different intensities of magnetic interactions within their magnetic
clusters. Other studies of clustered Fe3O4-antibody nanoparticles with antigen-like
CRP also showed an increase of MS with CRP concentration [60].

Recent research has suggested that dipolar interactions are long range and
anisotropic, and the dipole interaction energy may increase magnetic ordering and
TB of MNPs [62]. Regarding concentrated MNPs, in which the particles are in very
close proximity, the exchange coupling effect could result in the overlap of magnetic
orbitals and atomic surface spins [63]. The exchange coupling effect also raises both
the anisotropy and TB of MNPs. Furthermore, because of their antibody–antigen

Fig. 9.18 Schematic diagram
depicting conjugation of CRP
and Fe3O4-antiCRP
nanoparticles to form Fe3O4-
antiCRP-CRP clusters [61]
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Fig. 9.19 TEM images of (a) Fe3O4-antiCRP nanoparticles, (b) CRP, and (c) conjugated Fe3O4-
antiCRP-CRP clusters [61]

Fig. 9.20 Magnetization as a
function of the magnetic field
measured at 300 K for
samples with 0.2 and 10 ppm
of AFP. The inset shows the
normalized magnetization of
these two samples [54]
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interactions, samples with higher antigen concentrations are expected to possess
stronger interparticle interactions, which will cause greater magnetic anisotropy. TB

would be dominated by the magnetic anisotropy energy and thus should be related
to the magnetic interactions between MNPs.

Figure 9.21a and b shows histograms of the magnetic domain size distribution of
samples with 0.2 and 10 ppm of AFP, respectively, obtained from magnetic force
microscopy (MFM) [54], and the insets show the MFM images of MNP clusters for
the corresponding samples. If the MFM image contrast is changed, then one can
observe dark and bright regions in the images that correspond to one half of the
magnetic domain region, allowing us to easily calculate the domain size of the
samples. The domain area was statistically estimated from the data in Fig. 9.21a and
b, giving mean domain areas of 3.38 and 5.05 μm2 for the samples with 0.2 and
10 ppm of AFP, respectively. The dependence of magnetic domain size on antigen
concentration also implies the different intensities of magnetic interactions in samples
with different antigen concentrations. The TEM results also agree with the formation
of a large antibody–antigen-conjugated magnetic cluster that was observed [61].

Returning to the observed decrease of MS in samples with lower AFP antigen
concentrations, it was recently reported that the magnetism of Fe3O4 MNPs is weak
after coating with a carbon shell and depends on both the core size and shell thickness
[64]. The lower MS compared with that of bulk Fe3O4 is exacerbated by decreased
core size and suggestive of a surface-related mechanism [65]. For example, spin
canting has been proposed as the mechanism for the MS decrease [66]. Spin canting
causes a highly disordered spin surface and is related to shell thickness (corresponding
to the average particle distance) [65]. Analogous to the lowMS inMNPs, we thus infer
that the observed decrease of MS in samples with lower AFP concentration can be
attributed to the magnetic disorder at the magnetic domain/cluster boundaries. The
formation of a smaller antibody–antigen-conjugated magnetic cluster should result in
a higher content of boundaries, leading to the lower MS.

Fig. 9.21 Histogram of magnetic domain size distribution obtained from MFM for samples with
(a) 0.2 and (b) 10 ppm of AFP. The insets show the MFM images of MNP clusters of the
corresponding samples. The dashed lines schematically indicate one half of the magnetic domain
region [54]
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MNPs are typically characterized by the saturating behavior of their field-cooled
(FC) magnetization curves and obvious maximum in their zero-field-cooled (ZFC)
magnetization curves at low temperature. The temperature at which the maximum ZFC
magnetization is obtained is the so-called average TB of MNPs [55, 67]. Figure 9.22
shows the ZFC and FC magnetization curves for the samples with 0.2 and 10 ppm of
AFP in 100 Oe field, and the inset shows the first differential dM/dT of these two
samples, and TB is the temperature at which dM/dTequals zero [54]. The obtained TB for
the samples with 0.2 and 10 ppm of AFP is approximately 59.0 and 68.3 K. According to
Eq. 9.7, the K values are 9.07� 103 and 1.05� 104 erg/cm3 for the samples with 0.2 and
10 ppm of AFP, respectively [54, 68]. K increases with AFP concentration, which
confirms our inference that K of the magnetic clusters depends on AFP concentration.

Figure 9.23a, b shows the TB dependence on field and the fits of Eqs. 9.8, 9.9, and
9.10 to the experimental data for samples with 0.2 and 10 ppm of AFP [54]. For
MS = 11.77 � 1.72 (12.58 � 1.82) emu/cm3, which corresponds to 3.14 � 0.46
(3.35 � 0.49) emu/g Fe, Aeff = 1.11 � 0.14 � 10�9 (7.06 � 2.31 � 10�10) erg/cm,
and K = 7.83 � 0.45 � 103 (8.82 � 0.59 � 103) erg/cm3 for the sample with
0.2 ppm (10 ppm) of AFP, the expression of Eq. 9.9 of the interacting model
provides a good description of the field-dependent TB for samples both with 0.2
and 10 ppm of AFP. As expected, the obtained values of MS, Aeff and K for the
sample with 10 ppm of AFP are indeed larger than those for the sample with 0.2 ppm
of AFP. The slight deviation of the fitted and experimental MS values may originate
from the uncertainty of the effective particle correlation volume used to estimate
volume/mass magnetization. This result again indicates that interparticle interactions
can indeed be induced via the antibody–antigen combinations between BMNs.

Recent studies of 2D arrays of colloidal iron oxide nanoparticles [68] and
CoO/CoFe2O4 core/shell nanoparticles [69] also show that TB(H) is influenced by
interparticle interactions, which suggests that the interparticle interactions in these

Fig. 9.22 Zero-field-cooled
and field-cooled
magnetization curves of
samples with 0.2 and 10 ppm
of AFP measured in a
magnetic field of 100 Oe. The
inset shows the first
differential of these two
samples. The TB site is
defined as the value of dM/dT
equal to zero [54]
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systems arise from dipolar and interfacial exchange interactions, respectively. These
results prompted us to examine the interparticle interactions in our BMN samples
more closely. It is known that in a sample of randomly distributed nanoparticles with
average magnetic moment μ and average separation d, the dipole interaction energy
Ed of a particle with n nearest neighbors is of the order of Ed � n(μ0/4π)(μ2/d3),
where μ0 is the permeability of free space [62, 70]. In MNPs, dipole interactions can
result in ordering of the magnetic moments of the nanoparticles below critical
temperature To, where To = Ed/kB [70].

Considering their MS of ~0.3 emu/g, the average particle diameter of our Fe3O4

nanoparticles of ~35 nm, and the density of Fe3O4 of 5.18 g/cm3, we can estimate
that the average magnetic moment μ for one Fe3O4 nanoparticle in our BMN
samples is μ � 3762 μB, where μB is the Bohr magneton. Assuming that n = 12
and d = 35 nm for a close-packed structure of the considered nanoparticles, we
obtain Ed of ~3.4 � 10�23 J, which corresponds to ~2.5 K. According to the low
obtained temperature of To, we can infer that the classic dipolar interactions
between the antibody–antigen-combined BMNs do not play a major role in their
magnetic behavior, unlike in iron oxide MNPs with a very small d of ~8 nm [67,
71]. Different kinds of interparticle coupling, such as classic dipolar interac-
tions, Ruderman–Kittel–Kasuya–Yosida-like coupling, direction exchange inter-
actions, and superexchange interactions, as reviewed by Mørup et al. [70], have
been used to describe the magnetic properties of MNPs. Even though Eq. 9.9
can describe the observed TB(H) behavior, it should be noted that Eq. 9.9 is a
purely phenomenological approach that does not determine whether classical
dipolar or exchange coupling dominates. Currently, the kinds of magnetic

Fig. 9.23 Field dependence
of the blocking temperature
for samples with (a) 0.2 and
(b) 10 ppm of AFP. Fits using
Eq. 9.8 (dashed lines) and the
interacting model given by
Eqs. 9.9 and 9.10 (solid lines)
[54]
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interactions between MNPs require refining because of the limited information
available. Here, stronger magnetic interactions are expected to yield more
parallel alignments in a sample with a higher concentration of AFP, resulting
in larger MS and magnetic domains, as shown above in Figs. 9.20 and 9.21.

The AFP concentration φAFP dependences of TB and the fit obtained using
Eq. 9.11 are displayed in Fig. 9.24 [54]. The results show that the AFP assay
sensitivity can be enhanced to 20 ppb through measurement of the TB of BMNs.
Recently, different methods have been proposed to detect AFP concentrations in
human serum, such as a photoelectrochemical immunoassay [72], fluoroim-
munoassay [73, 74], and localized surface plasmon-coupled fluorescence [75].
Because these methods rely on a linear response range of a signal to calibrate the
AFP concentration, they show a narrow detection range (0.05�100 ppb) even
though they exhibit high sensitivity in detecting AFP levels. Such a narrow
detection range would make it difficult to use these methods to detect AFP
concentrations in blood exceeding 0.2 ppm. A wide detection range can be
obtained because of the logistic function behavior of TB, which demonstrates
that TB can be an index for bioassays to determine AFP concentrations using
BMN reagents.

4.3.4 Conclusions and Future Perspective
In summary, we have an assay for antigen concentration based on the antigen and
antibody coated onto BMN using MS measurements, the magnetic domain images
of clusters, and TB. In particular, the TB characteristics of samples with different
antigen concentrations could be described by the interacting model. These results
were attributed to the interparticle interactions and Néel motions of the magnetic
moments in BMNs, which are dominated by the magnetic interactions between the
conjugated Fe3O4-antibody BMNs. At the same time, the TB values follow a
logistic function with respect to antigen concentration. This method provides a
potential platform for assaying a wide variety of targets, including viruses, pro-
teins, and tumor markers.

Fig. 9.24 Variation of
blocking temperature TB with
respect to AFP concentration
φAFP. The dashed line is a
fitting based on Eq. 9.11 [54]
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4.4 Low-Field Nuclear Magnetic Resonance/Magnetic Resonance
Imaging

4.4.1 Mechanism

Nuclear Magnetic Moments
The spin angular momentum and magnetic moment vectors are related to each other
by μ = γJ, where γ is a physical constant known as the gyromagnetic ratio. For
example, γ = 2.675 � 108 ras/s/T (42.58 MHz/T) for 1H, while γ = 2.516 � 108

ras/s/T (40.05 MHz/T) for 19F. Based on the theories of quantum mechanics, the
magnitude of μ is μ= γħ (I (I + 1))1/2, where ħ is Planck’s constant h (6.6� 10�34 J-s)
divided by 2π and I is the nuclear spin quantum number. For 1H,13C,19F, and 31P
nuclei, I = 1/2, and such a spin system is called a spin-1/2 system. A nucleus is NMR
active only if I 6¼ 0.

When an external magnetic field of strength B0 is applied for an object in the
z-direction such that B0 = B0 k, the z-component of μ becomes certain due to the B0

field and signs given by μz = γ mI ħ, where mI is the magnetic quantum number. For
a spin-1/2 system, I and mI are equal to 1/2 and �1/2.

The torque of μ in an external magnetic field is given by μ� B0k and equal to the

rate of change of its angular momentum. That is, d J
!

dt
¼ μ!� B0 k

!
and can be

rewritten by d μ!
dt

¼ γ μ!� B0 k
!
. The solution can be expressed by

μxy tð Þ ¼ μxy 0ð Þ e�iγB0t

μz tð Þ ¼ μz 0ð Þ (9:12)

where the μxy(0) and μz(0) are the initial values of μxy and μz. The angular frequency
of nuclear precession is ω0 = γ B0, which is known as Larmor frequency.

Bulk Magnetization
The vector sum of all the microscopic magnetic moments, M, in the object can be
described by M = Σμ. Spins in different directions have different energy of
interaction with the external magnetic field B0. According to the quantum theory,
E = � μ‧B0 = � μzB0 = � γ mI ħ B0, and the energy difference between the two
spin states is given by ΔE = E#� E" = γ ħ B0 for a spin-1/2 system. The spin
population difference in the two spin states can be calculated according to the
Boltzmann relationship:

N"
N#

¼ e
ΔE
KTS

� �
(9:13)

where N" is the number of pointing-up spins, N# is number of pointing-down spins,
Ts is absolute temperature of the spin system, and K is Boltzmann constant
(1.38 � 10�23 J/K). In practice, ΔE � K Ts. Therefore, N"

N#
� 1þ γ�hB0

KTS
and
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N" � N# � NS
γ�hB0

2KTS
, where NS is the total number of spin in the object. Therefore the

bulk magnetization can be written by M ¼ μ N" � N#
� � � NS

γ2�h2B0

4KTS
.

Pulse Excitation
Commonly NMR experiments are performed using short pulses of excitation.
Consider the response of a sample initially polarized in an external field B0 along
the pulse, B1(t) = B1 i � u(tp�t) � cosωt, where u(t) is a step function. After the
pulse is terminated, Mz keeps its new value, Mz = M cosω1tp, while the transverse
components evolve that Mx= v(t) sinωt and My= v(t) cosωt, where v(t)=Msinω1tp
cosΔωt. The angle of tiltα is equal to γB1 tp which is controlled by the duration of the
pulse tp and the field intensity. A typical value of tp for a π/2 pulse for a proton with
excitation amplitude B1 = 10�4 T is 58 μs.

The Bloch Equation
The behavior of M in an external magnetic field is described by the Bloch equation

as the form dM
!

dt
¼ γ M

! � B
! � Mx i

!þMy j
!

T2
� Mz�Mz,0ð Þ k!

T1
, where Mz,0 is the thermal

equilibrium value for M. T1 and T2 are the time constant characterizing the relax-
ation process of a spin system after it has been disturbed from its thermal equilibrium
state.

Free Precession and Relaxation
After magnetized spin has been perturbed from its thermal equilibrium state by a RF
pulse, it will return to its thermal equilibrium state. The transverse and longitudinal
relaxations are described by the Bloch equation. In the Larmor-rotating frame, it can

be noted by dMz0
dt

¼ �Mz0�Mz,0
T1

and
dMx0y0
dt

¼ �Mx0y0
T2

. After solving the equations, the

transverse and longitudinal magnetization components can be described as follows:

Mx0y0 tð Þ ¼ Mx0y0 0þð Þ e�t=T2 (9:14)

Mz0 tð Þ ¼ Mz,0 1� e�t=T1

� �
þMz0 0þð Þ e�t=T2

where Mx’ y’(0+) and Mz’(0+) are the magnetizations on the transverse plane and
along the z-axis after an RF pulse. The trajectory of the tip of M during the relaxation
period as observed in the laboratory frame is shown in Fig. 9.25. The evolution
of the transverse magnetization is characterized by an exponential decay e�t=T2 and
a precession about the B0 field e�iωt. The length of the free precession period
depends on the T2 value.

4.4.2 Experimental and Instrumental Methodology

Instruments and Parameters
The SQUID-based NMR system consists of SQUID magnetometer, low-pass filter,
signal amplifier, pre-polarization field, static field, and a pulsed field as shown in
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Fig. 9.26. The magnetometer is purchased from Conductus Inc. with a magnetic field
sensitivity of 100 fT/Hz1/2 at 1 kHz and 300 fT/Hz1/2 at 400 Hz. The magnetometer
was operated in the flux-locked loop without a tuned input loop. The voltage across
the SQUID was amplified by a low-noise amplifier at room temperature. After
further amplification, the signal was integrated and fed back via a resistor into a
coil inductively coupled to the SQUID. The voltage across the resistor was further
amplified, filtered, and fed into the data acquisition system. The NMR control unit
produced audio frequency pulses that were amplified by the power amplifier. A
direct current (dc) power supply (Agilent E3634A) provided the Helmholtz pairs to
generate the pre-polarization field up to 0.01 T. The diameter of the pre-polarization

Fig. 9.25 The trajectory of
the tip of M during the
relaxation period as observed
in the laboratory frame
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Fig. 9.26 Schematics of the HTS SQUID-based NMR spectrometer
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coil was 30 cm, while the diameter of the uniform measuring field was 80 cm. The
field homogeneity at the center of the pre-polarization coils was greater than 0.1%
and 1% in a cubic volume of 2 � 2 � 2 cm3 and 8 � 8 � 8 cm3, respectively. The
field homogeneity at the center of the pre-polarization coils was greater than 0.2% in
a cube volume of 8 � 8 � 8 cm3. The strength of the static measuring field was
varied from 8.9 μT to 165 μT in the y-direction. The resonating magnetic field was
perpendicular to the static field and consisted of a pair of square coils with a side
length of 18 cm.

Measurement Process
The pulsed NMR detection scheme is illustrated in Fig. 9.27. The pre-polarization
field, Bp, up to 0.01 Twas applied along the x-direction, while a uniform measuring
Bo field in microtesla was applied along the y-direction. Both Bp and Bo fields were
produced with Helmholtz pairs. The time to polarize the magnetization was several
seconds. Power amplifiers and dc power supplies can easily couple the flux into
SQUID magnetometers; therefore relays were used to isolate the noises coupled
from the power amplifier and dc power supplies. Without relay, the SQUID can be
unlocked due to the coupled noise from the equipment. Additionally, the SQUID
was reset after applying the pre-polarization field to stabilize the SQUID operation.
After the pre-polarization of magnetization, the field was ramped down directly, and
the field decayed to zero in 70 ms. To prevent the induced field from affecting the
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Fig. 9.27 The NMR detection scheme with (a) the Bp field up to 0.01 T is applied along the
x-direction, while the uniform measuring Bo field in microtesla is applied along the y-direction;
(b) after the Bp is turned off, the magnetization, M, relaxes to y-direction; (c) the pulses B1 field is
used to excite theM to z-direction; (d) theM relaxes in μT Bo field; and (e) the NMR sequences are
used in the SQUID-based NMR detection
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pulsed excitation field, the pulsed excitation field B1 was turned on after a time
interval Td of 100 ms. The free induction decay signal of the processing magnetiza-
tion of the samples was detected in a uniform measuring Bo field.

4.4.3 Key Research Findings
The magnetic fluid consisted of magnetic nanoparticle, surfactant, and solvent. The
magnetic nanoparticle such as Fe3O4 is paramagnetic material. Therefore, it produce
external magnetic field at a magnetic field. For NMR and MRI experiment, the
produced external magnetic field disturbs the homogeneity of the static field nearby
the magnetic nanoparticles and reduces the longitudinal relaxation time and trans-
verse relaxation time. The shorter relaxation time means that the weaker NMR signal
or the darker image for MRI. Therefore, it can be used for a contrast agent to enhance
the contact between with or without magnetic nanoparticle.

Figure 9.28a shows the NMR spectrum of the magnetic fluid with different
concentrations. The signal intensity is decreased with the increase of the concentra-
tion. In order to verity the influence of the magnetic nanoparticle, the T2

* of different
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Fig. 9.28 (a) The NMR
spectrum of the 10-ml water
and magnetic fluid with
different concentrations.
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concentrations has been calculated from the FID signals and shown in Fig. 9.28b.
The T2

* is also decreased with the increase of concentration. The decrease of T2*
leads into the reduction of the NMR intensity in the spectrum. In general the reason
of the decrease of T2

* is due to the field inhomogeneity. The field inhomogeneity
causes the dephase of the nuclear spin and cancels the total magnetization. Therefore
the T2

* is decreased. In our case, the MNPs float around the water. They produce an
external magnetic field and cause the field inhomogeneity.

Although the magnetic fluid causes the field inhomogeneity and decreases the
NMR signal, it is able to be a maker and increases the locally spatial resolution. We
put a capillary which the I.D. is 1.1 mm and O.D. is 1.5 mm in the center of a
cylinder as shown in Fig. 9.29a. Figure 9.29b–d shows the three cases of the MR
image which the capillary is filled with water, air, or magnetic fluid which the
concentration is 0.3 emu/g. The images of Fig. 9.29b, c are seem to the same because
the spatial resolution of our high-Tc SQUID MRI system is about 3 mm which is
much larger than the size of capillary. Therefore, the capillary filled with water or air
cannot be identified. However, the capillary filled with the magnetic fluid leads into a
dark area in the MR image as shown in Fig. 9.29d. It means that the magnetic fluid
not only decreases the NMR signal itself but also causes the field inhomogeneity
around the magnetic fluid. Therefore the dark area is larger than the spatial resolution
of our system and can be imaged. The magnetic fluid can point out the specific
position and increase the locally spatial resolution.

Figure 9.30 shows the T1-weighted images taken by using procedures by using
the high-Tc SQUID-detected imager. The images were taken at TBp = 0.2, 0.4, 0.7,

Fig. 9.29 (a) The
cylindraceous sample which
has a capillary in the center.
The two-dimensional MR
images when the capillary
filled with (b) water, (c) air,
and (d) magnetic fluid

398 J.-J. Chieh et al.



and 1.0 s [76]. We can obtain the image intensities of different tissue, ITumor, INormal,
ITumor + MNS, and INormal + MNS, from the MR images and compare the image contrast
by calculating the intensity ratio defined by the ratio of the image intensities between
different tissues. It was found that the intensity ratio, ITumor/INormal, of the
image = 1.8 at TBP = 0.2 s and that the ITumor/INormal increases monotonically to
2.5 at TBp = 1 s. The estimated intensity ratio, ITumor + MNS/INormal + MNS, of the
image= 1.8 at TBP= 0.2 s, and the Itumor + MNs/Inormal + MNs increases monotonically
to 92 at TBp= 1 s. The antibody-activated MNs significantly reduced the intensity of
the normal region and the image contrast in the tumor region.

Figure 9.31 shows the MR images for a rat carrying the tumor at t = 0 and
t= 24 h. The rat was injected with 1 ml of 0.06 emu/g of the Fe3O4-antiAFP MNs to
study the effects of antibody-activated MNs on the image contrast. The MR images
were taken with a 7 T MR imager at t = 0 and t = 24 h after injecting the Fe3O4-
AntiAFP into the rat. The tumor and the normal regions used to estimate the intensity
ratio are marked in the images. The intensity ratio, the ITumor/INormal, is equal to 2.2 at
t = 0 before injecting MNs into rats, which indicates the absence of Fe3O4-AntiAFP
MNs is in the tissues. The intensity ratio, ITumor+MNs/INomal+MNs, is enhanced to
12.6 when a certain amount of the Fe3O4-AntiAFP MNs has targeted the tumor at
t = 24 h. An enhancement of the image contrast due to the presence of MNs in the
tissues is demonstrated. To further estimate the MNs accumulated in the tumor
region, a scanning scan of high-Tc SQUID alternating current susceptometry [77]
was applied to measure the magnetic signal from MNs.

Fig. 9.30 T1-weighted images at TBP (a) 0.2 s, (b) 0.4 s, (c) 0.7 s, and (d) 1 s [76]
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Figure 9.32a shows ITumor and INormal, derived from the intensity of images, as a
function of TBP. The intensities are detected with the high-Tc SQUID-based
NMR/MRI, and the intensity was normalized to 1 for the liver tumor at TBP = 2 s.
Figure 9.32b shows the intensity ratio, ITumor/INormal, as a function of TBP. It was
found that the intensity ratio ITumor/INormal = 0.35 at TBP = 0.2 s and ITumor/INormal

increased to 3.2 at TBP = 2.0 s, which are consistent with the reported data
[78, 79]. The intensity ratio estimated from the 7 T MRI (7 T–MRI) is (ITumor/
INormal)7T = 2.2. The SQUID-detected ITumor/INormal = 2~3 at TBP = 1 to TBP = 2 s,
which is comparable with the ITumor/INormal = 2.2 estimated from the 7 T–MRI.
Although the spatial resolution of T1-weighted MRI in a low magnetic field cannot
compete with that of a high-field MRI, the image contrast is quite comparable with
that of 7 T–MRI. The data shows that the T1-weighted MRI in low magnetic fields
shows promise in discriminating tumors.

4.4.4 Conclusions and Future Perspective
In low-field NMR and MRI, the enhanced T1-weighted contrast images were found.
The Itumor+MNS/Inormal+MNs is enhanced by a factor of 30.6 when a certain amount

Fig. 9.31 The MR images of a rat carrying the tumor by using a 7 T–MRI imager at (a) t = 0 and
(b) 24 h [76]
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of the Fe3O4-antiAFP MNs had targeted tumor tissues. Enhancing the tumor
discrimination in the T1-weighted images using antibody-activated MNs is demon-
strated in low magnetic fields. Using antibody-activated MNs shows promises for
enhancing tumor discrimination.

4.5 Scanning SQUID Biosusceptometry

4.5.1 Mechanism
The working principles of bound MNPs as image contrasts for MRI and scanning
SQUID biosusceptometry (SSB) were compared in Fig. 9.33. For MRI, the DC high
field is distorted bound MNPs, and then labeled tumors can be identified by
darkening the image brightness. Numerous iron ions, biodegraded from MNPs,
distorted the field, too [80]. This effect is especially valuable for the preoperative
diagnosis of liver tumors because of the complexity of liver tissue [81].

For SSB, the AC magnetic field induced bound MNPs to express the AC
susceptibility, i.e., the detected magnetic signals. In comparison with the IMR, the
mechanism of AC magnetic field was the common, but the field strength, the
frequency, and the field frequency composition were different due to the requirement
of in vitro and noninvasive examination for the IMR and SSB. In comparison with
MNP hyperthermia, both the strength and frequency of the AC field were much
higher than IMR and SSB to generate heat from the out-of-phase magnetic suscep-
tibility of MNPs.

4.5.2 Experimental and Instrumental Methodology

Instrumentation Setup
In general, the coregistration of the structural imaging and functional magnetic
imaging has the complete diagnosis information. In other words, the 2D distribution
of bound MNPs should be mapped to body photos. A dual-imaging model of SSB
composed of a scanning probe and a SQUID sensor unit was developed for optical
and magnetic imaging (Fig. 9.34). This scanning probe unit was composed of the
sensing part and the excitation part. The former was the first-order vertical pickup

Fig. 9.33 Illustration of
mechanism of (a) MRI and (b)
SSB examination for
antibody-mediated MNPs on
liver tumor tissue [82]
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coils surrounding the charge-coupled device (CCD) module (Singapsy Enterprise
Corp., Taiwan). The former was inserted into the latter of the circular excitation coil.
A cooling fan was attached to the scanning probe unit. The excitation field strength
and frequency of the excitation coil were set at 120 Oe and 400 Hz, respectively. The
excitation exhibited low risk because the product of these two excitation parameters
was substantially smaller than the biosafety criterion [83]. And the magnetic fields
did not influence the work of the CCD module with the light-emitting diodes for
lighting, while the scanning probe was close to the scanned torso. With a three-
directional step motor, the 7-cm-diameter scanning probe unit can be operated as a
robotic scanner for fast scanning along the torso.

For the dual-imaging model signals generated from the scanning probe, the
optical video from the CCD module was recorded using a personal computer, but
the magnetic signal was transferred by the connection of pickup coils to the input
coil and to be detected by a high critical temperature SQUID magnetometer (JSQ
GmbH, Germany). The magnetic signal was amplified approximately 29-fold with
the typical conducting transfer coil of connecting pickup coils and the input coil [16]
at first and amplified by the SQUID sensor secondarily. The SQUID sensor was
cooled with a liquid nitrogen refrigerant in a dewar and shielded with a set of
shielding cans. These parts constructed the SQUID unit. For the entire dual-imaging
model SSB, the sensitivity achieved approximately 3 pT√Hz.

The construction of an optical image was processed in three steps. At first, a
panoramic photograph was automatically converted from the recorded video of each
scanning line. Subsequently, a single line image was generated from only the
approximately central two third region of the panoramic photograph. Finally, by
combining all line images, a two-dimensional optical image was constructed. And
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the magnetic imaging was constructed by arranging the magnetic signals to the probe
positions in turns. However, the magnetic image was always larger than the MNP
distribution due to the magnetic field far away from magnetized MNPs. To study the
modification of magnetic images, a microtest tube (Eppendorf Corp., NY, USA)
filled with 0.3 emu/g and 0.25 g, approximately 28% of the injection dose for tumor
rats, was imaged. Figure 9.35 shows the optical image for the top-down view of this
microtest tube and the magnetic images for the 2D distribution of filled MNPs.
Between two magnetic images of red spots, the upper one was composed of all raw
signal intensity I, whereas the lower one was filtered signals where I is higher than
50% of the peak signal intensity Imax in this red spot. The spatial contour error
between the red spot in the filtered magnetic image and the brown circle in the
optical image is within 3 mm. Oppositely, the upper magnetic spot has more signals
with I lower than 50% of Imax, distributed spherically from MNPs for a larger area
than the optical image. Hence, the filter ratio of 50% Imax in the same red spot was
selected to construct magnetic image. Further, the integral of I, defined as the product
of the sum of I values greater than 50% of Imax and the pixel spacing, was used as the
analysis factor of the magnetic image.

4.5.3 Key Research Findings

SSB Versus MRI
To prove the proposed working principles of MNPs detected by MRI and SSB
(Fig. 9.36), rats were anesthetized using an inhalation system and measured before
and after the injection of the anti-AFP reagent of 0.3 emu/g and 0.9 g through the tail
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Fig. 9.35 Microtest tubes
filled with anti-AFP reagents
for dual-model imaging. The
image process for the optical
image, the magnetic images
composed of I and only I
larger than 50%, and the fused
image [84]
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vein. Two normal rats (Rat A and B) and two tumor rats with liver tumors (Rat C and
D), also named as HCC, were statically and continuously measured by the single-
modality SSB (Fig. 9.36a) [82], and one more tumor rat (Rat E) was imaged by a 3-T
MRI system (Bruker, Ettlingen, Baden-Wurttemberg, Germany) (Fig. 9.36b).

In the SSB, the maximal signals by scanning the rat abdomen in a path of 2-cm
interval from the xiphoideus (Fig. 9.36a) were defined as the signal of the liver center
[82]. The measured intensity is proportional to the magnetization (expressed as M).
However, the normalized magnetization variation△M/M4h, defined as the difference
of the ΔM magnetization between any time and the time of injection (0 h) normal-
ized by the magnetization at 4 h after injection M4h, was used to compare injected
normal rats and HCC rats. The results (Fig. 9.36c) show that the normalized
magnetization ΔM/M4h of normal and HCC rats increased rapidly within the first
2 h and remained at the maximal level until the fourth hour. However, ΔM/M4h of
normal rats decreased to its initial value after approximately the sixth hour and then
subsequently maintained the level. Oppositely, ΔM/M4h of HCC rats continued to
increase gradually after the fourth hour.

In MRI, T2-weighted axial images were at 1-mm intervals. Three liver regions
(Region 1, Region 2, and Region 3, Fig. 9.36b) were selected and marked with a
yellow circle to calculate the average intensity (expressed as I) of the entire circle.
And the background black in each image was used as the reference signal. The

Fig. 9.36 In vivo examination of anti-AFP MNPs in the livers between by MRI and by SSB.
(a) The alignment of the SSB probe for long-term examination. (b) MRI images of livers at 0 h and
9 h for the tumor rat (Rat E). (c) Analysis of ΔI/I0 using MRI in Regions 1, 2 (representing HCC
tissue), and 3 (representing normal tissue with yellow outlines) for Rat E and ofΔM/M4h using SSB
for Rats A and B and Rats C and D [82]
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normalized intensity variation △I/I0 (defined as the △I intensity difference between
any time and the time of injection over the initial intensity I0 at 0 h) was used to
analyze the MNP amount. ΔI/I0 of the HCC tissue in Regions 1 and 2 decreased to
the lowest level at approximately the fourth hour and remained at this level, but ΔI/I0
in the normal tissue in Region 3 returned to its initial value at the fourth hour.
In comparison between MRI and SSB, the signal variation showed the consistence in
the metabolism for normal rats or tissue and the saturation targeting around 6 h for
HCC rats or tissue but the difference in positive trend for SSB and in negative one for
MRI. This proved the mentioned working principle comparison between the SSB
and the MRI.

In Vivo/Ex Vivo Imaging
The secondary case of in vivo tests was to image the interior liver tumors within
the liver lobes in a supine position at 0 h and 24 h and with their abdomens exposed
at 24.5 h (Fig. 9.37a). The former simulated the preoperative diagnosis, and
the latter did for the surgical navigation. The fused image shows that red spots
were few at 0 h but clearly observable in the liver region at 24 h. And the results
at 24.5 h expressed nearly identical red spots due to the skin without the influence
on magnetic imaging.

Consequently, the ex vivo test was to image both the stacked and separated liver
lobes after immersed in diluted formalin (concentration = 10%) for 1 week
(Fig. 9.37b). It simulated the on-site discrimination of the positive needle biopsy.
The ex vivo fused image showed the red spot of stacked livers was similar to that of
the exposed livers in the in vivo fused image, except none in the lower-left region
(Fig. 9.37a). This difference why a strong I in the in vivo fused image was probably
because the lower-left part of the stacked livers was highly sustained by the other
organs in the body for the short detection distance. Oppositely, a weak I in the
ex vivo fused image that occurred from the lower-left part of the stacked livers was
fixed in the formalin without the support of other organs.

In the fused image of separated liver lobes, dark spots in Lobes 1–4, and the red
spot with the lowest intensity covered most of Lobe 5 (Fig. 9.37b). The positive
imaging results were confirmed by the expression of abundant pink cytoplasms,
representative of only cytoplasm in fast-growing tumor cells, in the HE stain and at
least one brown region, indicating AFP antibodies, in the AFP stain in Lobes 1–4.
Further, with the discrimination assistance of the stain results, the division of the
imaging results into positive and negative groups could be determined with the
integral of I at 0.10 volt.mm2 (Fig. 9.37c).

SSB Versus Immunohistochemistry
Although the puncturing is the golden standard for tumor discrimination, immuno-
histochemistry (IHC), usually using fluorescent indicators for labeling and optical
observation, with the fluorescent, always spent much time and manpower of pathol-
ogists, especially experienced ones, due to the precision focus variation in the
observation of fluorescent microscope (Fig. 9.38). To prove the feasibility of the
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automatic IHC imaging with the dual-imaging SSB, bioprobe-coated MNPs
connecting to the fluorescent indicators were used as dual-modality indicators for
the confirmation of traditional IHC with the manual observation. Here, anti-
carcinoembryonic antigen (anti- CEA) served as a primary antibody for the study
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Fig. 9.37 The animal test for three tumor rats with liver tumors in the liver. (a) In vivo imaging for
one tumor rat in a supine position at 0 h and 24 h and with its belly opened at 24.5 h. Ex vivo
imaging for both the stacked block and separated lobe livers with the formalin fixation for 1 week.
(b) Confirmation between dual-imaging SSB and tissue staining. The former was the red-spot
region. The latter was HE and AFP stain. (c) Determination of the criterion between the positive and
negative groups. By judging tissue staining of separated liver lobes (Lobes 1–5) of three tumor rats
(Rats B1–3), the criterion of the integral of I by dual-imaging SSB was determined [84]

Fig. 9.38 Flowchart comparison between the current single-modality examination of IHC (left) by
the fluorescent microscope and the proposed dual-modality examination of IHC (right) by the SSB
and fluorescent microscope [86]

9 Magnetic Tools for Medical Diagnosis 407



of colorectal cancer, the second-leading cause of cancer death in adults worldwide.
And the excitation and emission wavelengths for the observed green hues of the
fluorescence indicator were 358 nm and 461 nm, respectively. Consequently, two
neighboring tissue slices on different microscope slides were separately immersed in
the synthesized single and dual-modality reagents for approximately 5 min and then
washed to clean the unbound reagents. Subsequently, microscope slides were exam-
ined by SSB for imaging the whole tissue slices in several seconds (the scanning area
of 4 cm � 4 cm in the speed of 10 mm/s) and a fluorescence microscope (IX70,
Olympus, Japan) for observing five points on each tissue slice in nearly 30 min.

Before any type of staining processes, no tissue slice exhibited red spots in the
coregistered magnetic and optical image obtained by SSB or green spots in the
fluorescent images (Fig. 9.39). After staining, for the single-modality reagent, still
none exhibited in the coregistered SSB image. However, numerous green spots were
found for points 1–3 and 5, but none for point 4, in the fluorescent images. This was no
magnetic materials in the single-modality of the traditional IHC reagent. For the dual-
modality reagent, the distribution of green spots in the fluorescent image was similar
with those stained with single-modality reagent and also expressed red spots in the
coregistered SSB image. The consistence between dual-modalities indicated that poten-
tiality of rapid and automatic IHC for numerous clinical tissue by dual-imaging SSB and
manual inspection for some negative-discrimination samples by a fluorescent image.

Furthermore, the coregistered images were used for the quantitative analysis of
tumor cell amount of the entire microscope slide, by derivation from the measured
sum intensity of the red spots. The derivation was found in two databases. One was
the relationship between measured sum intensity and the MNP amount, obtained
from the test results that different amounts of dried MNPs shaped into a 10-mm
diameter circle on microscope slides at the same measurement distance of 2 mm
were analyzed for the measured sum intensity by the dual-imaging SSB. The other
was the basis of the average quantum of MNPs targeting one universal cell
[87]. With these conversion standards, the tumor cells on the tissue could be
quantified to approximately 1010 with an error of approximately 5 � 108

(Fig. 9.40). In addition, at fastest detection speed within 0.5 min, the minimum
amount of tumor cells on the microscope slide was nearly 2 � 108, and this is
suitable for high-sensitivity and high-throughput pathological examinations.

4.5.4 Conclusions and Future Perspective
In the mechanism, all the results of the in vivo examinations of MRI and SSB and
biopsy assays exhibit the same dynamics of magnetic labeling. It verified that simple
MNPs with anti-AFP coating expressed magnetic characteristics of AC susceptibility
other than the distortion of the imaging field. Therefore, SSB based on the examination
of AC susceptibility can be used as the instruments of intraoperative examination or
other clinical requirements, extending the utilities of single magnetic modal MNPs.

In addition, a novel dual-imaging model SSB by integrating an optical camera
and magnetic SSB was developed to fuse low-field magnetic images of MNP
distributions and optical images for simultaneous functional and structural imaging.
The feasibility of this novel dual-imaging model SSB was verified by the favorable
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Fig. 9.39 Result of comparison between the staining reagent for the traditional single-modality
examination of IHC (left) and the staining reagent for the proposed dual-modality examination of
IHC (right) [86]
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spatial agreement in animal tests, as well as confirmation from tissue staining.
Hence, the application of imaging technologies of simple Fe3O4 MNPs was
expanded from preoperative diagnosis by MRI to intraoperative positioning of
tumors and preoperative imaging in clinics by using this novel dual-imaging
model SSB, demonstrating the high potential of this method in the surgical naviga-
tion of MNP-targeted tumors in future clinical applications.

Besides, the current methodology for IHC entails using only a bioprobe-coated
fluorescent reagent and requires experienced pathologists to validate the qualitative
analysis obtained through time-consuming observations through a fluorescence micro-
scope. In addition to the current methodology for IHC, the present study proposes a
dual-modality methodology for achieving quick quantitative pathological analyses.
Therefore, large-scale IHC analyses in hospital pathology departments can be quickly
screened using SSB. If necessary, only certain samples comprising the few screened
amount of tumor cells could be confirmed by an experienced pathologist.

In conclusion, this study demonstrates that using SSB is suitable for in vivo
screening and in vitro examinations. Compared to using MRI, in vivo screening of
HCC labeled with anti-AFP MNPs using SSB is more cost-efficient, easier to
conduct, and more significant. These advantages increase the popularity of in vivo
screening and reduce the costs of MNP reagents for patients. The number of MNPs
measured in tissues was consistent with that of the biopsy test. These results further
demonstrate the feasibility of in vivo screening of HCC in animals and clinical
diagnosis in the future.
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4.6 Ultrasound-Induced Magnetic Imaging

4.6.1 Mechanism
In MNPs of imaging contrast by current magnetic imaging, there are some disad-
vantages to be avoided. For example, the high-field MRI has deficiencies such as the
limited time resolution, a vague image region with iron ions from MNP biodegra-
dation, and two imaging times for analyzing the image brightness of MNPs between
preinjection and postinjection. Similarly, magnetic particle imaging based on the
nonlinear response of MNPs [88, 89] achieved high spatial resolution and 3D
tomography of MNP distribution. However, the field of view and sample size were
limited by the high-field gradient. Hence, the mechanism of high field or high-field
gradient of MRI or magnetic particle imaging commonly consumes high cost and
maintenance as well as high power.

Conversely, the MNP magnetization of a lower field or pulse consistently requires
a highly sensitive magnetic sensor, so-called the superconducting quantum interfer-
ence device. Magnetic relaxometry [90] detects the relaxation of MNPs after a strong
pulse field. However, the particle characteristics, including size, temperature, and
whether it is bound to tissue, strongly influence the results, but those of each MNP
within an animal or human body are complex.

Another low-field imaging technology at approximately 100 Oe is the SSB
[82, 84] based on AC magnetic susceptibility. Although the dual-imaging type of
SSB has been applied in in vitro and in vivo animal tests, the future clinical diagnosis
and surgical navigation for deep tumors also require the consumption of high power.
Commonly, these two low-field imaging procedures achieve only 2D imaging.

To avoid these advantages of imaging MNPs, a novel mechanism of ultrasound-
motivated magnetic imaging (Fig. 9.41) was proposed. Labeled MNPs on target
tumors are magnetized under a DC magnetic field. The ultrasound chips and pickup
coils are used to vibrate MNPs and detect the ultraweak magnetic signals of MNPs,
respectively. The ultrasound excitation and magnetic detection devices are integrated

Fig. 9.41 Mechanism of the ultrasound-motivated magnetic imaging [91]
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in a small probe. Consequently, labeled MNPs on target tumors were imaged for
tumor imaging by mechanically moving the integrated probe in 2D or by electrically
varying the ultrasound focus in 3D. The reasons why the excitation of MNPs utilized
the ultrasound instead of the magnetic AC field are explained as follows. The first is
that the ultrasound is markedly superior to the magnetic field in the characterization
of the transportation attenuation. The second is that the inducted AC voltage of a
pickup coil increases with the frequency based on Faraday’s law of induction.
Generally, the generation of a high-frequency magnetic excitation field by AC
electromagnetic coils always consumes large power because the coil impedance
increases with the frequency. By contrast, ultrasound-motivated magnetic imaging
divides a high-frequency magnetic excitation field into two parts of the high-
frequency ultrasound excitation field and the DC magnetic excitation field. Both
the ultrasound part by ultrasound piezoelectric chips and DC magnetic part by coils
or magnet consume relatively much low excitation power. It is mentioned that
superparamagnetic MNPs are the focus material; a low DC magnetic field around
several thousands of gauss can achieve the saturation magnetization of MNPs
[44, 46]. In comparison with the ultrasound imaging, ultrasound-motivated
magnetic imaging is to image MNPs, rather than the biological tissue, that is, to
work as a type of functional rather than structural imaging with limited specificity of
tumor discrimination as ultrasound imaging or MRI. Hence, ultrasound-motivated
magnetic imaging makes up the ultrasound imaging for achieving complete medical
imaging.

In comparison with the gold standard of DC magnetic-characterization instru-
ment, vibration sample magnetometer [41, 42], both the ultrasound-motivated mag-
netic imaging and a vibration sample magnetometer have the common mechanism,
that is, the generation of a detected magnetic signal by vibrating samples. The
difference is that a vibration sample magnetometer utilizes a mechanical vibration
motor and a linking holder to shake the sample at the low frequency, typically less
than 100 Hz. Consequently, it presents disadvantages, for example, the radon error of
measured magnetic signal from the misalignment of the sample on the long and
vibrated holder in the magnetic field and the low induction voltage of a pickup coil
caused by a low-frequency vibration of a mechanical motor. Hence, the detection
structure of a vibration sample magnetometer thus far has limited the application in
detection of magnetic samples, unable for magnetic imaging. Oppositely, the
ultrasound-motivated magnetic imaging by an ultrasound vibration wave can easily
manipulate the vibration energy to spatially focus on the distribution of MNPs
through only the biological tissue itself, rather than the additional vibration holder
and alignment mechanism in a vibration sample magnetometer.

In addition, this mechanism is very different from the pulsed magnetomotive
ultrasound imaging [93]. It used a high-intensity pulsed magnetic field to excite cells
or tissue labeled with MNPs. Consequently, the ultrasound imaging is used to
monitor the mechanical response of the tissue (i.e., tissue displacement) to an
externally applied magnetic field. Summarily, the pulsed magnetomotive ultrasound
imaging has three differences from these works. One is the excitation method of the
high-intensity pulsed magnetic field, rather than the low-power ultrasound and the
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no-power DC magnetic field. The secondary is the pulse repetition frequency of tens
of Hz up to kilohertz, rather than several megahertz. The third is the imaging
technology by the ultrasound, rather than the magnetic imaging.

4.6.2 Experimental and Instrumental Methodology
The platform was composed of the instrument unit, the superconducting quantum
interference device (SQUID) unit, and the probe unit (Fig. 9.42). The instrument unit
and the SQUID unit were the same as the SSB. In the probe unit, a light and compact
module of ultrasound chips existed for three ultrasound focuses at three depths.
Besides, the magnet set with the uniform field in one horizontal direction was
designed to magnetize MNPs.

The unique feature was the mechanism of exciting MNPs. Different from an AC
magnetic field to magnetize MNPs in the magnetic discipline, it utilized a DC
magnetic field to magnetize MNPs and an ultrasound field to vibrate MNPs. Besides,
12 ultrasound modules for three ultrasound focuses at three depths at 5, 10, and
15 mm were involved. For each focus depth, four ultrasound modules with tilt
ultrasound chips (2� 2� 0.4 mm in size, 0.014 g in weight, and 5 MHz at operation
frequency) were aligned in the distance of 4.55, 9, and 13.5 mm from the center of
the scanning probe. The scanning probe possessed compact size of 3 cm in diameter
and the light weight of approximately 5 g, not as heavy as several kilograms and as
large as 7 cm for the probe unit of the SSB with the excitation coil [5, 84]. It was
powerful for the clinical requirement. Moreover, the ultrasound-motivated magnetic
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Fig. 9.42 Platform for the ultrasound-motivated magnetic imaging [91]

9 Magnetic Tools for Medical Diagnosis 413



imaging showed absolute biosafety caused by a DC magnetization of only several
thousands of Oe for achieving the saturation magnetization of MNPs, rather than AC
magnetization with the consideration of power biosafety [83]. In the sensing mech-
anism of the probe unit, it was the first-order vertical pickup coils surrounded by
12 ultrasound modules. With the transfer coil [16], the magnetic signal was sensed
by a sensitive SQUID sensor (JSQ GmbH, Germany). The sensitivity of approxi-
mately 87 pT/√Hz was primarily.

4.6.3 Key Research Findings
Table 9.3 shows the context of the phantom tests and the animal tests. In Fig. 9.43a,
the ultrasound phantom and a polylactic-acid tube were inserted into a ring of the
magnet set, where the alignment of each magnet in this ring set followed the Halbach
array [18] to generate the uniform direction of a magnetic field. In phantom tests, the
scanning probe touched the thin film of ultrasound gel on the upper surface of the
phantom and polylactic-acid tube; scanned around the shape centers of anti-AFP
MNP distributions in a 3 � 3 cm area, at a speed of 1 mm/step by an x � y step
motor. In each scanning step, three ultrasound foci were switched in turns to vibrate

Table 9.3 Phantom and animal tests in this study [91]

Test type Test context

Phantom
tests

Sample conditions

Dried anti-AFP MNPs of approximately 60 μg Fe were deposited on thin gauzes of
0.1 mm in thickness for the circle, triangle, and square of 1 cm in side length or
diameter. The field strengths in Anti-AFP MNP distribution were approximately
67,277, 68,153, and 68,790 A/m

Imaging cases

(Case P1) The circle, triangle, and square of Anti-AFP MNPs located in the depth
of 5, 10, and 15 mm from the upper surface of the phantom

(Case P2) The gaps between two circle shapes of Anti-AFP distribution in the
depth of 10 mm varied 1, 3, and 5 mm

Animal
tests

Imaging tumors

(Case A1) A liver tumor (12 � 7 � 12 mm in length, width, and height) was
implanted on the back of the anesthetized rat

(Case A2) Liver tumors were implanted in rat livers

Dose of magnetic reagent

(Case A1) Directly injecting magnetic reagent (2.01� 10�2 m3/kg and 750 μl) into
the liver tumor

(Case A2) Indirectly injecting magnetic reagent (3.77� 10�3 m3/kg and 1 ml) into
the tail vein

Magnetization field

(Case A1) The cascade of porous polylactic-acid ring and the ring magnet provided
221,338, 218,949, and 62,102 A/m in depth of 5, 10, and 15 mm from the upper
surface

(Case A2) This U-type of magnet ring generated major magnetic field of
179,140~210,987 A/m and 105,096 A/min one direction for the x-y plane of 5, 10,
and 15 mm deep
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three anti-AFP MNP distributions at different depths, separately. The total imaging
spent approximately 45 min. In Fig. 9.43b, it shows that three red spots of magnetic
images in Case P1were close to white-dotted lines, i.e., the boundary of the real anti-
AFP MNP distributions. The favorable consistency shows the feasibility for identi-
fying tumors at different distances. In Fig. 9.43c, it shows a large red rectangle, two
connected circles, and two separate circles for the gap of 1, 3, and 5 mm, separately.
It indicates identifying separated tumors by this ultrasound-induced magnetic imag-
ing was feasible. With the well discrimination of MNP distribution in different
shapes and depths (Case P1) (Fig. 9.43b) and different gaps (Case P2)
(Fig. 9.43c), magnetic tomography for MNP-labeled tumors could be achieved.
With current simulation results of the beam pattern of each ultrasound focus, the
thickness of one magnetic planar tomography may be defined as 5 mm due to the
vertical distribution of ultrasound intensities larger than 50% of the maximum
intensity around 5 mm.

In Case A1, anti-AFP MNPs were bound to liver tumors by directly injecting a
magnetic reagent into a liver tumor implanted on the back of an anesthetized rat.
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Fig. 9.43 Phantom tests. (a) The utilized magnet set and the uniform fields of 67,277, 68,153, and
68,790 A/m at depths of 5, 10, and 15 mm. (b) Three red shapes – a circle, triangle, and square□ of
MNPs at depths of 5, 10, and 15 mm are similar to the black ones in the photos. (c) For separated
MNP distributions of 1 cm in diameter, 10-mm deep, and with gaps of 1, 3, and 5 mm, a large and
strong red spot was not distinguishable for the gap of 1 mm, but two connected or separated red
spots were distinguishable for the gaps of 3 and 5 mm [91]
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Next, the tumor on the back of the rat was surrounded by a cascade of a commercial
ring magnet (15 mm in inner diameter and 6 mm in thickness) and a polylactic-acid
ring (1.5 mm in inner diameter and 5 mm in thickness), which was porous to prevent
any vibration of the ring magnet from the ultrasound chips of the probe. The
ultrasound gel filled the gap between the liver tumor and the cascade. The probe
touched the thin film of the ultrasound gel and imaging with the same scanning speed
and switching sequence of three ultrasound foci as the phantom tests. It expended
approximately 7 min. In Fig. 9.44, the magnetic signals of anti-AFP MNPs were
revealed with ΔI, defined as the intensity difference between preinjection and
postinjection. It shows that two apparent red spots and hardly-visible one at two
high and the lowest depths because numerous and fewest separately distributed
within the back tumor and the rat’s tumor and the rat’s body. The magnetic tomog-
raphy is reasonable because the external magnetic fields of the ring magnet sur-
rounding the tumors attracted anti-AFP MNPs to remain within the tumors. The
feasibility of clear identifying tumors was proved.

In Case A2, liver tumors were implanted in rat livers. The commercial ultrasound
imager (DP-50vet, Mindray Corp., China) was used to observe each vertical tomog-
raphy livers at first and then to model rough 3D livers (Fig. 9.45a). Consequently, the
horizontal ultrasound tomography at depths of 5, 10, and 15 mm was sliced from the
rough 3D model. The anesthetized rat was injected with a magnetic reagent through
the tail veins of a rat and imaged inside a U-shaped magnet ring with magnetic
horizontal fields with an open hole for the 40� 40 mm scanning region of the probe.

Fig. 9.44 Animal test of the implanted tumor on rat back. Anti-AFP MNPs were bound to liver
tumors by directly injecting a magnetic reagent (1.6 emu/g and 750 μl) into a liver tumor
(12 � 7 � 12 mm in length, width, and height) implanted on the back of an anesthetized rat. In
addition, the ultrasound gel and the cascade of a porous polylactic-acid ring and a commercial ring
magnet were inserted into the tumor on the rat back. The red spots of magnetic tomography at
depths of 5 and 10 mm within tumors were apparent but seldom appeared at a depth of 15 mm [91]
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The scanning speed and switching sequence of three ultrasound foci were the same
with the phantom tests. In Fig. 9.45b, it shows almost no coregistered magnetic
tomography signs of red spots in 5-, 10-, and 15-mm-deep ultrasound images at 0 h.
At 3 h, the coregistered magnetic sign ultrasound images showed apparent red spots
at 5 and 10 mm but a light red spot at 15 mm. At 8 h, the coregistered signs show
light-red and smaller spots at 5-, 10-, and 15-mm deep. Further, red spots of the
functional magnetic tomography are distributed within the white dashed lines of the
structural ultrasound images. Some possibilities exist to illustrate the image differ-
ence. One is the targeting amounts of anti-AFP MNPs enough for only the central
regions of liver tumors near hepatic arteries. Some of the injected anti-AFP MNPs
circulated away from liver tissue. Another possible reason was that the outer tissue
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Fig. 9.45 Animal test of the implanted tumor in rat livers. (a) The U-type of magnet set, based on
the Halbach array, for one major direction of a magnetic field, was fabricated to magnetize MNPs
within rat livers. The ultrasound and probe of the ultrasound-motivated magnetic imaging platform
scanned the abdomen region of 40 � 40 mm. Five ultrasound x-z planes were used to construct the
3D ultrasound image, which could be used to slice three ultrasound x-y planes at subcutaneous
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x-y planes at subcutaneous depths of 5, 10, and 15 mm are shown. (c) Between magnetic spots at
subcutaneous depths of 5, 10, and 15 mm, the sum of intensity was almost the same at 0 h
(preinjection), the highest at 3 h postinjection, and exhibited decay at 8 h postinjection [91]
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may have been fibrosis or dead liver tumors and then difficultly targeted by anti-AFP
MNP targeting. Regardless, a difference between magnetic images of MNPs and
ultrasound imaging exists. The magnetic images were more reliable for the distri-
bution of live tumors because the former plays the functional role, whereas the latter
is a structural image. Hence, the high-possibility region of liver tumors was marked
with the distinct expression.

In Fig. 9.45c, for three depths, the sum of magnetic intensity of red spots was
almost similar at 0 h; it reached its highest value at 3 h postinjection and exhibited
decay at 8 h postinjection. It was explained as follows. At 0 h, the magnetic
background came from magnetic proteins in livers, for example, ferritin protein.
At 3 h postinjection, MNPs circulated to livers. At 8 h postinjection, only some of
the remaining anti-AFP MNPs were bound to liver tumors, and others circulated
away from the livers or were biodegraded by macrophages [5]. Actually, the imaging
distance of the ultrasound-induced magnetic imaging is not limited to any specific
depth, for example, the discussion depth of 15 mm here. Some factors, such as the
vibration amplitude and the amount of targeted anti-AFP MNPs, influence the
limitation depth.

4.6.4 Conclusions and Future Perspective
The interdisciplinary mechanism of ultrasound-induced magnetic imaging and a
platform for magnetic tomography at different depths were verified. From the results
of the phantom tests, two connected or separated red spots were minimally distin-
guishable with a gap of 3 mm. From the results of the animal tests, the image overlap
between the ultrasound-induced magnetic imaging and the ultrasound images was
favorable. The proposed ultrasound-induced magnetic imaging has the potential for
popularity in biomedical applications due to the low-power consumption and suffi-
cient spatial resolution.

5 Conclusion and Future Perspective

Due to MNPs with many superior characteristics, some advanced magnetic tools, for
example, immunomagnetic reduction assay, vibrating sample magnetometer, bioassay
using blocking temperature, low-field nuclear magnetic resonance/magnetic reso-
nance imaging, scanning SQUID biosusceptometry, and ultrasound-induced magnetic
imaging, have been developed for medical diagnostics. In addition to the mentioned
in vitro diagnostics, ex vivo examination, and in vivo imaging, MNPs and other
developing magnetic tools have powerful potentiality for the medical applications.

References

1. Sohn SY, Choi JH, Kim NK, Joung JY, Cho YY, Park SM, Kim TH, Jin SM, Bae JC, Lee SY,
Chung JH, Kim SW (2014) The impact of iodinated contrast agent administered during

418 J.-J. Chieh et al.



preoperative computed tomography scan on body iodine pool in patients with differentiated
thyroid cancer preparing for radioactive iodine treatment. Thyroid 24(5):872–877

2. Gibbs-Strauss SL, Nasr KA, Fish KM, Khullar O, Ashitate Y, Siclovan TM, Johnson BF,
Barnhardt NE, Tan Hehir CA, Frangioni JV (2011) Nerve-highlighting fluorescent contrast
agents for image-guided surgery. Mol Imaging 10(2):91–101

3. Paefgen V, Doleschel D, Kiessling F (2015) Evolution of contrast agents for ultrasound imaging
and ultrasound-mediated drug delivery. Front Pharmacol 6:197

4. JiangaW, Yang HC, Yang SY, Horng HE, Hung JC, Chen YC, Hong CY (2004) Preparation and
properties of superparamagnetic nanoparticles with narrow size distribution and biocompatible.
J Magn Magn Mater 283(2–3):210–214

5. Tseng WK, Chiech JJ, Yang YF, Chiang CK, Chen YL, Yang SY, Horng HE, Yang HC, Wu CC
(2012) A noninvasive method to determine the fate of Fe3O4 nanoparticles following intrave-
nous injection using scanning SQUID biosusceptometry. PLoS One 7(11):e48510

6. Jun YW, Lee JH, Cheon J (2008) Chemical design of nanoparticle probes for high-performance
magnetic resonance imaging. Angew Chem Int Ed 47(28):5122–5135

7. Thomas R, Park IK, Jeong YY (2013) Magnetic iron oxide nanoparticles for multimodal
imaging and therapy of cancer. Int J Mol Sci 14(8):15910–15930

8. Nacev A, Weinberg IN, Stepanov PY, Kupfer S, Mair LO, Urdaneta MG, Shimoji M, Fricke ST,
Shapiro B (2015) Dynamic inversion enables external magnets to concentrate ferromagnetic
rods to a central target. Nano Lett 15(1):359–364

9. Kumar CSSR, Mohammad F (2011) Magnetic nanomaterials for hyperthermia-based therapy
and controlled drug delivery. Adv Drug Deliv Rev 63(9):789–808

10. McBain SC, Yiu HHP, Dobson J (2008) Magnetic nanoparticles for gene and drug delivery. Int J
Nanomedicine 3(2):169–180

11. Grass RN, Stark WJ (2006) Gas phase synthesis of fcc-cobalt nanoparticles. J Mater Chem
16(19):1825–1830

12. Taylor RM, Huber DL, Monson TC, Ali AMS, Bisoffi M, Sillerud LO (2011) Multifunctional
iron platinum stealth immunomicelles: targeted detection of human prostate cancer cells using
both fluorescence and magnetic resonance imaging. J Nanopart Res 13(10):4717–4729

13. Rogosnitzky M, Branch S (2016) Gadolinium-based contrast agent toxicity: a review of known
and proposed mechanisms. Biometals 29(3):365–376

14. Lu AH, Salabas EL, Schüth F (2007) Magnetic nanoparticles: synthesis, protection, functiona-
lization, and application. Angew Chem Int Ed 46(8):1222–1244

15. Xu C, Yuan Z, Kohler N, Kim J, Chung MA, Sun S (2009) FePt nanoparticles as an Fe reservoir
for controlled Fe release and tumor inhibition. J Am Chem Soc 131(42):15346–15351

16. Kondo T, Itozaki H (2004) Normal conducting transfer coil for SQUID NDE. Supercond Sci
Technol 17(3):459–462

17. Tsukamoto A, Saitoh K, Suzuki D, Sugita N, Seki Y, Kandori A, Tsukada K, Sugiura Y,
Hamaoka S, Kuma H, Hamasaki N, Enpuku K (2005) Development of multisample biological
immunoassay system using HTS SQUID and magnetic nanoparticles. IEEE Trans Appl Super-
cond 15(2):656–659

18. Lee NC, Yang SY, Chieh JJ, Huang PT, Chang LM, Chiu YN, Huang AC, Chien YH, HwuWL,
Horng HE, Chiu MJ (2017) Blood beta-amyloid and tau in down syndrome: a comparison with
Alzheimer’s disease. Front Aging Neurosci 8:316

19. Yang SY, Chiu MJ, Lin CH, Horng HE, Yang CC, Chieh JJ, Chen HH, Liu BH (2016)
Development of an ultra-high sensitive immunoassay with plasma biomarker for differentiating
Parkinson disease dementia from Parkinson disease using antibody functionalized magnetic
nanoparticles. J Nanobiotechnol 14(1):41

20. Huang KW, Yang SY, Hong YW, Chieh JJ, Yang CC, Horng HE, Wu CC, Hong CY, Yang HC
(2012) Feasibility studies for assaying alpha-fetoprotein using antibody- activated magnetic
nanoparticles. Int J Nanomedicine 7:1991–1996

21. Chiu MJ, Chen YF, Chen TF, Yang SY, Yang FPG, Tseng TW, Chieh JJ, Chen JCR, Tzen KY,
Hua MS, Horng HE (2014) Plasma tau as a window to the brain – negative associations with

9 Magnetic Tools for Medical Diagnosis 419



brain volume and memory function in mild cognitive impairment and early Alzheimer’s
disease. Hum Brain Mapp 35(7):3132–3142

22. Chiu MJ, Yang SY, Horng HE, Yang CC, Chen TF, Chieh JJ, Chen HH, Chen TC, Ho CS,
Chang SF, Liu HC, Hong CY, Yang HC (2013) Combined plasma biomarkers for diagnosing
mild cognition impairment and Alzheimer’s disease. ACS Chem Neurosci 4(12):1530–1536

23. Chiu MJ, Yang SY, Chen TF, Chieh JJ, Huang TZ, Yip PK, Yang HC, Cheng TW, Chen YF,
Hua MS, Hong HE (2012) New assay for old markers – plasma beta amyloid of mild cognitive
impairment and Alzheimer’s disease. Curr Alzheimer Res 9(10):1142–1148

24. Yang CC, Huang KW, Yang SY, Chen HH, Chen TC, Ho CS, Chang SF, Chieh JJ, Horng HE,
Hong CY, Yang HC (2013) Development for high-accuracy in-vitro assay of vascular endothe-
lial growth factor using nano-magnetically labeled immunoassay. J Nanomater 2013:695276

25. Hsieh WP, Chieh JJ, Yang CC, Yang SY, Chen PY, Huang YH, Hong YW, Horng HE (2013)
Stability study for magnetic reagent assaying Hb and HbA1c. J MagnMagnMater 326:147–150

26. Lu MW, Yang SY, Horng HE, Yang CC, Chieh JJ, Hong YW, Hong CY, Yang HC, Wu JL
(2012) Immunomagnetic reduction assay for nervous necrosis virus extracted from groupers.
J Virol Methods 181(1):68–72

27. Yang SY, Chieh JJ, Wang WC, Yu CY, Lan CB, Chen JH, Horng HE, Hong C-Y, Yang HC,
Huang W (2008) Ultra-highly sensitive and wash-free bio-detection of H5N1 virus by
immunomagnetic reduction assays. J Virol Methods 153(2):250–252

28. Yang SY, Jian ZF, Chieh JJ, Horng HE, Yang HC, Huang IJ, Hong CY (2008) Wash-free,
antibody-assisted magnetoreduction assays of orchid viruses. J Virol Methods 149(2):334–337

29. Yang SY, Chieh JJ, Yang CC, Liao SH, Chen HH, Horng HE, Yang HC, Hong CY, Chiu MJ,
Chen TF, Huang KW, Wu CC (2013) Clinic applications in assaying ultra-low concentration
bio-markers using HTS SQUID-based AC magnetosusceptometer. IEEE Trans Appl Supercond
23(3):1600604–1600604

30. Chieh JJ, Huang KW, Chuang CP, Wei WC, Dong JJ, Lee YY (2016) Immunomagnetic
reduction assay on des-gamma-carboxy prothrombin for screening of hepatocellular carcinoma.
IEEE Trans Biomed Eng 63(8):1681–1686

31. Yang CC, Yang SY, Chieh JJ, Horng HE, Hong CY, Yang HC (2012) Universal behavior of
biomolecule-concentration-dependent reduction in AC magnetic susceptibility of bioreagents.
IEEE Magn Lett 3:1500104

32. Hong CY, Wu CC, Chiu YC, Yang SY, Horng HE, Yang HC (2006) Magnetic susceptibility
reduction method for magnetically labeled immunoassay. Appl Phys Lett 88(21):212512

33. Chieh JJ, Yang SY, Jian ZF, Wang WC, Horng HE, Yang HC, Hong CY (2008) Hyper-high-
sensitivity wash-free magnetoreduction assay on biomolecules using high- Tc superconducting
quantum interference devices. J Appl Phys 103(1):014703

34. Chiu MJ, Horng HE, Chieh JJ, Liao SH, Chen CH, Shih BY, Yang CC, Lee CL, Chen TF, Yang
SY, Hong CY, Yang HC (2011) Multi-Channel SQUID-based ultra-high-sensitivity in-vitro
detections for bio-markers of Alzheimer’s disease via immunomagnetic reduction. IEEE Trans
Appl Supercond 21(3):477–480

35. Andreasen N, Blennow K (2002) β-amyloid (Aβ) protein in cerebrospinal fluid as a biomarker
for Alzheimer’s disease. Peptides 23(7):1205–1211

36. Tapiola T, Alafuzoff I, Herukka SK, Parkkinen L, Hartikainen P, Soininen H, Pirttilä T (2009)
Cerebrospinal fluid β-amyloid 42 and tau proteins as biomarkers of Alzheimer-type pathologic
changes in the brain. Arch Neurol 66(3):382–389

37. Healy MJR (1972) Statistical analysis of radioimmunoassay data. Biochem J 130(1):207–210
38. Frantzen F, Faaren AL, Alfheim I, Nordhei AK (1998) Enzyme conversion immunoassay for

determining total homocysteine in plasma or serum. Clin Chem 44(2):311–316
39. Herr AE, Throckmorton DJ, Davenport AA, Singh AK (2005) Onchip native gel

electrophoresis-based immunoassays for tetanus antibody and toxin. Anal Chem 77(2):585–590
40. Yang CC, Yang SY, Chieh JJ, Horng HE, Hong CY, Yang HC (2012) Universal behavior of

biomolecule-concentration-dependent reduction in AC magnetic susceptibility of bioreagents.
IEEE Magn Lett 3:1500104, 6157673

420 J.-J. Chieh et al.



41. Smith DO (1956) Development of a vibrating-coil magnetometer. Rev Sci Instrum
27(261):261–268

42. Foner S (1959) Versatile and sensitive vibrating-sample magnetometer. Rev Sci Instrum
30(7):548–557

43. Visuthikraisee V, Bertsch GF (1996) Spin-rotation coupling in ferromagnetic clusters. Phys
RevA 54(6):5104–5109

44. Chieh JJ, Huang KW, Shi JC (2015) Sub-Tesla-field magnetization of vibrated magnetic
nanoreagents for screening tumor markers. Applied Physics Letters 16(7):073703

45. Cornell RM, Schwertmann U (2003) The iron oxides: structure, properties, reactions, occur-
rences and users. VCH Publishers, Weimheim

46. Khandhar AP, Ferguson RM, Arami H, Krishnan KM (2013) Monodisperse magnetite nano-
particle tracers for in vivo magnetic particle imaging. Biomaterials 34(15):3837–3845

47. Johnson BN, Mutharasan R (2014) Reduction of nonspecific protein adsorption on cantilever
biosensors caused by transverse resonant mode vibration. Analyst 139(5):1112–1120

48. Neel L (1949) Theorie du trainagemagnetique des ferromagnetiquesen grains fins avec appli-
cation aux terrescuites. Ann Geophys 5:99–136

49. Brown WF (1963) Thermal fluctuations of a single-domain particle. Phys Rev 130
(5):1677–1686

50. Bean CP, Livingston JD (1959) Superparamagnetism. J Appl Phys 30(4):S120–S129
51. Wernsdorfer W, Orozco EB, Hasselbach K, Benoit A, Barbara B, Demoncy N, Loiseau A,

Pascard H, Mailly D (1997) Experimental evidence of the néel-brown model of magnetization
reversal. Phys Rev Lett 78(9):1791–1794

52. Zhang YD, Budnick JI, Hines WA, Chien CL, Xiao JQ (1998) Effect of magnetic field on the
superparamagnetic relaxation in granular Co-Ag samples. Appl Phys Lett 72(16):2053–2055

53. Dickson DPE, Reid NMK, Hunt C, Williams HD, El-Hilo M, O’Grady K (1993) Determination
of f0 for fine magnetic particles. J Magn Magn Mater 125(3):345–350

54. Wang CY, Yang TW, Shen D, Chen KL, Chen JM, Liao SH, Chieh JJ, Yang HC, Wang LM
(2017) Bioassay using blocking temperature: Interparticle interactions between
biofunctionalized magnetic nanoparticles conjugated with biotargets. Appl Phys Lett 110
(13):133701

55. Zheng RK, Gu H, Xu B, Zhang XX (2006) The origin of the non-monotonic field dependence
of the blocking temperature in magnetic nanoparticles. J Phys Condens Matter 18
(26):5905–5910

56. Zhang XX, Wen GH, Xiao G, Sun S (2003) Magnetic relaxation of diluted and self-assembled
cobalt nanocrystals. J Magn Magn Mater 261(1–2):21–28

57. Knobel M, Nunes WC,Winnischofer H, Rocha TCR, Socolovsky LM, Mayorga CL, Zanchet D
(2007) Effects of magnetic interparticle coupling on the blocking temperature of ferromagnetic
nanoparticle arrays. J Non-Cryst Solids 353(8–10):743–747

58. Nunes WC, Socolovsky LM, Denardin JC, Cebollada F, Brandl AL, Knobel M (2005) Role of
magnetic interparticle coupling on the field dependence of the superparamagnetic relaxation
time. Phys Rev B 72(21):212413

59. Löffler JF, Braun HB, Wagner W (2000) Magnetic correlations in nanostructured ferromagnets.
Phys Rev Lett 85(9):1990–1993

60. Huang KW, Chieh JJ, Shi JC, Chiang MH (2015) Assaying carcinoembryonic antigens by
normalized saturation magnetization. Nanoscale Res Lett 10(1):277

61. Chen KL, Chen JH, Liao SH, Chieh JJ, Horng HE, Wang LM, Yang HC (2015) Magnetic
clustering effect during the association of biofunctionalized magnetic nanoparticles with bio-
markers. PLoS One 10(8):e0135290

62. Bedanta S, Kleemann W (2009) Supermagnetism. J Phys D Appl Phys 42(1):013001
63. Kumar PA, Ray S, Chakraverty S, Sarma DD (2013) Engineered spin-valve type magnetore-

sistance in Fe3O4-CoFe2O4 core-shell nanoparticles. Appl Phys Lett 103(10):102406
64. Shi D, Yang H, Ji S, Jiang S, Liu X, Zhang D (2015) Preparation and characterization of core-

shell structure Fe3O4@C magnetic nanoparticles. Proc Eng 102:1555–1562

9 Magnetic Tools for Medical Diagnosis 421



65. Krycka KL, Borchers JA, Booth RA, Ijiri Y, Hasz K, Rhyne JJ, Majetich SA (2014) Origin of
surface canting within Fe3O4 nanoparticles. Phys Rev Lett 113(14):147203

66. Lima E Jr, Brandl AL, Arelaro AD, Goya GF (2006) Spin disorder and magnetic anisotropy in
Fe3O4 nanoparticles. J Appl Phys 99(8):083908

67. Schmidtke C, Eggers R, Zierold R, Feld A, Kloust H, Wolter C, Ostermann J, Merkl JP,
Schotten T, Nielsch K, Weller H (2014) Polymer-assisted self-assembly of superparamagnetic
iron oxide nanoparticles into well-defined clusters: controlling the collective magnetic proper-
ties. Langmuir 30(37):11190–11196

68. Knobel M, Nunes WC, Socolovsky LM, Biasi ED, Vargas JM, Denardin JC (2008) Super-
paramagnetism and other magnetic features in granular materials: a review on ideal and real
systems. J Nanosci Nanotechnol 8(6):2836–2857

69. Lavorato GC, Peddis D, Lima E Jr, Troiani HE, Agostinelli E, Fiorani D, Zysler RD, Winkler
EL (2015) Magnetic interactions and energy barrier enhancement in core/shell bimagnetic
nanoparticles. J Phys Chem C 119(27):15755–15762

70. Mørup S, Hansen MF, Frandsen C (2010) Magnetic interactions between nanoparticles.
Beilstein J Nanotechnol 1(1):182–190

71. De Toro JA, Normile PS, Lee SS, Salazar D, Cheong JL, Muñiz P, Riveiro JM, Hillenkamp M,
Tournus F, Tamion A, Nordblad P (2013) Controlled close-packing of ferrimagnetic nano-
particles: an assessment of the role of interparticle superexchange versus dipolar interactions.
J Phys Chem C 117(19):10213–10219

72. Wang GL, Xu JJ, Chen HY, Fu SZ (2009) Label-free photoelectrochemical immunoassay for
α-fetoprotein detection based on TiO2/CdS hybrid. Biosens Bioelectron 25(4):791–796

73. Ye Z, Tan M, Wang G, Yuan J (2006) Development of functionalized terbium fluorescent
nanoparticles for antibody labeling and time-resolved fluoroimmunoassay application. Talanta
65(1):206–210

74. Wang RY, Lu XN, Ma W (2002) Non-competitive immunoassay for alpha-fetoprotein using
micellar electrokinetic capillary chromatography and laser-induced fluorescence detection.
J Chromatogr B 779(2):157–162

75. Chang YF, Chen RC, Lee YJ, Chao SC, Su LC, Li YC, Chou C (2009) Localized surface
plasmon coupled fluorescence fiber-optic biosensor for alpha-fetoprotein detection in human
serum. Biosens Bioelectron 24(6):1610–1614

76. Yang HC, Huang KW, Liao SH, Horng HE, Chieh JJ, Chen HH, Chen MJ, Chen KL, and Wang
LM (2013) Enhancing the tumor discrimination using antibody-activated magnetic nano-
particles in ultra-low magnetic fields. Appl Phys Lett 102: 013119

77. Tu L, Jing Y, Li Y, Wang JP (2011) Real-time measurement of Brownian relaxation of magnetic
nanoparticles by a mixing-frequency method. Appl Phys Lett 98(21):213702

78. Liao SH, Yang HC, Horng HE, Chieh JJ, Chen KL, Chen HH, Chen JY, Liu CI, Liu CW, Wang
LM (2013) Time-dependent phase lag of biofunctionalized magnetic nanoparticles conjugated
with biomarkers studied with alternating current magnetic susceptometor for liquid phase
immunoassays. Appl Phys Lett 103(24):243703

79. Liao SH, Liu CW, Yang HC, Chen HH, Chen MJ, Chen KL, Horng HE, Wang LM, Yang SY
(2012) Spin-spin relaxation of protons in ferrofluids characterized with a high-Tc SQUID-
detected magnetometer in microtesla fields. Appl Phys Lett 100(23):232405

80. Liao SH, Huang KW, Yang HC, Yen CT, Chen MJ, Chen HH, Horng HE, Yang SY (2010)
Characterization of tumors using SQUID-detected nuclear magnetic resonance and imaging.
Appl Phys Lett 97(26):263701

81. Ssalamah AB, Uffmann M, Saini S, Bastati N, Herold C, Schima W (2009) Clinical value of
MRI liver-specific contrast agents: a tailored examination for a confident non-invasive diagno-
sis of focal liver lesions. Eur Radiol 19(2):342–357

82. Huang KW, Chieh JJ, Horng HE, Hong CY, Yang HC (2012) Characteristics of magnetic
labeling on liver tumors with anti-alpha-fetoprotein-mediated Fe3O4 magnetic nanoparticles. Int
J Nanomedicine 7:2987–2996

422 J.-J. Chieh et al.



83. Atkinson WJ, Brezovich IA, Chakraborty DP (1984) Usable frequencies in hyperthermia with
thermal seeds. IEEE Trans Biomed Eng BME-31(1):70–75

84. Chieh JJ, Huang KW, Lee YY, Wei WC (2015) Dual-imaging model of SQUID
biosusceptometry for locating tumors targeted using magnetic nanoparticles. J Nanobiotechnol
13(1):11

85. Chieh JJ, Huang KW, Lee YD, Horng HE, Yang HC, Hong CY (2012) In vivo screening of
hepatocellular carcinoma using the ac susceptibility of antialphafetoprotein-activated magnetic
nanoparticles. PLOS ONE 7(10):e46756

86. Huang KW, Chieh JJ, Liao SH, Wei WC, Hsiao PY, Yang HC, Horng HE (2016) Rapid and
quantitative discrimination of tumour cells on tissue slices. Nanotechnology 27(23):235101

87. Wilhelm C, Gazeau F (2008) Universal cell labelling with anionic magnetic nanoparticles.
Biomaterials 29(22):3161–3174

88. Gleich B, Weizenecker J (2005) Tomographic imaging using the nonlinear response of magnetic
particles. Nature 43(7046):1214–1217

89. Weizenecker J, Gleich B, Rahmer J, Dahnke H, Borgert J (2009) Three-dimensional real-time
in vivo magnetic particle imaging. Phys Med Biol 54(5):L1–L10

90. Adolphi NL, Butler KS, Lovato DM, Tessier TE, Trujillo JE, Hathaway HJ, Fegan DL, Monson
TC, Stevens TE, Huber DL, Ramu J, Milne ML, Altobelli SA, Bryant HC, Larson RS, Flynn ER
(2012) Imaging of Her2-targeted magnetic nanoparticles for breast cancer detection: compar-
ison of SQUID-detected magnetic relaxometry and MRI. Contrast Media Mol Imaging
7(3):308–319

91. Huang KW, Chieh JJ, Yeh CK, Liao SH, Lee YY, Hsiao PY, Wei WC, Yang HC, Horng HE
(2017) Ultrasound-induced magnetic imaging of tumors targeted by biofunctional magnetic
nanoparticles. ACS Nano 11(3):3030–3037

92. Mehrmohammadi M, Oh J, Mallidi S, Emelianov SY (2011) Pulsed magneto-motive ultrasound
imaging using ultrasmall magnetic nanoprobes. Mol Imaging 10(2):102–110

93. Mehrmohammadi M, Shin TH, Qu M, Kruizinga P, Truby RL, Lee JH, Cheon J, Emelianov SY
(2013) In vivo pulsed magneto-motive ultrasound imaging using high-performance
magnetoactive contrast nanoagents. Nanoscale 5(22):11179–11186

9 Magnetic Tools for Medical Diagnosis 423



Surface Plasmon Resonance Sensors
for Medical Diagnosis 10
Yeşeren Saylan, Fatma Yılmaz, Erdoğan Özgür, Ali Derazshamshir,
Nilay Bereli, Handan Yavuz, and Adil Denizli

Contents
1 Definition of the Topic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 426
2 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 426
3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 426
4 Experimental and Instrumental Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 427

4.1 Principle of Surface Plasmon Resonance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 427
4.2 Importance of SPR in the Medical Diagnosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 429

5 Key Research Findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 429
5.1 Protein Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 429
5.2 Hormone Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 437
5.3 Nucleic Acid Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 440
5.4 Whole Cell Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 443
5.5 Drug Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 449

6 Conclusions and Future Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 452
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 453

Y. Saylan · A. Derazshamshir · N. Bereli · H. Yavuz · A. Denizli (*)
Department of Chemistry, Hacettepe University, Ankara, Turkey
e-mail: denizli@hacettepe.edu.tr

F. Yılmaz
Department of Chemistry Technology, Abant Izzet Baysal University, Bolu, Turkey

E. Özgür
Department of Chemistry, Hacettepe University, Ankara, Turkey

Department of Chemistry, Aksaray University, Aksaray, Turkey

# Springer-Verlag GmbH Germany, part of Springer Nature 2018
C. S. S. R. Kumar (ed.), Nanotechnology Characterization Tools for Biosensing and
Medical Diagnosis, https://doi.org/10.1007/978-3-662-56333-5_10

425

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-662-56333-5_10&domain=pdf
mailto:denizli@hacettepe.edu.tr


1 Definition of the Topic

Surface plasmon resonance (SPR) sensors have fascinated impressive attention to
detect clinically related analytes in recent years. SPR sensors have also multiple
advantages over existing conventional diagnostic tools such as easy preparation, no
requirement of labeling, and high specificity and sensitivity with low cost, and they
provide real-time detection capability. There are some articles and reviews in
literature focusing on the applications of SPR-based sensors for the diagnosis of
medically important entities such as proteins, cells, viruses, disease biomarkers, etc.
These articles generally give information about the determination of these structures,
whereas this presented manuscript combines recent literature for most of the med-
ically important structures together including proteins, hormones, nucleic acids,
whole cells and drugs that especially the latest applications of SPR sensors for
medical diagnosis to follow up new strategies and discuss how SPR strategy is
brought to solve the medical problems.

2 Overview

A large number of potential analytical difficulties in various fields that can be easily
figured out by the tools are called sensors. Medical and health problems have
emerged because of the increasing population with a high risk of chronic and
infection diseases such as heart disease, stroke, cancer, tuberculosis that need to be
solved for public health.

This chapter is structured according to the principle of SPR, the importance of
SPR in medical diagnosis, key research findings according to the diagnosis of
diseases, and conclusions and future perspective. Latest strategies and novel appli-
cations are focused in this chapter by a discussion on how SPR technology is brought
to solve the medical problems.

3 Introduction

The detection of clinically relevant molecules such as proteins, hormones, nucleic
acids, cells, and drugs is essential to understanding their biological and physiological
functions and also to developing medical diagnostics tools. These molecules accom-
plish many biological functions, including storing and transmitting genetic informa-
tion, regulating biological activities, transporting molecules, and catalyzing
reactions. Moreover, they can be used as biomarkers in the diagnosis of many
diseases [1]. Analytical devices, called sensors, consist of a transducer and recogni-
tion elements capture a specific analyte for the analysis of a sample mixture to
evaluate their composition, structure and function by converting biological
responses into electrical signals are called sensors. Regarding the transduction
principles, sensors can be classified as optical [2–4], electrochemical [5–7], mass
[8–10], magnetic [11–13], and micromechanical [14–16].
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Development of optical sensors has been fascinating in the past two decades, due
to their immunity to electromagnetic interference and ability to perform remote
sensing and to supply multiple detections with one device. Sensors utilize a variety
of optical sensing methods that include chemiluminescence, fluorescence, light
absorption and scattering, reflectance, and surface plasmon resonance and can be
separated into two classes: label-based and label-free.

Industrious labeling methods may hinder with the function of a molecule in spite
of label-based detections with the detection limit value down to a single molecule
which is extremely sensitive. Quantitative studies are challenging because of the
fluorescence signal bias due to the few fluorophores on each molecule, which cannot
be correctly controlled. In opposing, binding-induced refractive index changes are
measured with the label-free detections [17].

Surface plasmon resonance (SPR) is a very suitable technology to detect clinical
analytes for a number of aims. Due to the detection that depends on refractive index
changes, specific bindings are quantified as they happen without time-consuming
washes of unbounds, and this feature reduces time-to-result compared with other
technologies. In addition, the detection does not base on labeling of the target
molecules. Because the labeling of a target may alter its binding affinity and kinetics
properties and also increase the complexity of the reaction and the cost of the
process. Furthermore, SPR is able to detect many clinical analytes directly. It can
be used to improve detection sensitivity, selectivity, and/or refractive index resolu-
tion. SPR only needs basic optics that can be miniaturized to a size that is suitable for
medical diagnosis. Besides, the non-specific interactions with SPR surface in a
complex mixture can be reduced by the ability to have multiple reference surfaces
that may be used to correct background signals [18].

4 Experimental and Instrumental Methodology

4.1 Principle of Surface Plasmon Resonance

Refractive index changes occur in the very close vicinity of a metal surface of the SPR
sensors. This function generally appears between two transparent media and then
measured by a simple and direct sensing onto the SPR sensors. Plane-polarized light
can undergo total internal refraction when the beam enters into the higher refractive
index medium at above its critical angle. Under optimal conditions, electromagnetic
field component of the light, which is penetrating into the gold film, is called an
evanescent wave. The interaction of this wave with free oscillating electrons at the
metal surface will produce the excitation of surface plasmons at a specific angle of
incidence and results in a decline of the reflected light intensity subsequently [19].

Utilization of the optical phenomenon, SPR, has seen extensive growth since its
initial observation by Wood in the early 1900s [20]. It was initially exploited for a
variety of spectroscopic and physical characterizations including enhanced hologra-
phy [21], surface-enhanced Raman scattering or coherent anti-Stokes Raman scat-
tering, and surface plasmon microscopy for high contrast imaging of thin dielectric
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films [22–24]. SPR is a simple and direct sensing technique that can be used to probe
refractive index changes that occur in the very close vicinity of a thin metal film
surface [25]. This technique utilizes a thin film of metal between two transparent
media of different refractive index to function as an optical sensor surface. Above a
critical angle, a plane-polarized light beam entering the higher refractive index
medium can undergo total internal refraction. Under these conditions, an electro-
magnetic field component of the light called the evanescent wave will penetrate into
the gold film. At a specific angle of incidence, the interaction of this wave with free
oscillating electrons at the gold film surface will cause the excitation of surface
plasmons, resulting subsequently in a decrease in the reflected light intensity. This
phenomenon is called surface plasmon resonance and occurs only at a specific angle
known as the resonant angle. This SPR angle is modified by the addition of the
analyte onto the gold film surface, thereby allowing the monitoring of binding
events. From a practical standpoint, the Kretschmann prism arrangement is the
most frequently employed geometry in SPR.

An estimation of the penetration depth is given by the following expressions [26]:

dp ¼ λ

4π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
η21 sin

2θ � η22

q (10:1)

where η1 and η2 are the refractive index of medium 1 and medium 2, respectively.
Typically, this will be approximately equal to one-fourth of the incident light
wavelength.

The light that is p-polarized with respect to the metal surface is launched into the
prism for coupling to the metal film only p-polarized light can be utilized for
plasmon generation because this particular polarization has the electric field vector
oscillations normal to the metal film. This is referred to as the transverse magnetic
wave of the electron plasma along the flat metal surface [27, 28]. In contrast, the
s-polarized transverse electric polarization cannot generate surface plasmons since
its electric field vector is orientated parallel to the metal film. The wave vector of the
oscillations, Ksp, is given by the expression:

Ksp ¼ ω

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
emes

em þ es

r
(10:2)

where ω is the frequency of the oscillations, c is the speed of light, es is the dielectric
function of the sample medium adjacent to the metal surface, and em is the dielectric
function of the metal. The wave vector for a component of incident light can be
described by the equation:

Kx ¼ ω

c
η sin θ (10:3)

where θ is the angle of incidence of the light onto the metal film and η the refractive
index of the prism. Surface plasmons, which oscillate and propagate along the upper
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surface of the metal film, absorb some of the p-polarized light energy from the
evanescent field to change the total-internal-reflection light intensity Ir. Therefore, a
plot of Ir versus incidence (or reflection) angle (θr) produces an angular intensity
profile that exhibits a sharp dip at the resonance angle.

The surface plasmon wave vector can be related to the refractive index of the
medium on the near vicinity of the metal film by simplification of the equation.
Disregarding the imaginary portion of e, Ksp can be rewritten as:

Ksp ¼ ω

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
η2mη

2
s

η2m þ η2s

s
(10:4)

where ηm is the refractive index of the metal and ηs is the refractive index of the
sample. The imaginary component of the complex refractive index term can be
related to absorbance.

4.2 Importance of SPR in the Medical Diagnosis

SPR technology first emerged many years ago, and then many scientists that include
chemists, biologists, physicists, and medical doctors have joined to use the SPR as a
novel application in various fields, such as doping analysis [29], diagnosis [30], food
safety [31], laboratory medicine [32], etc. Among them, definitely, clinical studies
have also been investigated as an effective application area. Superior features of the
SPR technology enable several advantages involving detecting of the target mole-
cules in real-time, label-free analysis, need low sample amount, quantitative reply,
and high sensitivity and reusability. These features make SPR technology desirable
for point-of-care diagnostics that can do fast and multi-analyte detection [33]. In this
chapter, the key research findings that include protein, hormone, nucleic acid, cell,
and drug detection for several diseases were summarized according to the latest
literature.

5 Key Research Findings

5.1 Protein Detection

Clinically relevant proteins which have very important features to diagnose the level
of related diseases are needed trusty methods to detect them in complex mixtures.
Detection of proteins leads to molecularly targeted therapy and also measures a
therapeutic reaction. The SPR sensors supply an applicable system for clinical
analysis [34, 35]. The most recent studies based on SPR sensor to detect proteins
for a number of diseases were focused in this part.

There are too many different cancer types associated with deregulated genes and
signaling pathways. Successful diagnosis of early stage cancer and follow-up
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treatment is vital for cancer biomarkers detection. SPR sensors offer a promising
platform for rapidly target analysis, which can be used for cancer diagnosis, prog-
nosis, and drug monitoring. They have lately performed for molecular signature
profiling, dynamic functional analysis, tumor cell enrichment and purification
[36]. The art of synthesizing SPR-based sensing materials has largely been improved
by the recent advancements in the area of functional nanomaterials and has offered
tunable surface plasmon characteristics meant for specific purposes. The trend for
the use of label-free and reusable functionalized nanomaterials has greatly improved
sensing capabilities of different cancer biomarkers, and the doors have been widely
opened to design multiplexed analysis platforms [37].

Eight microfluidic channels based thirty-two sensing sites for monitoring cancer
biomarker such as a prostate specific antigen and human alpha-fetoprotein up to a
concentration of 500 pg/mL was designed by Aćimović and collaborators [38]. As
seen in Fig. 10.1, they first considered alpha-fetoprotein (blue curve) and observed
small fluctuations in concentration of alpha-fetoprotein in human serum below the
clinically significant level. To detect alternative markers, they demonstrated (green
curve) whole detection of prostate-specific antigen to show quick sensing platform
for detection of analyte in the ng/mL concentration range in a matter of minutes with
outstanding reproducibility.

The detection of prostate-specific antigen was also performed with UV polymer-
ization method based on the micro-contact imprinting technique by prostate-specific
antigen-imprinted SPR sensor [39]. They performed the prostate-specific antigen
detection with standard prostate-specific antigen solutions in a concentration range

Fig. 10.1 Parallel sensor response for the detection of alpha-fetoprotein and prostate-specific
antigen cancer markers [38]
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of 0.1–50 ng/mL and found the limit of detection (LOD) value as 91 pg/mL. As seen
in Fig. 10.2a, they equilibrated with phosphate buffer (i), injected with the analyte
solutions (ii), and desorbed with glycine – HCl (iii). They also obtained high corre-
lation coefficients after performing different samples (Fig. 10.2b). They applied ten
clinical serum samples to the SPR sensor and obtained the results; 98% agreement
with ELISA method without important differences at the 0.05 level was indicated.

Point-of-care diagnostic sensor for total prostate-specific antigen detection in
human serum samples using SPR sensor platforms was developed by Uludag et al.
[40]. They used a sandwich assay on an SPR sensor based on antibody-modified
nanoparticles to detect the different concentration of total prostate-specific antigen in
human serum. They calculated KD value as 9.46 � 10�10 M, designating an
excellent affinity of the antibody employed in their assay. They showed that the
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developed immunoassay-based SPR sensor could be successfully utilized to
patient’s serum samples as clinical application.

Immunoglobulins (Ig) used in in vivo diagnostics have gained significant notice
among health authorities over the world. For this purpose, detection of human IgG in
human serum by polymeric nanoparticles fixed to SPR sensor was indicated by
Türkoğlu and collaborators [41]. They also performed kinetic studies by using IgG
samples with different concentration (0.05–2.0 mg/mL). They observed that the
reflectivity value was increased from 0.3 to 2.5 in parallel to IgG concentration
that increased from 0.05 to 2.0 mg/mL when the IgG samples were applied.

Ertürk and coworkers prepared Fab fragments imprinted SPR sensor to detect
human IgG [42]. Fab fragments were digested with papain and collected by fast
protein liquid chromatography system, and then collected Fab fragments reacted with
the specific monomer (N-methacryloyl-l-histidine methyl ester) to prepare nanofilm
on SPR sensor surface in the existence of cross-linker (ethylene glycol
dimethacrylate) and functional monomer (2-hydroxyethylmethacrylate). IgG detec-
tion studies were carried out by using a different concentration of aqueous IgG
solutions. They also performed selectivity experiments of the Fab imprinted SPR
sensor by employing bovine serum albumin (BSA), IgG, and Fab and Fc fragments in
singular and multiple mixtures (Fig. 10.3). According to their results, they found the
LOD value as 56 ng/mL.

Rheumatoid arthritis identified with common chronic joint inflammation is an
autoimmune disease. The anti-cyclic citrullinated peptide is IgG antibodies which
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act as a significant role in the diagnosis of this disease. Dibekkaya et al. prepared
anti-cyclic citrullinated peptide imprinted SPR sensor to detect cyclic citrullinated
peptide antibodies [43]. They examined the selectivity experiments by utilizing IgM
and BSA. They calculated maximum reflection, LOD, association (Ka), and disso-
ciation (Kd) constants as 1.079 RU/mL, 0.177 RU/mL, 0.589 RU/mL, and 1.697 mL/
RU, respectively.

Hepatitis B virus infection is still an important global problem. The feasibility of
SPR sensor was tested by Chung and collaborators to the diagnosis of human
hepatitis B virus antibodies [44]. They optimized the baseline stability and the
dilution factor of serum samples for SPR sensor application with phosphate buffer
saline and 0.5% Tween 20 solution. They estimated the baseline stability as 69.79�

with a standard deviation of 0.32 millidegree. They calculated that SPR change of
120 millidegree equaled to protein binding of 1 ng/mm2. Samples of hepatitis B virus
antibodies were used to prepare a standard curve. They used secondary antibodies to
test the sensitivity of the SPR sensor. They claimed that the LOD value of the SPR
sensor for the medical diagnosis was very similar to the ELISA kit for the diagnosis
of hepatitis.

Diagnosis of hepatitis B surface antibody in human serum by hepatitis B surface
antibody imprinted polymeric film, which was attached to the SPR sensor, was
prepared by Uzun et al. [45]. They performed kinetic studies using the hepatitis B
surface antibody-positive human serum. They found the LOD value as 208.2 mIU/
mL. Nonimmunized, hepatitis B surface antibody-negative serum was used for
performing control experiments of the SPR sensor. Results obtained by control
experiments showed that SPR sensor did not give any noticeable response to
hepatitis B surface antibody-negative serum.

Inflammatory bowel disease patients are treated with therapeutic monoclonal
antibody, infliximab, and therapeutic outcomes are monitored infliximab trough
concentrations. Lu et al. reported an assay by employing an in-house fiber-optic
SPR sensor for the infliximab determination in serum [46]. They observed that SPR
response was increased by using gold nanoparticles functionalized with another set
of infliximab-specific antibodies. They obtained the calibration curves with a series
of infliximab concentrations spiked in the buffer and serum with the LOD values of
0.3 and 2.2 ng/mL, consequently. They claimed that their results were compared
with ELISA resulting in outstanding Pearson and intraclass correlation coefficients
of 0.998 and 0.983.

Immobilization of a human growth hormone on the self-assembled monolayer-
based SPR sensor for specific antihuman growth hormone antibodies detection using
the combination of three different physical phenomena in the same channel of the
SPR was performed by Ramanaviciene et al. [47]. Detection of the specific antihu-
man growth hormone antibodies using secondary assay format on the same domain
of the SPR sensor was shown successfully by simultaneous exploitation of several
techniques. They performed the secondary antibody binding to the immune complex
formed between the immobilized human growth hormone and different concentra-
tions of antihuman growth hormone (from 0.098 to 39.47 nM) at pH 7.4 by SPR
study. Finally, they calculated LOD value as 0.051 nM for SPR system.

10 Surface Plasmon Resonance Sensors for Medical Diagnosis 433



Exosomes that have the suitable features for cancer diagnostics such as molec-
ular contents of the movement of the cell, which they create in spite of the
exosomes detection, are technically contesting. Quantitative analyses of exosomes
by an approach were described by Im and coworkers [48]. They functionalized the
nanoholes with antibodies for a description of the exosome surface and lysate
proteins to produce nanoplasmonic exosome assay, which was based on transmis-
sion SPR. They examined exosome-binding kinetics and calculated the constants
Ka, Kd, and kD as 1.6 � 107 M�1 s�1, 4.8 � 10�4 s�1, and 3.6 � 10�11 M,
respectively. They observed binding constant as approximately 36 pM and claimed
that this value was lower than that of individual antigen-antibody binding (1 nM).
They improved the sensitivity by this approach to operating when integrated with
miniaturized optics and retrieval of exosomes. They found that exosomes having
the potential for diagnostics originated from ovarian cancer cells could be specified
by their expression of CD24 and EpCAM by analyzing ascites samples from
ovarian cancer.

The other study which described the growth of a sensor to detect folic acid protein
using graphene-based SPR sensor was described by He and coworkers [49]. The
exceptional properties of graphene were exploited to construct the SPR sensor for
folate biomarker sensing in serum. The specific recognition of folic acid protein is
based on the interactions between folic acid receptors integrated through π-stacking
on the graphene-coated SPR sensor and the folic acid protein analyte in serum.
Sensing capabilities for folate biomarkers were kept by a simple post-adsorption of
human serum and bovine serum albumin mixtures onto the folic acid-modified
sensor resulting in a highly antifouling interface. They examined the different
concentration of folic acid (10 fM–1 pM) and declared that sensor allowed fM
detection of folic acid protein, a detection limit well adapted and promising for
quantitative clinical analysis.

Amplification technique by using magnetic nanoparticles with core-shell struc-
ture for an SPR sensor was presented by Liang et al. [50]. The detection of
α-fetoprotein based on a sandwich immunoassay by immobilizing a primary
α-fetoprotein antibody on the SPR sensor surface of a polymeric film employing
magnetite-gold-α-fetoprotein antibody conjugates as the amplification reagent was
developed by them. Calibration curve of magnetite-gold-α-fetoprotein secondary
antibody conjugates amplification for α-fetoprotein detection to produce a correla-
tion in the range of 1.0–200.0 ng/mL with a LOD value 0.65 ng/mL was obtained.
Through the use of magnetite-gold-α-fetoprotein antibody conjugates as an ampli-
fier, important increment in sensitivity was provided.

Cardiac biomarkers detection acts a significant function in the diagnosis and risk
stratification of patients with chest pain and acute myocardial infarction. Myoglobin,
creatine kinase-myocardial band, and cardiac troponins are the markers used to
diagnose acute myocardial infarction. SPR sensor combined with the advantages
of molecular imprinting-based synthetic receptors was developed by Osman et al.
[51]. Myoglobin imprinted polymeric film produced onto the SPR sensor interacted
with protein solutions in the concentration range from 0.1 μg/mL to 10 μg/mL
(Fig. 10.4a). They observed a fast response when the myoglobin sample solution
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arrived at the SPR sensor. They also observed that the SPR sensor response was
increased when the concentration of myoglobin was increased as well. Figure 10.4b
described the linearity of the SPR sensor in the range of 0.1 μg/mL–1.0 μg/mL. They
calculated the LOD and limit of quantification (LOQ) values as 26.3 ng/mL and
87.6 ng/mL, respectively. They also used the SPR sensor to detect myoglobin in
serum. They diluted the blank solution with a 1/15 ratio and spiked the samples with
0.3, 0.5, 0.7, and 1.0 μg/mL myoglobin in the same dilution ratio. They determined
the myoglobin concentration in the diluted serum as 42.6 ng/mL. Their results
showed that the SPR sensor could determine the myoglobin concentration with
high accuracy when compared with the ELISA method (58.3 ng/mL).

Lysozyme detection has gained importance because the alteration of lysozyme
levels can be used as a marker for some diseases such as meningitis, leukemia,
several kidney problems, and rheumatoid arthritis. Lysozyme imprinted polymeric
nanoparticles, which were modified on the SPR sensor, were represented by Sener
et al. [52]. They detected lysozyme in both aqueous and natural complex sources
even if lysozyme concentration was as low as 32.2 nM. They calculated the LOD,
Ka, and Kd values as 84 pM, 108.71 nM�1, and 9.20 pM, respectively.
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Pregnancy-connected plasma protein A2 is a metalloproteinase that acts multiple
roles in fetal development and postnatal growth. Bocková and coworkers presented
the SPR sensor for plasma protein A2 detection in blood samples by using both
single surfaces referencing method and sandwich assay with functionalized gold
nanoparticles [53]. They also demonstrated that this SPR sensor had an ability to
detect plasma protein A2 in blood plasma with 3.6 ng/mL LOD value. The
researchers characterized the performance of the SPR sensor and evaluate its
cross-reactivity to a plasma protein A2 analogue.

Alzheimer’s disease is defined by the amyloid β-protein oligomerization as an early
event. There is a risk of overdiagnosis employing sequence-specific antibodies oppose
to toxic fibrillary and monomeric amyloid β-protein by current diagnostic methods.
Murakami et al. gave much attention to developing more accurate diagnostics such as
conformation-specific antibodies against neurotoxic amyloid β-protein oligomers
[54]. They observed that the ratio of toxic to total amyloid β-protein in the cerebrospinal
fluid of Alzheimer’s disease patients was higher than in control molecules as determined
by ELISA.

Selective laminin-5 determination using SPR sensor that depended on the specific
interaction of laminin-5 with rabbit polyclonal antibody was performed as a new
method by Sankiewicz et al. [55]. They showed that the reply range of the SPR
sensor was between 0.014 and 0.1 ng/mL and calculated LOD value as 4 pg/mL.
They also determined the laminin-5 concentration in blood plasma to examine the
potential application of the SPR sensor. They compared the results with ELISA
method, and according to their results, the plasma samples of bladder cancer patients
gave more concentrated results with SPR sensor than by ELISA. The study showed
that there is a clear difference in laminin-5 concentration in healthy people and
patients with bladder cancer.

A self-assembled monolayer of protein chimeras to display an array of oriented
antibodies on a microelectronic sensor for influenza nucleoprotein detection was
described by Brun and coworkers as a new strategy [56]. They characterized their
system with the structural and functional features of the bio-interface by SPR. Further-
more, they also showed that the non-covalent structure could render the dissociation of
binding antibodies irreversible by chemical cross-linking in situ without attacking the
antibody function.

Liu and colleagues demonstrated a fiber-optic SPR sensor that depended on the
smartphone platforms by connecting the optical and sensing elements to a phone
case [57]. They showed that the SPR sensor could be installed or removed from the
smartphones. They also exhibited the accuracy and repeatability measurements by
detecting several concentrations of antibody binding to a functionalized sensing
element for smartphone-based SPR platform performance. Validation experiments
resulted through contrast experiments with a commercial SPR instrument.

Rapid and reliable detection of procalcitonin by a molecularly imprinted polymer
on the gold surface of SPR sensor was reported by Sener et al. [58]. According to this
method, procalcitonin molecules were attached with the polymeric solution
containing 2-hydroxyethylmethacrylate and ethylene glycol dimethacrylate on the
SPR sensor after immobilization onto the glass slide, and then the polymerization
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process was initiated via UV light. Specific molecular binding sites were obtained
after the removal of procalcitonin. They first characterized the SPR sensor
(Fig. 10.5) and used for detection studies. The detection studies by using pro-
calcitonin solutions in phosphate buffer and artificial blood plasma at diverse
concentrations were performed after the characterization of the micro-contact
imprinted SPR sensor. They also showed that the SPR sensor could detect low
concentration of procalcitonin in both phosphate buffer and artificial blood plasma
with a LOD value of 9.9 ng/mL.

5.2 Hormone Detection

Diagnosis of the endocrine diseases is generally difficult and needs to directly
monitor and make measure hormone levels. Hormone detection demonstrates the
talent of SPR technology to supply attractive answers in this clinical field and is
provided in some recent studies by different groups [59].

Cenci et al. produced a library of molecularly imprinted nanoparticles to target the
N-terminus of the hormone hepcidin-25 whose serum levels correlate with iron

Fig. 10.5 (a and b) SEM images of procalcitonin imprinted polymer nanofilm, AFM images of (c)
bare, and (d) procalcitonin imprinted SPR sensor surfaces [58]
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dis-metabolisms and doping. They immobilized the molecularly imprinted nano-
particles onto the NeutrAvidin™ SPR sensor chip [60]. They studied the responses
of the SPR sensor to hepcidin-25 and observed the low Kd values for the interaction
of molecularly imprinted nanoparticles with hepcidin-25, but none for the molecu-
larly imprinted nanoparticles and non-regulative hepcidin-20. They acquired the
linearity with the logarithm of hepcidin-25 concentration in the range of
7.2–720 pM, and LOD value was 5 pM.

Zhang and coworkers developed a water-compatible molecularly imprinted poly-
mer film with suitable monomers, cross-linker, polystyrene nanoparticles, and tem-
plate for testosterone detection in urine [61]. Artificial urine and human urine
incubation on the molecularly imprinted polymer film and the non-imprinted film
was used to estimate undetectable non-specific adsorption. Testosterone detection
was recorded with the LOD value down to 10�15 g/mL, which was regarded as one
of the lowest values among the SPR sensors. The selectivity studies of molecularly
imprinted polymer film were performed with the similar molecules to the testoster-
one such as progesterone and estradiol. They also showed that the SPR sensor had
extreme stability and reproducibility over 8 months of storage at 25 �C which was
better than protein-based sensors.

Vashist and his collaborators prepared SPR sensor for rapid immunoassay of
procalcitonin with high detection sensitivity and reproducibility [62]. The activated
protein A was dispensed on a potassium hydroxide-treated gold-coated SPR sensor
surface and bound covalently in 30 min. They calculated the values of LOD and
LOQ of the SPR sensor as 4.2 ng/mL and 9.2 ng/mL, respectively. They also claimed
that the SPR sensor was capable of detecting procalcitonin in real sample matrices
and patient samples with high precision.

Trevino et al. prepared the one and multiple analyte SPR systems for two
gonadotropic hormones and luteinizing hormone from untreated human urine
[63]. They found the lowest LOD values as 8 mIU/mL and 14 mIU/mL for
luteinizing hormone and gonadotropic hormones in human urine. They also searched
that the stability of the SPR sensor signals through more than hundred trials. They
tested the comparison of the calibration curves for the three different SPR sensors.
They observed that the reproducibility of chip-to-chip was exceptional and calcu-
lated the mean variation coefficients of 4.2% and 3.7% for gonadotropic hormones
and luteinizing hormone, respectively.

The same research group has carried out studies to determine four pituitary
hormones such as human thyroid-stimulating, growth, follicle-stimulating, and
luteinizing hormones by using a portable SPR sensor [64]. They displayed the
performance of the SPR sensor in different solutions ranging from 1 to 6 ng/mL.
They injected the growth hormone samples to produce SPR signal due to the
phosphate buffer and non-specific binding of serum components. They also obtained
a calibration curve and the analytical characteristics. Their SPR sensor allowed the
growth hormone determination in serum with different concentrations. Their results
showed that the SPR sensor was suitable for practical and fast clinical diagnosis of
growth hormone deficiency.
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A fiber-optic SPR sensor was presented by Srivastava et al. for endocrine
disruption biomarker detection [65]. They employed antibody immobilization on
the SPR sensor surface. They prepared various concentrations of the biomarker in
the range of 1.0–25 ng/mL and also performed control experiments with similar
molecules. They found the LOD and sensitivity values of the SPR sensor as 1 ng/mL
and 0.48 ng/mL in aqueous solution, respectively. Their fiber optic of the SPR sensor
was fixed in a flow cell, and the flow cell had the supplies for sample input and
output. Acetone-soaked optical tissue was used to wipe the ends, after fixing the fiber
into the flow cell. Tungsten-halogen light source producing polychromatic light was
coupled to the input end of the SPR fiber sensor probe with the help of a microscope
objective of 0.65 NA to save the SPR sensorgram.

Yockell-Lelièvre and coworkers reported two sensing platforms utilizing
functionalized gold nanoparticles to detect testosterone with SPR and localized
SPR [66]. They provided a study based on the surface chemistries that can produce
stable detection systems before detecting testosterone by employing four-channel
SPR sensor system. As shown in Fig. 10.6, the SPR sensor was produced on a film
on the prism, while the localized SPR sensor was originated by a monolayer gold
nanoparticles immobilization on the prism. Development of the SPR and localized
SPR sensors was depended on the competition of free testosterone with a
testosterone-biotin. The basis of the competition assay for both SPR and localized
SPR sensors relies on gold nanoparticles immobilized with testosterone-biotin.
When high testosterone concentrations were applied to the SPR and localized SPR
systems, the binding of a competitor to the SPR and localized SPR sensor was
declined, and thus they observed a lower response.

Trade-offs between sensitivity, specificity, experiment range and time, instrumen-
tation, sample carrier, and storage requirements with challenges for several SPR sensor
applications were discussed by Sanghera et al. [67]. They calculated the LOD value of
SPR sensor as 0.5 nM. They tested the insulin binding features of SPR sensor that
called Protean Bio-Rad XPR36 at different pH values. They applied the insulin sample
to the SPR sensor with a contact time of 300 s and a dissociation time of 400 s, at a
flow rate of 25 μL/min at pH 7. They extended contact and dissociation time to
improve sensitivity with same flow rate. They evaluated insulin concentration effect

competitor

testosterone

competitor

anti-
testosterone

LHDLHD

SPR LSPR

Fig. 10.6 Scheme of SPR
and localized SPR systems on
testosterone detection [66]
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on the produced signal intensity by SPR, and they declared that the more extensive
contact and association times permitted, the better distinction for the different con-
centrations than the shorter times.

5.3 Nucleic Acid Detection

Many nucleotidic molecules of interest in medical diagnostics have been determined
by nucleic acid that depended on SPR sensors. Eukaryotic chromosome ends are
defended from undesired degradation, recombination, or end-to-end fusion by telo-
merase cap. Sharon and coworkers described the telomerase activity in human cells
for the analysis of sensor involves the telomerase activity [68]. Telomerase activity
was detected by their amplified SPR sensor. They did the telomerization in the
mixture of the telomerase and the nucleotide, which results in the formation of
telomeres on the SPR sensor surface modified with gold film-coated glass slides, and
altered the surface dielectric properties that resulted in a shift in the SPR spectrum.
As represented in Fig. 10.7a–d, they detected the telomerase extracted from 18 293 T
cells/μL by using SPR spectra and observed the reflectance changes by sensorgrams
corresponding to the different numbers of 293 T cell extracts.

Diltemiz et al. prepared SPR sensor for recognition of DNA. They reported that
not only the detection of guanosine and guanine but also the DNA sequencing assay
is possible with molecularly imprinted SPR sensor [69]. The binding experiments by
ligand and guanosine and guanine imprinted polymers with respect to guanine and
double-strand DNAwere also included in their studies. They calculated the affinity
constants for guanosine and guanine imprinted SPR sensors by plotting adsorption
isotherms of adenosine, guanosine, guanine, adenine, single-strand DNA, and
double-strand DNA, and the results were shown in Fig. 10.8.

The computationally assisted method was suggested based on the aptamer and
protein interaction with the purpose of well-organized screening and selection of
aptamers by Turner and collaborators [70]. They generated the computationally
derived binding scores by screening a formed library of mutated DNA sequences
based on the beginning from the data on the 15-mer thrombin-binding aptamer. They
chose thrombin-binding aptamer and three other mutated oligonucleotides according
to their binding score. They compared the analytical behaviors of the four oligonu-
cleotide sequences employing signal amplitude, sensitivity, linearity, and reproduc-
ibility by reducing the ionic strength in order to match the simulated condition. They
showed that their experimental results were in agreement with the simulation findings.

Highly infectious and rapidly spreadable through contact, bacterial meningitis is a
dangerous infection of the meninges of the brain and spinal cord, which can even
cause death. The report about SPR sensor was presented by Kaur and coworkers to
detect Neisseria meningitidis DNA by utilizing laboratory assembled SPR sensor
[71]. In their study, they immobilized the single-stranded probe DNA on SPR sensor
surface. They provided the change in optical features at gold-zinc oxide interface by
the DNA hybridization on the SPR sensor surface. A continuous shift in the dip
angle of the SPR reflectance because of the dielectric properties changes of zinc
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oxide matrix owing to the interaction between complementary DNA strands was
observed with increase in the concentration of DNA. Furthermore, a continuous
decline in the value of Rmin with an increase in oligonucleotide concentration was
also observed, which showed the binding between the probe and DNA. They
obtained a linear response toward meningitides DNA over the concentration range
from 10 to 180 ng/μL with a LOD value (5 ng/μL).

DNA arrays are priceless devices for sensing applications such as diagnostic
DNA detection and gene expression analysis. Untagged oligonucleotide targets
adsorbed to the array molecules can be detected by SPR imaging system. A
template-directed polymerase extension of a surface array element was described
as a new method by Gifford and coworkers [72]. They claimed that it is possible to
obtain 10–100 attomole of polymerase outcome, representing as low as 0.25% of a
monolayer by using their technique. Their system allowed detecting DNA present in
low amounts in a sample with the partially unknown sequence. As seen in Fig. 10.9,
they spotted the different ratios of probe DNA and T30 onto the glass surface above
the gold spots and showed the binding of nanoparticles to the surface-bound DNA
by a percent reflectivity change with the line profile indicated by the black line at the
left inset.

Fig. 10.8 The adsorption isotherms and selectivity of molecularly imprinted SPR sensors [69]
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D’Agata et al. represented a detection strategy for genomic DNA that associated
with the β-thalassemia disease [73]. Direct fluxing of DNA samples into each of the
SPR imaging fluidic systems to let the direct interaction of each of the samples with
different probes complementary to the normal and mutated DNA sequences was
performed (Fig. 10.10). They declared that these different probes were functional
both to distinguish between normal, homozygous, and heterozygous DNAs as well
as to keep away the use of external controls which were difficult to be acquired for
this application. Normal, homozygous, or heterozygous DNAs were each permitted
to interact with the two different PNA probes, and obtained specific SPR imaging
response patterns provided a robust experiment control.

The aptasensor that depended on the inactivation of surface plasmon enhancement
of fluorescent probes modified to gold nanoparticle-bound aptamers was reported by
Cho and colleagues [74]. They claimed that this sensing system measured the target
directly at the clinically relevant range from 1.25 pM to 1.25 mMwith high specificity
and stability. Their results showed a good agreement within the limit of the ELISA kit
for clinical sample experiments. The unfolded VEGF165 aptamer was bound to poly-
L-lysine-coated gold nanoparticle surface as electrostatically in the lack of target
molecules as shown in Fig. 10.11a. In addition Fig. 10.11b reflected that the interac-
tions of the VEGF165 aptamer to its target induced the reversible conformation to
modify the aptamer and the declined electrostatic binding force. An irreversible
detachment of the aptamer from the GNP surface was caused by the target-binding
interaction of the aptamer, which avoided the SEF effect of Cy3B (Fig. 10.11c).

5.4 Whole Cell Detection

Dengue is a crucial febrile disease, which is induced by the dengue virus and inserted
into a host by a female Aedes aegypti mosquito and globally identified as one of the

Fig. 10.9 The nanoparticle-
based SPR imaging [72]
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Fig. 10.10 The description of the nanoparticle-enhanced SPR imaging strategy [73]

Fig. 10.11 The detection mechanism scheme of the aptasensor for VEGF165 [74]
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most important vector-borne diseases. Anti-dengue virus detection in serum samples
was proposed as a rapid method based on SPR by Jahanshahi and colleagues
[75]. They claimed that their system, known as 10 min detection of immunoglobulin
M-based dengue diagnostic test, could be applied rapidly and easily. They used
different dengue virus serotypes as ligands on SPR sensor. They obtained 83–93%
sensitivity, and 100% specificity for 1 ml from a patient was needed to indicate SPR
angle variation to determine the ratio of each dengue serotype in samples.

Adenovirus detection was carried on by utilizing plastic and natural antibodies to
refer three different strategies investigations. The implementation of a molecularly
imprinted method for detection of viruses with the combination of sensors was
described by Altintas et al. [76]. They used the SPR sensor as affinity receptor
with the concentration range of 0.01–20 pM for the adenovirus detection and found
the LOD value as 0.02 pM. They also performed the conduction of cross-reactivity
studies with MS2 phage as a control virus and achieved high specificity.

Clinical diagnosis of canine distemper virus causing viral disease that influences dogs
and many other carnivores is hard because of the broad spectrum of signs that may be
confounded with other respiratory and enteric diseases of dogs. Basso et al. developed
an SPR sensor to detect canine distemper virus [77]. They obtained a sensorgram after
modification steps and the canine distemper virus concentration with a linear range from
1.1 to 116.0 ng/mL. They claimed that their SPR sensor showed a good reproducibility.

Avian influenza virus detection is needed because it causes H5N1 influenza
infection in animals and humans. Bai and coworkers made research based on an
SPR sensor for avian influenza virus H5N1 detection [78]. They fabricated the SPR
sensor by using aptamers and then modified the gold surface of the SPR sensor
coated with streptavidin. According to their results, the aptamers captured avian
influenza virus H5N1 in a sample solution, which caused a refraction index increase,
and the refraction index value was linearly related to the avian influenza virus
concentration in the scale of 0.128 to 1.28 haemagglutination unit.

SPR sensor was developed to detect hemagglutinin which is a major protein of
influenza A virus by Diltemiz et al. [79]. They modified SPR sensor surfaces with
thiol groups and then 4-aminophenyl boronic acid, and the sialic acid mixture was
immobilized on sensor surfaces. They employed aqueous hemagglutinin solutions to
determine binding features of sensors to influenza Avirus. They also calculated LOD
values for SPR sensor as 1.28 � 10�1 μM, in the 95% confidence interval.

Molecularly imprinted SPR sensor to target the bacteriophage MS2 was devel-
oped by Altintas et al. [80] to detect waterborne viruses. They obtained an excellent
affinity between the artificial ligand and the target (Fig. 10.12a). As shown in
Fig. 10.12b, molecularly imprinted SPR sensor surface was renewed by using
0.1 M HCl (R1) and 20 mM NaOH (R2). In addition, blue line reflected the phage
binding on molecularly imprinted SPR sensor, whereas red line represented the MS2
phage binding on molecularly imprinted SPR sensor in Fig. 10.12c. According to
their results, they claimed that a regenerative molecularly imprinted virus detection
SPR sensor was successfully promoted and provided an alternative and specific
detection technology for the waterborne viruses leading to high disease and death
rates all over the world.
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Riedel and his research group offered SPR sensor to develop a new-generation
medical diagnostic technologies [81]. They introduced an SPR sensor based on diag-
nosing different stages of Epstein–Barr virus infections in clinical serum samples and
showed that the detection of the antibodies against three different antigens present in the
virus was achieved by their study. The interference of the fouling from serum during the
measurements was prevented by coating the SPR sensor with an antifouling layer of a
polymer brush. Attachment of receptors by hybridization of complementary oligonu-
cleotides allowed the SPR sensor surface regeneration after measurements by disrupting
the complementary pairs above the melting temperature of oligonucleotides.

The detection of pathogenic bacteria is necessary to prevent infections and also
life-threatening illnesses. Yılmaz et al. described a molecularly imprinted SPR
sensor to detect Escherichia coli from water sources [82]. They choose amino
acid-based molecule to provide similar interaction as in natural antibodies. After
the polymerization, they first characterized the SPR sensor surface and then obtained
a linear behavior as 98.79% at different Escherichia coli concentrations in the range
of 0.5–4.0 McFarland. They also performed the real sample experiments with apple
juice (Fig. 10.13). According to their results, the increment of the concentration of
Escherichia coli gave rise to an increment in SPR sensor reflectivity.

Wang and collaborators displayed an SPR sensor for Escherichia coli O157: H7
detection [83]. In their system, Escherichia coli O157: H7 cells and goat polyclonal
antibodies for Escherichia coli O157: H7 were incubated, and then the Escherichia
coli O157: H7 cells were removed by a centrifugation step. Their results exhibited
that the signals were oppositely correlated with the concentration of Escherichia coli
O157: H7 cells in a scale from 3.0 � 104 to 3.0 � 108 CFU/mL. They compared the
SPR sensor and ELISA to capture Escherichia coli O157: H7, and the LOD value
was decreased by one order of magnitude. They commented that their method
simplified bacterial cell detection and has the capacity to provide an efficient option
for detecting Escherichia coli O157: H7 and other pathogens.

Karoonuthaisiri et al. aimed to display how filamentous M13 bacteriophages
expressing 12-mer peptides could work in SPR sensor to detect the foodborne
bacterium Salmonella [84]. They examined different factors for the successful
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bacteriophage detection by SPR sensor. They used citric–Na2HPO4 buffer at
pH 3.0–7.4 as an immobilization buffer for four different bacteriophage clones
(MSal020401, MSal020404, MSal020417, and LM0205P01H01). They obtained
low cross-reactivity and LOD values of 8.0 � 107 and 1.3 � 107 CFU/mL for
one-time and five-time. Feasibility of label-free SPR assay for rapid pathogen
detection by employing M13 bacteriophages expressing target-specific peptides
was proved by their studies.

A T4 bacteriophage assay and SPR system were developed by Arya et al. as a
specific receptor and transduction system to detect Escherichia coli K12 bacteria
[85]. They used dithiobis(succinimidyl propionate) to immobilized T4 phages onto
gold SPR sensor surfaces by utilizing self-assembled monolayer. They demonstrated
that SPR sensor could detect the Escherichia coli K12 with high specificity against
non-host Escherichia coli NP10 and NP30. They obtained the maximum host
bacterial capture when T4 phages concentration was used as 1.5 � 1011 PFU/mL
for immobilization. Figure 10.14a showed the plot of the SPR sensor response
versus time induced by the chemical modification of the phages on the SPR sensor
surfaces. Also, they recorded the responses of the SPR sensor for the binding
properties by employing different concentrations of T4 phage solution. The number
of curves from 1 to 6 had 5 � 1011, 1.5 � 1011, 1 � 1011, 8 � 1010, 5 � 1010, and
1 � 1010 PFU/mL concentration in Fig. 10.14b.

Kuo et al. developed SPR sensing system for differentiation of cell detection in
living cells due to the differences of the cell surfaces optical features [86]. Evaluation
of the mesenchymal stem cells osteogenic differentiation by SPR system application
was reported, and a linear relationship with a high correlation coefficient between the
duration of osteogenic induction and the difference in refractive angle shift was
observed. They used a He-Ne laser that penetrated through a polarizer and a beam
splitter. The one was detected by a photodiode, while the other one was coupled by a
prism for generation of surface plasmon wave by which the angle shift was detected
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with a photodiode. At the end of the study, they emphasized that their SPR system
could define osteogenic maturation of mesenchymal stem cells in a live cell as a
label-free manner without cell breakage.

Yanase and collaborators reported that huge changes of refractive index by living
cells could be detected with SPR sensor systems [87]. They performed the refractive
index visualization of individual living cells by the prepared SPR imaging sensor.
Developed SPR imaging sensor could detect reactions of individual rat basophilic
leukemia cells and mouse keratinocyte cells in response. Furthermore the reactions
of individual human basophils isolated from patients in response to an allergen could
be detected also by the SPR sensor system. They obtained that SPR signals by the
binding of anti-DNP IgE and DNP-HSA to rat basophilic leukemia cells were
cultured on the surface of the SPR sensor. According to their results, the SPR system
could visualize several stimuli, inhibitors effect, and conditions on cell reactions as a
change of intracellular refractive index distribution at single cell levels.

The same research group also presented an SPR imaging system that had a
multiple sensing with a hydrophobic membrane to detect basophils that were isolated
from patients [88]. They only used a microliter of patient’s blood and detected
specific reactions of human receptor-expressing mast cells in response to antigens.
SPR imaging system might be an excellent throughput screening system of type I
allergy, not only for freshly prepared basophils but also for sera stored in clinical
practices, and was claimed as a functional device for their studies. The refractive
index changes of receptor-expressing mast cells were observed by the SPR imaging
sensor. In addition, they obtained the time course of refractive index changes in the
area with receptor-expressing mast cells in the presence or absence of anti-IgE.

5.5 Drug Detection

High affinity synthetic receptors can be used to detect drugs in clinical diagnosis
studies. Altintas et al. prepared SPR sensors by using molecularly imprinted poly-
mers that were combined with computational simulation [89]. They first synthesized
the metoprolol imprinted polymers and then produced SPR sensor to sensing
metoprolol. Metoprolol is a blocker drug that is detected by SPR sensor in the
range of 1.9 ng/mL–1.0 μg/mL with a correlation coefficient of 0.97. They also
developed a regeneration method for the reusability of SPR sensor. They calculated
the Kd as 1.35� 10�10 M by using Langmuir isotherm model. They also determined
the stability experiment by measuring the size and quality of the receptor periodi-
cally during 6 months. Their results showed the success of computationally modeled
receptor with SPR sensor for drug detection and monitoring.

The same research group members synthesized nanoparticles by using SPR
sensor that are based on molecular imprinting method for diclofenac detection
[90]. They measured the size of nanoparticles as around 132.3 nm with 0.1 of
polydispersity index that confirms the property of the nanoparticles. After that,
they immobilized the nanoparticle onto the SPR sensor surface via covalent coupling
with EDC/NHS and detected diclofenac in the range of 1.24–80 ng/mL by the SPR
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sensor. They also performed the efficiency of SPR sensor by using functionalized
diclofenac with gold nanoparticles and free diclofenac. Glycine–hydrochloric acid
solution was used to regenerate the SPR sensor surfaces. Subsequent analyses
performed by them indicated the stability of the sensor surface. They obtained the
Kd value as 1.48 � 10�9 M. At the end, they examined the cross-reactivity studies
against other pharmaceuticals by employing the SPR sensor.

Yockell-Lelièvre and his collaborators achieved to detect methotrexate with a
plasmon-coupling assay [91]. They immobilized the gold nanoparticles onto the
sensor inserted in a portable four-channel localized SPR reader and competition of
free methotrexate and folic acid. They claimed that their sensor system allowed
measuring methotrexate according to the total internal reflection plasmonic spec-
troscopy. Color changes can be visible to the naked eye for methotrexate by the huge
shifts of the plasmon-coupling assay.

Pernites et al. developed the chemosensitive sensor to detect naproxen, paracet-
amol, and theophylline by employing non-covalent molecularly imprinted polymers
[92]. Monofunctional and bifunctional hydrogen bonding terthiophene and carba-
zole monomers series were compared for imprinting these drugs. They characterized
the prepared surfaces by several techniques and confirmed the templating and release
of the drug from the cross-linked conducting polymer film.

Pernites and coworkers also prepared a sensor to detect theophylline by molecularly
imprinted polymeric film [93]. They monitored the formation of the electropolymerized
molecularly imprinted polymeric film by electrochemical SPR sensor allowing exami-
nation of the simultaneous changes in electrochemical and optical properties of the film
(Fig. 10.15). They obtained a calibration curve of the SPR sensor for theophylline
detection with a 10–50 μM�1 range and LOD value of 3.36 μM�1.

Golub and collaborators used SPR sensor based on metallic nanoparticles for
cocaine detection by using aptasensor configuration [94]. As seen in Fig. 10.16, their
sensors were depended on utilizing two anti-cocaine aptamer subunits, where one
subunit was assembled on a gold support, acting as an SPR-active surface, and the
second aptamer subunit was labeled with other nanoparticles (Pt, CdS, Au). In
different configurations, quantitative analysis of cocaine was estimated by the
addition of cocaine resulting in the formation of supramolecular complexes between
the nanoparticle-labeled aptamer subunits and cocaine on the metallic surface.
Detection of cocaine by the electrocatalyzed reduction was exhibited by the complex
formation between the supramolecular Pt nanoparticles aptamer subunits and
cocaine molecules. In addition, the generated photocurrents by the CdS
nanoparticle-labeled aptamer subunits-cocaine complex also allowed the photo-
electrochemical detection of cocaine. They showed that all aptasensors were able
to analyze cocaine with a LOD value in the range of 10�6–10�5 M.

Wang et al. investigated an application of case study that depended on Mach–
Zehnder configuration and SPR sensor for drug screening, calculating reaction kinetic
constants, inhibition effect and cytotoxicity analysis [95]. They selected cetuximab as a
target molecule and measured with a sensitivity of 10�6 and stability of 6 � 10�7

refractive index unit in 80 min in SPR sensor. Reaction kinetic constants of cetuximab
binding to epidermal growth factor receptor was calculated as 1.75� 0.29 � 10�3 S�1
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and 4.19� 0.58 nM. Their results showed that cetuximab could block epidermal growth
factor receptor binding to its two ligands, epidermal growth factor, and epidermal
growth factor receptor-transforming growth factor. They tested this effect in three cell
lines of lung adenocarcinoma, colon cancer, and breast cancer.

Evaluation of the influence of some gene expressions on anti-tumor drug cytotoxicity
by Wang and coworkers provided the mechanism effect of connexin 43 as a tumor
suppressor gene [96]. They used an SPR sensor to determine the influence of connexin
43 expressions on cisplatin cytotoxicity in different cancer cell lines. Their results
exhibited that the SPR response curves had two stages. They showed that the changes
which were related to connexin 43 expression in the first hour were interpreted by the
SPR responses. In the second stage, the SPR response slowly decreased that was related
to apoptosis. They compared the SPR measurements from several conventional biolog-
ical assays with their system, and the results showed that cellular response to cisplatin in
the period of oxidative stress could be affected by the connexin 43 expression.

Sari et al. developed an SPR sensor to determine erythromycin in the aqueous
solution [97]. They combined the three techniques that were mini-emulsion polymer-
ization, molecular imprinting, and SPR. They obtained R2 and LOD values as 0.99
and 0.29 ppm, respectively. They also determined the selectivity property of this SPR
sensor by using kanamycin sulfate, neomycin sulfate, and spiramycin. They claimed
that the SPR sensor had low cost, was rapid, and provided reliable results in order to be
used in the detection of erythromycin from aqueous solution.
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6 Conclusions and Future Perspectives

Up to now, more than 40,000 publications related to SPR sensors were reported by
ISI Web of Knowledge. When the assignment of the topics was analyzed, the
impacts of the technologies were critically on medical diagnosis. Recently, the
researchers demonstrated that the several studies on applications of real samples
has performed.

In this chapter, different kinds of platforms and emerging technological inven-
tions like coupling between SPR system and nanoparticles, microfluidics, or design-
ing chips, analytical performance improvements for clinical diagnosis were

Fig. 10.16 (a) Electrochemical, (b) photoelectrochemical, and (c) SPR analysis [94]
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considered. As a case study, hormones detection associated with the endocrine
disorders, protein biomarkers in relation to cancer and cardiac diseases, and immune
system disease diagnoses by antibody detection were discussed. In addition, nucleic
acid sensing was reviewed for genetic disorders and pathogens detections. Finally,
immunosensing approaches were discussed for pathogens detection.

Innovative surface chemistry development and antifouling strategies guarantee
decreased non-specific binding, which is necessary for biological fluids analysis with
reduced sample pretreatment, dilution, heat, or filtration. In summary, SPR sensors
propose comparable analytical performances to conventional methods used in med-
ical diagnosis by ensuring real-time monitoring, label-free detection, parallel anal-
ysis, high-throughput analysis, little sample pretreatment, fast responses, and low
cost. Considering these reasons, it is believed, in the near future, SPR will appear as
an efficient, powerful, and alternative system for daily routine clinical analysis by
opening also new horizons for future developments in personalized medicine and in
point-of-care diagnostics. So far, published information originated from academic
studies and the application of SPR sensors for medical diagnosis will obtain momen-
tum in the next future.
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1 Definition of the Topic

Photoacoustic imaging is a biomedical imaging method that has grown explosively
over the last decades. Functional molecular and morphological information of
biological molecules, cells, tissues, and organs can be obtained through photo-
acoustic images. In addition to endogenous light absorbing chromophores, various
exogenous contrast agents have been developed to obtain molecular photoacoustic
images. Thus, this technology has been soon popular in nanomedicine. This chapter
introduces various types of photoacoustic imaging systems and recent trends in
photoacoustic image-guided nanomedicine.
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2 Overview

Molecular imaging has been widely explored for detecting early cancer, monitoring
drug delivery, and evaluating therapeutic efficacy. Among various molecular imag-
ing methods, photoacoustic imaging (PAI) has received great interest in recent
decades. PAI combines optical and ultrasound imaging concepts and thus can
provide several promising advantages in molecular imaging:

1. PAI is noninvasive and completely free from ionizing radiation.
2. PAI penetrates much deeper than conventional optical imaging methods.
3. PAI provides both functional molecular information, based on light absorption,

and morphological information of living tissues.
4. PAI is relatively cheap and easy to implement in combination with conventional

ultrasound imaging techniques.

Because of these advantages, PAI has found a wide variety of uses in biomedical
research, including tracking single cells in blood vessels, mapping vasculature
networks, imaging cancer at the molecular level, monitoring drug delivery, and
evaluating therapeutic efficiency. In these biomedical studies, both endogenous
and exogenous contrasts have been used. Typical endogenous chromophores include
oxyhemoglobin, deoxy-hemoglobin, lipid, melanin, and water. To acquire deep
tissue images with enhanced contrast, various exogenous contrast agents have
been developed and applied, including organic dyes, gold nanoparticles, carbon
nanotubes, and organic nanostructures.

In what follows, we describe (1) the basic principles of PAI, (2) various types of
PAI systems, (3) recent trends in contrast agents, and (4) applications of contrast-
enhanced PAI.

3 Introduction

In the last few decades, molecular imaging has been widely used in biomedical
research such as studying cancer physiopathology, studying brain hemodynamics,
enhancing diagnostic accuracy, developing new drugs, and monitoring therapeutic
efficacy. Various biomedical imaging modalities have been developed and applied
for these purposes.

Among these molecular imaging methods, pure optical imaging has been most
extensively investigated because it is cost-efficient, is simple to implement, offers
real-time imaging, and is noninvasive [1]. Optical imaging provides molecular
information about biological tissues with high optical contrast. However, because
of the strong light scattering in biological tissues, pure optical imaging methods
suffer from a shallow imaging depth of typically ~1 mm, the so-called diffusion
limit.
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PAI is a biomedical imaging modality that breaks the diffusion limit. As noted
above, PAI has attracted great interest in recent decades due to its noninvasiveness,
non-ionizing radiation, and relatively inexpensive and easy implementation. The
underlying principle of PAI is the photoacoustic (PA) effect, a series of energy
transductions from light to acoustic waves [2]. Figure 11.1 shows the basic principles
of PAI. When a short laser pulse (typically a few nanoseconds) illuminates the
object, its light absorbing substances capture the light energy. Rapidly alternating
expansion and contraction via thermoelastic expansion generate acoustic waves,
which propagate in all directions. Conventional ultrasound (US) transducers detect
the generated acoustic waves, from which PA images are then generated.

Because PAI combines optical and US imaging concepts, it can penetrate much
deeper than conventional optical imaging methods and still maintain high US
resolution [2–5]. PAI inherits strengths of both optical and US imaging methods
and thus can visualize both functional and morphological information of biological
substances, including molecules, cells, tissues, and organs [6–8]. In addition, by
scaling its spatial resolution and imaging depth, PAI can be used for applications
ranging from molecular biology to clinical practice [4].

Because of these advantages, PAI has been widely utilized in both preclinical and
clinical biomedical research. Typical preclinical studies include (1) visualizing
organelles, such as melanosomes and mitochondria; (2) mapping vasculature net-
works and lymphatic systems; (3) tracking single cells, including melanoma cells
and red blood cells; and (4) conducting molecular cancer imaging, monitoring drug
delivery, and evaluating therapeutic efficiency. In the clinic, PAI is usually integrated
with a US machine to visualize and stage breast cancers and melanoma [9–13].

In all of these biomedical studies, maximizing the PA signals in deep tissues is
desired. From the principles of the PAI, the initial pressure P [Pa] of a PA wave is
proportional to four parameters:

P / Γ Tð ÞσμaF (11:1)

Fig. 11.1 The basic
principles of photoacoustic
imaging
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In Eq. 11.1, Γ(T ) is the Gruneisen coefficient (which depends on the local
temperature), σ [dimensionless] is the energy conversion efficiency from light to
heat in the range of 0� σ� 1, μa [cm

�1] is the optical absorption coefficient (which
depends on the concentration and the excitation wavelength), and F [Wm�2] is the
fluence of light. Because of the linearly proportional relationship between the initial
pressure of the PA wave and the four parameters, the PA signal can be easily
enhanced by increasing one of the four parameters. Especially, increasing the optical
absorption coefficient by using optically absorbing contrast agents is an efficient way
to increase the sensitivity of the PA signals.

Endogenous contrast agents, including oxyhemoglobin, deoxy-hemoglobin,
lipid, melanin, and water, can be utilized for in vivo PA images. However, these
substances unfortunately do not strongly absorb near-infrared (NIR) light (wave-
lengths between 650 and 1000 nm), which penetrates deeply in biological tissues
[14]. To acquire deep tissue PA images, exogenous contrast agents that absorb NIR
light are necessary.

Methylene blue and indocyanine green (ICG), organic dyes approved for human
uses by the US Food and Drug Administration (FDA), have been applied for PAI
in vivo [15–17]. However, these small molecules circulate quickly and their light
absorbing capability is relatively weak. To overcome these limitations, several gold
nanostructures, carbon nanotubes, and quantum dots have been extensively synthe-
sized and applied because they have exceptionally strong optical absorption and can
be easily modified for specific applications [18–24]. Yet these types of nanoparticles
are not biodegradable and thus pose continuing safety concerns. As alternatives,
various organic nanoparticles, such as colored microbubbles, liposomal nano-
formulations, and polymeric nanostructures, have recently been developed for
contrast-enhanced PA imaging.

So far, several articles have reviewed PAI systems and nanoparticles for contrast-
enhanced PA imaging [2, 4, 5]. This chapter introduces various scales of PAI systems
and focuses on recent trends in organic nanostructures and their applications. By
exploring the recent trends and therapeutic applications, we can discover the future
direction of contrast-enhanced PA imaging.

4 Experimental and Instrumental Methodologies

4.1 Photoacoustic Imaging Systems

PAI systems for preclinical animal studies are of two main types: PA microscopy
(PAM) and PA computed tomography (PACT). PAM systems generally utilize point-
by-point raster scanning of a single-element focused transducer to acquire volumet-
ric images [25–28]. The imaging speed of PAM is relatively slow, because the light
and the transducer both need to be scanned to get a single image. In contrast, PACT
systems use various configurations of array transducers, such as linear, arc, ring, and
circular arrays [29–31]. The parallel detection provided by array transducers enables
real-time image generation, but mathematical reconstruction may generate artifacts.
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PACT has also been developed with clinically available transducers [12, 32–34]. In
particular, clinically promising PAI systems have recently been developed with
commercial USI platforms [10, 11, 35, 36].

4.1.1 Photoacoustic Microscopy (PAM)
In PAM, 1D depth-resolved PA signals are obtained by using a single-element
focused transducer, and then 2D and 3D images are acquired by point-by-point
scanning. The transverse resolution of PAM is scaled by controlling the acoustic or
optical focus, while the axial resolution depends on the center frequency of the
transducer. PAM systems are generally utilized for label-free vasculature mapping in
small animals. The main advantage of PAM is that images can be obtained without
mathematical reconstruction algorithms that generate artifacts. However, the imag-
ing speed and penetration depth are respectively limited by the mechanical raster
scanning and optical diffusion.

Figure 11.2a is a schematic of an acoustic-resolution PAM (AR-PAM) system [25,
26]. The system can achieve multiscale PA images by selecting US transducers with
different center frequencies (Fig. 11.2b). PA images from a 5-MHz transducer have
axial and transverse resolutions of 590 and 150 μm, respectively. By using a 40-MHz
transducer, the axial and transverse resolutions are improved to 85 and 50 μm, respec-
tively. However, the imaging depth is reduced from ~30 mm (5 MHz) to ~3 mm
(40 MHz). In vivo spectroscopic whole-body PA images of small animals can be
acquired by extending the scanning region and tuning the excitation wavelengths.

As another type of PAM, optical-resolution PAM (OR-PAM) systems have been
investigated (Fig. 11.3a) [27]. In OR-PAM, the transverse resolution is improved to
several micrometers by controlling the focal spot size of the light to be narrower than
that of the transducer (Fig. 11.3b). Similar to conventional optical imaging methods,
the imaging depth of OR-PAM is limited because the optical focusing cannot be
maintained beyond the optical mean free path (~1 mm). Therefore, OR-PAM is
usually used for imaging shallow regions of biological tissues, such as the ears, eyes,
and brains of mice.

The main disadvantage of a PAM system is its slow imaging speed, which is due
to the mechanical scanning mechanism. To improve the scanning speed, laser
scanning methods have been used in several PAM systems. In particular, laser
scanning using a microelectromechanical system (MEMS) mirror can significantly
enhance the imaging speed. The excitation laser and photoacoustic waves are
aligned confocally and scanned by a MEMS mirror [29, 38]. To acquire volumetric
images, elevational scanning is added by using a motorized stage. A PAM system
that uses a 2-axis waterproof MEMS mirror has also been demonstrated recently
(Fig. 11.4a) [37]. The fast scanning mechanism enables acquiring real-time PA
images without sacrificing the high SNR and high spatial resolution. The real-time
imaging capability of the system has been tested by detecting a flowing stream of
carbon nanoparticles in a silicone tube (Fig. 11.4b). Further, in vivo PA images of a
mouse ear clearly visualized individual red blood cells as well as small blood vessels
(Fig. 11.4c).
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4.1.2 Photoacoustic Computed Tomography (PACT)
In PACT, 2D images are acquired by using various types of array transducers and
corresponding image reconstruction algorithms. Because the array performs parallel
acoustic detection, the image can be generated significantly faster. The laser

Fig. 11.2 (a) Schematic of an acoustic-resolution photoacoustic microscopy system. OPO, optical
parametric oscillator; PS, prism; CL, collimating lens; SCL, spherical conical lens; US, ultrasound
transducer; AMP, amplifier; and DAQ, data acquisition. (b) In vivo multiscale photoacoustic
images of a rat’s vascular networks (Reprinted with permission from Ref. [26])
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repetition rate and data acquisition (DAQ) channel capacity determine the imaging
speed of PACT. Therefore, if a large number of DAQ channels and a fast laser are
used, PACT can provide real-time tomographic images of small animals. However,
PACT has relatively poor spatial resolution because the illumination is moderately
focused and the ultrasound transducers acquire signals over the entire image plane.
In addition, image reconstruction algorithms may produce artifacts that degrade
image quality.

As an example of a PACT system, a system using a full-ring array has been
developed (Fig. 11.5a) [39, 40]. The beam path of the excitation laser is controlled to
produce either external or internal illumination. For external illumination, the laser is
delivered using prisms, as in previous imaging systems. For internal illumination,

Fig. 11.3 (a) Schematic of an optical-resolution photoacoustic microscopy system. ConL, con-
denser lens; ND, neutral density filter; FC, fiber collimator; SMF, single-mode fiber; CCD, charge-
coupled device; BS, beam splitter; PD, photodiode; CorL, correction lens; RAP, right-angle prism;
SO, silicone oil; RhP, rhomboid prism; and US, ultrasound transducer. (b) In vivo photoacoustic
images of a mouse ear. RBC, red blood cell (Reprinted with permission from Ref. [27])
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the laser is delivered into the subject animal’s mouth through a multimode optical
fiber, and the light propagates toward the brain. This system utilizes a full-ring array
transducer that has 512 elements with a center frequency of 5 MHz. A 512-channel
preamplifier is provided at the front end, but the analog-to-digital converter has only

Fig. 11.4 (a) Schematic of a MEMS mirror-based PAM system. NM, neodymium magnet; AM,
aluminum mirror; COM, computer; PD, photodiode; BS, beam splitter; AMP, amplifier; UT,
ultrasound transducer; CL, condenser lens; PH, pin hole; OL, objective lens; BC, beam combiner;
AL, acoustic lens; MS, MEMS scanner; and SM, sample. (b) In vitro PA images of carbon particles
flowing in a silicone tube. CPL, carbon particles lump. (c) Photograph and in vivo photoacoustic
images of vasculature in a mouse ear (Reprinted with permission from Ref. [37])
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64 channels. Thus eight laser shots are required to achieve one complete 2D image,
acquired at a frame rate of 0.9 Hz. This system can also produce 3D images by
scanning the samples vertically. Figure 11.5b shows a mouse brain PA image that
was acquired noninvasively.

Arc-array-based PACT also has been developed (Fig. 11.6a). The system uses a
64-element arc-array transducer with a 3.1-MHz center frequency, a 0.7-mm gap
between each element, and 152 degrees of overall angular aperture [30, 41, 42]. This
system can produce 3D whole-body images by rotationally scanning the transducer
(Fig. 11.6b). A full-circle (360 degrees) rotation takes 8 min, acquiring data from
32 laser shots at each imaging position for averaging. The angular gaps between
imaging positions are 2.4 degrees, which represents 150 angular steps and 9600
virtual transducer positions. Figure 11.6b is a volumetric PA image of a female
mouse using a 755-nm alexandrite laser. The volumetric image clearly visualizes the
inferior vena cava and surrounding blood vessels. Both kidneys and the spleen are
also visualized.

Figure 11.7a is a schematic of another arc-array-based PACT system [33,
43–46]. The system utilizes a 64-, 128-, or 256-element transducer with a center
frequency of 5 MHz. The overall view angles of these transducers are respectively
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Fig. 11.5 (a) Schematic of a full-ring array-based photoacoustic computed tomography system.
US, ultrasound; DAQ, data acquisition. (b) Noninvasively acquired photoacoustic image of a rat
brain. BS, brain stem; HY, hypothalamus; ICA, internal carotid artery; ACA, anterior cerebral
artery; RCH, right cerebral hemisphere; LCH, left cerebral hemisphere; and ZMI, zygomatic muscle
interface (Reprinted with permission from Ref. [40])
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172, 270, and 270 degrees. The radius of all the transducer arrays is 40 mm. The
image reconstruction speed for a single slice is less than 1 ms, but the relatively slow
pulse repetition rate (10 Hz) of the laser limits the frame rate. To enhance the signal-
to-noise ratio (SNR) and to investigate the optically absorbing characteristics of the
target object, the system can average ten signals and acquire signals from five optical
wavelengths [46]. In this case, obtaining one multispectral PA image takes 17 s. The
main difference from the previously introduced system is the scanning mechanism
for achieving 3D images. This system linearly scans the samples, while the previous

Fig. 11.6 (a) Photograph of an arc-array-based photoacoustic computed tomography system.
(b) A schematic of the experimental geometry. (c) and (d) In vivo whole-body photoacoustic
images of a mouse using excitation wavelengths of (c) 800 and (d) 1064 nm. 1, central and
peripheral circulatory system; 2, intestine; 3, right kidney; and 4, spleen (Reprinted with permission
from Refs. [41, 42])
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one rotationally scans the transducer. In vivo transversal PA images of a mouse were
acquired using transducers with various numbers of elements (Fig. 11.7b) [33]. Inter-
nal organs are clearly identified by comparison with the corresponding ex vivo
cryoslice images. Increasing the number of elements improves the resolution of
PA images. For example, the diameter of the sagittal sinus is measured as 600, 550,
and 450 μm in the images acquired using 64-, 128-, and 256-element transducers,
respectively.

PACT systems that use clinically applicable transducers have been developed. In
particular, several breast imaging systems have been developed to visualize, identify,
and diagnose cancers. Figure 11.8a is a schematic of a breast scanner consisting of a
512-element hemispherical-array US transducer with a center frequency of 5 MHz
[34, 47]. The hemispherical-array transducer is positioned beneath the cup of the
scanner, and then a laser beam with a wavelength of 756 nm illuminates the target
tissues through an articulated arm. The transducer is scanned continuously in a spiral
pattern (Fig. 11.8b) by using a 2-axis (XA) scanning stage. The PA signals at each
position are acquired, and then 3D images are reconstructed by the back projection
algorithm. Figure 11.8c shows vasculature networks of a human breast, clearly
visualized in vivo with a spatial resolution of 420 μm and an image acquisition
time of 12 s.

The two systems in Fig. 11.9 are other PAI implementations for breast imaging, in
which a glass plate and a plate array transducer gently compress a human breast and
then PA mammography is performed [12, 48]. The first system uses a rectangular 2D
array transducer with 600 elements (20 elements horizontally and 30 elements
vertically) and a center frequency of 2 MHz (Fig. 11.9a). A Ti:Sa laser pumped
with Q-switched Nd:YAG laser illuminates the target in both direction, and the
generated PA signals are detected on one side by the 2D array transducer. A
polymethylpentene and a polymethyl methacrylate plates hold the patient’s breast.
A nanocomposite gel is applied to enhance the acoustic impedance matching.
Figure 11.9b shows in vivo B-mode US and maximum amplitude projected PA
images acquired from breast cancer patients. The reconstructed PA images visualize
the blood vessels in the cancer region.

In the second system, the signal receiving transducer has 590 elements, arranged
in a roughly circular grid with a center-to-center distance of 3.175 mm (Fig. 11.9c).
A Q-switched Nd:YAG laser is coupled into a light delivery system and then
illuminates the breast sample. The output position of laser delivery system is
controlled by a motor controller. Similar to the previous system, a glass plate and
a 2D array transducer hold the patient’s breast, and a conventional US gel is added
for acoustic coupling. The generated photoacoustic signals are gathered by the
transducer and then reconstructed to an average intensity projected PA image
(Fig. 11.9d). To enhance the signal-to-noise ratio, 128 images are acquired and
averaged. In the PA image, high contrast signals are clearly visualized in lesion area.

These breast imaging systems are promising for clinical use, but they may not be
applicable for other parts of the body due to their breast-specific design. One approach
that overcomes this limitation is shown schematically in Fig. 11.10a a PAI system with a
handheld imaging probe [32]. The fiber-guided laser beam is delivered onto the center of
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Fig. 11.7 (continued)
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the spherical transducer surface, where 256 piezoelectric elements, with a center
frequency of 4 MHz, collect the volumetric (15 � 15 � 7 mm3) PA data. A
32-channel DAQ system is used for saving data; thus eight laser shots are required to
obtain one volumetric image. Fortunately, real-time imaging is enabled by the relatively
fast (up to 50 Hz) pulse repetition rate of the laser. Figure 11.10b presents in vivo whole-
body images of mice acquired with this system [50]. Maximum amplitude projected
images in various planes verify the real-time volumetric imaging capability of the
system. By changing the excitation wavelengths, the system can also be used to
distinguish endogenous chromophores with different optical absorption characteristics

�

Fig. 11.7 (a) Schematic of an arc-array-based photoacoustic computed tomography system. (b) In
vivo transversal photoacoustic images and corresponding ex vivo cryo-sections of a mouse at
various heights, acquired with various numbers of elements. 1, sagittal sinus; 2, temporal artery;
3, extracranial blood vessel; 4, deep cerebral vessel; 5, spinal cord; 6, aorta; 7, vena cava; 8, vena
porta; 9, liver; 10, stomach; 11, kidney; and 12, spleen (Reprinted with permission from Ref. [43])

Fig. 11.8 (a) Schematic of a hemispherical-array-based photoacoustic tomography system.
(b) The spiral scanning pattern of the transducer. (c) In vivo maximum intensity projected
photoacoustic images in the lateral and coronal planes. R, right; L, left (Reprinted with permission
from Ref. [47])
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(Fig. 11.10c). The three main endogenous chromophores (i.e., oxyhemoglobin, deoxy-
hemoglobin, and melanin) are distinguished by multispectral analysis. By providing
five-dimensional imaging (3D volume, time, and wavelength), the system shows great
potential for conducting numerous biomedical studies.

4.1.3 Photoacoustic Imaging Systems Combined with Clinical
Ultrasound Imaging Platforms

Because the signal reception and image generation mechanisms of PAI are identical
to those of USI, they are often combined into a dual imaging modality [9, 51,
52]. Such a combined PA and US imaging (PAUSI) system can share a conventional
US transducer. More importantly, PAI and USI can respectively provide functional
molecular information and structural information of biological tissues. This

Fig. 11.9 (a) Schematic of a photoacoustic mammography system. PMP, polymethylpentene;
PMMA, polymethyl methacrylate; and NC, nanocomposite. (b) In vivo B-mode US and maximum
amplitude projected PA images of human breast cancer. PA, photoacoustic; and US, ultrasound.
(c) Schematic of the photoacoustic mammoscope. MUX, multiplexer; AMP, amplifier; DAQ, data
acquisition; PC, personal computer; and MC, motor controller. (d) Average intensity projection of a
volumetric PA image of a human breast (Reprinted with permission from Refs. [12, 48, 49])
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complementary information can enhance diagnostic accuracy and thereby help the
clinicians establish an effective treatment plan.

One of the major issues of PAUSI system is compactness of laser, which
determines the mobility of the system and directly related to the clinical avail-
ability of the system. A PAUSI system that uses a compact laser system has
recently been developed (Fig. 11.11a) [53]. The diode-pumped laser measures

Fig. 11.10 (a) Schematic of a multispectral real-time photoacoustic imaging system and a
handheld imaging probe. (b) In vivo maximum amplitude projected photoacoustic images of
mice in various planes. 1, left atrium; 2, cardiac ventricles; 3, liver; 4, spleen; 5, thoracic vessels;
6, kidney; 7, spine; 8, brown adipose tissue. (c) Photograph of a human forearm and real-time PA
signals from three different endogenous chromophores: HbO2, oxyhemoglobin; Hb, deoxy-
hemoglobin; and melanin (Reprinted with permission from Refs. [32, 50])
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13 � 14 � 7 cm3 and weighs 2.4 kg. Moreover, the system utilizes an ultrasound
research platform (Vantage, Verasonics) which can be programmed to acquire PA
images as well as US images. Thus PAI and USI are fully integrated in a single
platform. The laser beam is guided to the imaging surface and then integrated with
a linear array US transducer with a center frequency of 5 MHz (ATL/Philips
L7–4). By scanning in an elevational direction, volumetric data and
corresponding maximum amplitude projected images are reconstructed. As
Fig. 11.11b shows, the vasculature networks in a human breast are clearly visu-
alized with a quantified SNR of 36 dB, which is calculated by using the signals in
white rectangular 1 and 2 as signal and noise, respectively. Nevertheless, while the
system has successfully demonstrated in vivo PA imaging using a compact laser, it
is still based on an US research platform rather than on a clinical US imaging
system.

Yet another preclinical commercial PAI system (Vevo LAZR, FujiFilm
VisualSonics) combines a portable laser system and a conventional US imaging
system [35]. A linear array US transducer (MS250, FujiFilm VisualSonics) and an
optical fiber bundles are assembled into a handheld probe (Fig. 11.12a). A NIR Nd:
YAG laser with wavelengths ranging from 680 to 970 nm generates 20-Hz pulsed
illumination. Because there are 256 transducer elements and 64 receiving channels,
four laser shots are required to achieve one B-mode PA image. Consequently, the
frame rate of PAI is 5 Hz. By scanning the imaging probe in an elevational direction,
volumetric PA images can be acquired (Fig. 11.12b). The system also can investigate
spectral analysis by tuning the excitation wavelengths. However, due to its high-
frequency transducer (21 MHz), this system is more suitable for preclinical animal
imaging than human imaging.

Clinical US imaging systems also can be combined with PA imaging. Fig. 11.13a
is a photograph of an integrated PAUSI system which consists of a clinical US
system (iU22, Philips Healthcare) and an Nd:YAG-pumped dye laser [10]. The laser
beam is delivered through bifurcated fiber bundles and then integrated with a linear
array US transducer that has a center frequency of 6 MHz (L8–4, Philips
Healthcare). The raw data are extracted from a modified DAQ module and then

Fig. 11.11 (a) Illustration of breast imaging. (b) Depth-encoded maximum amplitude projected
photoacoustic image of vasculature in a human breast. Color represents relative depth from the
transducer surface (Reprinted with permission from Ref. [53])
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reconstructed to yield PA and US images by using the Fourier beamforming algo-
rithm (Fig. 11.9b). Although the system successfully integrates PAI with a clinical
US machine, its main drawback is its large size. The Nd:YAG-pumped dye laser is
too big to use in clinics. In addition, PAI has not been fully integrated with the US
machine: the DAQ board has been modified to extract raw data, and therefore
additional DAQ and image reconstruction modules are required.

Figure 11.13b shows a recently developed PAUSI system that combines an
FDA-cleared US machine (EC-12R, Alpinion Medical Systems) and a transportable
laser [11]. Wavelength-tuned laser illumination is delivered via a bifurcated fiber
bundle and then integrated with US transducers. This system provides four types of
transducers, which are linear array (L3–12, center frequency of 8.5 MHz, Alpinion
Medical Systems), convex array (SC1–6, center frequency of 3.8 MHz, Alpinion
Medical Systems), phased array (SP1–5, center frequency of 3.1 MHz, Alpinion
Medical Systems), and endocavity (EC3-10H, center frequency of 7.5 MHz,
Alpinion Medical Systems). More importantly, this PAUSI system has a program-
mable platform, so users can implement specific operational sequences. PA, US, and
overlaid PAUS images are displayed in real time at a frame rate of 5 Hz with the
linear array transducer. Raw channel data can be extracted, so offline investigation is
also possible. As with the previously introduced systems, volumetric images are
obtained by scanning the imaging probe in an elevational direction (Fig. 11.13c).
Blood vessels in a human forearm were clearly visualized in both maximum
amplitude projected and cross-sectional images. Based on its programmable plat-
form, the system can be applied to various clinical studies.

Fig. 11.12 (a) Schematic of the integrated transducer array and signal processing procedure in a
commercialized photoacoustic imaging system. (b) Projection view of 3D photoacoustic data of
vasculature networks in the lower abdominal region of a mouse (Reprinted with permission from
Ref. [35])
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Fig. 11.13 (a) Photograph of a clinical photoacoustic and ultrasound imaging system and an
image of rat sentinel lymph node overlaid with chicken breast tissue. PA, photoacoustic; US,
ultrasound; DAQ, data acquisition; and SLN, sentinel lymph node. (b) Photograph and schematic
of the programmable clinical photoacoustic and ultrasound imaging system. TR, ultrasound trans-
ducer; FB, fiber bundle; PC, personal computer; and OPO, optical parametric oscillator.
(c) Photograph and in vivo photoacoustic images of a human forearm. In the maximum amplitude
projected PA image (center), the cross-sectional images corresponding to the position of Line 1 and
2 are displayed on the right. GP, gelatin pad; Gel, ultrasound gel; UA, ulnar artery; RA, radial artery;
and T, tendon (Reprinted with permission from Ref. [10, 11])
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5 Key Research Findings

5.1 Organic Nanoparticles as Contrast Agents for Photoacoustic
Imaging

It follows from the principles of PAI that optically absorbing contrast agents efficiently
enhance the SNR of images. The optical absorption capacity of endogenous chromo-
phores, such as oxyhemoglobin, deoxy-hemoglobin, melanin, water, and lipid, is not
strong in the NIR region, but due to optical transparency, the penetration depth of light
is maximized in that region [14]. Therefore, for deep tissue imaging, an obvious
approach is to use exogenous contrast agents that absorb NIR light.

For this purpose, organic dyes such as methylene blue and indocyanine green (ICG)
have been used for some time now [15–17]. Although these molecules are biocom-
patible and biodegradable, they are limited by their quick circulation time and
relatively weak light absorption. To overcome these limitations, gold nanoparticles
of several shapes, quantum dots, and carbon nanotubes have been widely investigated.
These nanoparticles absorb light strongly and can be easily modified for molecular
targeting or drug loading [18–24]. However, they raise long-term safety concerns,
such as biodegradation and heavy metal toxicity. Gold nanoparticles have been
considered biocompatible, but still have biodegradability problems. It has been
reported that more than 40% of administered gold nanoparticles are accumulated in
internal organs such as the liver, spleen, and lung [54]. Small-sized nanoparticles,
typically ~10 nm in diameter, do not accumulate in these organs. However, when the
size of the contrast agent is small, the light absorption is low and the PA signal is
reduced. To overcome this problem, small nanoparticles that aggregate in response to
the microenvironment of the target tissue, such as the low pH of a tumor site, have
been used. However, the synthesis of such nanoparticles is complicated. Therefore,
recent trends in contrast agents are shifting toward organic nanostructures such as
colored microbubbles, liposomal nanoformulations, and polymeric nanostructures.

5.1.1 Colored Microbubbles and Nanobubbles
PAI is usually combined with other biomedical imaging methods. Among them, USI
is the most commonly integrated method because it shares the same signal reception
and image generation procedure. Along with the integration of PA and US methods,
dual-mode contrast agents for molecular imaging have also been developed. One
standard contrast agent for USI is microbubbles, which have been used in various
clinical applications, including cardiac chamber visualization, Doppler signal
enhancement, microvascular perfusion assessment, tumor detection, and drug deliv-
ery [55]. For performing dual-mode imaging, organic dyes or nanoparticles that
absorb light have been utilized to enhance the NIR light absorption of microbubbles.
This section discusses the synthesis and evaluation of various colored microbubbles
and nanobubbles as dual-mode contrast agents.
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As the first example, M. Jeon et al. developed a composition of a methylene blue
microbubble (MB2) [56]. As shown in Fig. 11.14a, MB2 was easily synthesized by
combining methylene blue and microbubbles. Lipid films containing
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-
3-phosphate (DPPA), and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-5000] were hydrated with methylene blue solution.
After sonication, a layer of C3F8 gas was added and mechanically agitated to form
microbubbles. Since both methylene blue and microbubbles are contrast agents
commonly used in PA and US imaging, respectively, MB2 can provide dual-mode

Fig. 11.14 (a) Schematic for synthesizing methylene blue microbubbles (MB2). (b) Photoacoustic
and ultrasound images of MB2 solutions with various microbubble concentrations at a methylene
blue concentration of 15 mM. (c) Photoacoustic images of MB2 solution before and after sonication
(Reprinted with permission from Ref. [56])
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contrast. By controlling the concentration of microbubbles in MB2, the PA amplitude
and US intensity can be varied. Fig. 11.14b shows that increasing microbubble
concentration at a fixed methylene blue concentration decreases PA amplitude and
increases US intensity. In addition, high-power US waves from a US transducer can
burst the microbubbles in MB2, resulting in a significant increase in the PA signal
(Fig. 11.14c). Therefore, MB2 can provide acoustically triggered PA signals.

As another way to increase the optical absorption of microbubbles, organic dyes
or light absorbing nanoparticles are used to form a microbubble shell layer. E. Hyunh
et al. developed a microbubble formulation with a porphyrin-lipid shell (a Porsche
microbubble) [57]. As shown in Fig. 11.15a, a lipid film consisting of the porphyrin-
lipid 1-stearoyl-2-pyropheophorbide-sn-glycero-3-phosphocholine and the phos-
pholipid 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) was rehydrated with
a solution of phosphate-buffered saline (PBS) and polyoxyethylene-40 stearate
(PEG40S). After the lipid film had dispersed in the solution, a commercial activator
produced lipid-encapsulated microbubbles in the aqueous solution. Due to high

Fig. 11.15 (a) Schematic of Porsche MBs. (b) PA and US images of three different configurations
of MBs. PA, photoacoustic; US, ultrasound; and MB, microbubble (Reprinted with permission from
Ref. [57])
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density of the shell layer, the normally fluorescent porphyrins are self-quenched, and
the Porsche microbubbles generate PA signals. To evaluate the self-quenching of
porphyrins, PA and US images were acquired of microbubbles without porphyrin-
lipid, of microbubbles mixed with only free porphyrins, and of Porsche micro-
bubbles (Fig. 11.15b). The Porsche microbubbles generate stronger PA signals
than the other two types of microbubbles, whereas strong US signals are generated
by all the microbubble types. These results demonstrate that the lipid-conjugated
porphyrins in the microbubble shell effectively generate PA signals.

The Porsche microbubble has been improved to perform as a trimodal (US, PA,
and fluorescence) contrast agent by increasing the porphyrin content in the micro-
bubble shell. A lipid film containing porphyrin-lipid, DSPC, and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-
PEG2000) was rehydrated with a solution of propylene glycol, glycol, and PBS.
After sonication, C3F8 gas was added and the solution was then stirred for 45 s to
form microbubbles. As Fig. 11.16a shows, the increased porphyrin content generates
ordered aggregation, which in turn generates fluorescence (FL) signals. The feasi-
bility of trimodal imaging was verified by capturing US, PA, and FL images of the
Porsche microbubbles (Fig. 11.16b). PBS and pure microbubbles were also imaged.

Fig. 11.16 (a) Illustration of trimodal porphyrin-phospholipid microbubbles. (b) Photograph,
ultrasound, fluorescence, and photoacoustic images of three samples: (1) PBS only, (2) pure
microbubbles, and (3) trimodal porphyrin-phospholipid microbubbles (Reprinted with permission
from Ref. [58])
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Both kinds of microbubbles were clearly visible in US images, whereas only the
trimodal Porsche microbubble was visible in the PA and FL images.

K. Wilson et al. fabricated another example of contrast enhancing agents, per-
fluorocarbon (PFC) nanobubbles that enclose plasmonic nanoparticles [59]. When a
pulsed laser illuminates the nanobubbles, the plasmonic nanoparticles absorb light
and generate heat and pressure waves, which cause a vaporization of the nano-
bubbles from liquid to gas (steps 2–3 in Fig. 11.17a). The consequent formation of
larger bubbles instantly induces high amplitude PA signals. After the vaporization,
the continued laser illuminations generate PA signals via thermal expansion (step
4–5 in Fig. 11.17a). In addition, the PFC bubbles also provide US contrast by
acoustic impedance mismatch between the generated bubbles and surrounding
medium, which is maintained for a while (step 6 in Fig. 11.17a). Figure 11.17b
shows in vivo PA and US images of PFC nanobubble-injected region. The result
shows that the PA amplitudes in vaporization step are higher than that in thermal
expansion step. The US contrast enhancement of PFC nanobubbles is also verified.

To enhance the clinical availability, A. Hannah et al. replaced plasmonic nano-
particles in the PFC nanobubbles to ICG, which is an FDA-approved organic dye
[60]. Solutions of ICG and tetrabutylammonium iodide (TBAI) in chloroform were
prepared and mixed. The ICG-TBAI solution was added dropwise into the emulsion
of blank droplets, which contains a PFC core encapsulated in albumin shell. The
chloroform in solution was evaporated by a vacuum tube. After 30 min of evapo-
rating, a remaining solution was centrifuged. The synthesis of the ICG-loaded PFC
nanobubbles was completed after dilution of the centrifuged solution. Figure 11.17c
shows both PA and US images of three types of ICG-loaded bubbles in water. The
developed ICG-loaded perfluorocarbon nanobubbles are completely biocompatible
and improve the contrast in both PA and US images.

In this section, we have reviewed the synthesis and evaluation of colored micro-
bubbles and nanobubbles as multimodal contrast agents for biomedical imaging.
Because microbubbles have been utilized as standard contrast agents for USI,
colored microbubbles have great potential for clinical applications. The optical
absorption properties, physical properties, and multimodal imaging capabilities of
the agents discussed here are summarized in Table 11.1.

5.1.2 Liposomal Nanoformulations
Due to their biocompatibility, biodegradability, and ease of drug loading, liposomal
nanoformulations have widely been extensively investigated for drug delivery [61,
62]. However, to be utilized in PAI, optically absorbing substances must be conju-
gated, encapsulated, or layered in liposomal structures because the liposomal nano-
formulations do not absorb light. In this section, several liposomal nanoformulations
are introduced as PA contrast agents.

As an example of liposomal nanoformulation, N. Lozano et al. developed a
liposomal ICG (LipoICG), which has good biodegradability and biocompatibility
because of FDA-approved ICG and clinically relevant PEGylated liposomes
[63]. Lipid films containing L-α-phosphatidylcholine, hydrogenated (HSPC),
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cholesterol, and DSPE-PEG2000 were hydrated in 5% ICG-containing dextrose
solution. LipoICG was fabricated by removing free ICG. As shown in Fig. 11.18a,
LipoICG with three different concentrations (25, 50, and 75 μM) of loaded ICG
absorb more light and induce a red spectral shift of 20 nm, compared to free ICG of
the same concentration. The moderate FL quantum yield of ICG enables dual-mode

Fig. 11.17 (a) Schematic of the dual-mode contrast agent concept of liquid PFC nanobubbles.
PFC, perfluorocarbon. (b) In vivo overlaid PA/US and US images of PFC nanobubble-injected
region. (c) Diagram, PA, and US images of samples of three types of droplets. PA, photoacoustic;
US, ultrasound; and ICG, indocyanine green (Reprinted with permission from refs [59, 60])
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contrast in PA and FL imaging. Dual-mode images of CD-1 mice were acquired after
intravenous injection of LipoICG (Fig. 11.18b). The LipoICG was further modified
to target tumor cells by using the anti-MUC-1 “humanized” monoclonal antibody
(MoAb) hCTM01 (Fig. 11.18c) [64]. To test the tumor targeting capability of the
LipoICG, in vivo PA images were acquired from tumor-bearing mice (Fig. 11.18d).
The targeted LipoICGs were intravenously injected into mice bearing HT-29 human
colon adenocarcinoma and mice bearing 4 T1 murine breast cancer. After injection,
the accumulations of LipoICG in tumors were verified from multispectral PA
images. In addition, targeted drug delivery can be performed by encapsulating
doxorubicin (DOX) within the LipoICG. This combination of targeted imaging
and drug delivery techniques enables monitoring of drug accumulation in tumor
regions.

J. F. Lovell et al. developed a self-assembled porphyrin-phospholipid bilayer,
called porphysome (Fig. 11.19a) [65]. An acylation reaction between lysophospha-
tidylcholine and pyropheophorbide generated porphyrin-lipid conjugates which
constituted the porphysome. The porphyrin-lipid conjugates were located in the
alkyl side chain and thus the amphipathic structure was maintained. The porphysome
was formed by self-assembly and extrusion of the porphyrin-lipid conjugates in an
aqueous buffer. The porphysome was a nanovesicle with a liposome-like structure
that had excellent biodegradability, biocompatibility, and loading capacity. In the
structure of the porphysome, two separate monolayers of porphyrin formed a bilayer
shell with a gap of 2 nm. Due to the high density of porphyrin in the interlayer, the
strong FL quantum yield of porphyrin was quenched. As a result, the porphysomes
produced strong photoacoustic signals by efficiently converting absorbed light to
heat. This high NIR absorption and structurally dependent FL quenching allow
porphysomes to be used as a PA and FL dual-mode contrast agent (Fig. 11.19b).
The lymphatic systems were clearly imaged in PA images at 15 min after intradermal
injection of the porphysomes. FL images were also acquired after intravenous
injection of porphysomes in tumor-bearing rats. As the porphysomes accumulated
and unquenched, a strong FL signal was observed in the tumor region.

Table 11.1 Optical absorption properties, physical properties, and multimodal imaging capabil-
ities of colored microbubbles and microbubbles. PA, photoacoustic; US, ultrasound; and FL,
fluorescence

Optical
absorption
agent

Shell
composition

Excitation
wavelength
[nm]

Size
[μm]

Multimodal
imaging
capability

MB2 Methylene
blue

Lipid 667 ~3 PA, US

Porshe FL quenched
porphyrin

Porphyrin–lipid 700 ~2.7 PA, US

Trimodal Porshe FL quenched
porphyrin

Porphyrin–lipid 704 2-6 PA, US, FL

ICG-loaded
PFC nanobubble

Indocyanine
green

Perfluorocarbon 780 ~0.6 PA, US
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J. Rieffel et al. introduced another porphyrin-phospholipid (PoP) bilayer-coated
nanoparticle, called a PoP-coated upconversion nanoparticle (PoP-UCNP), as a hexa-
modal contrast agent (Fig. 11.20a) [66]. To synthesize PoP-UCNPs, oleic acid-capped
UCNPs were coated with phospholipids for dispersal in water. Thin PoP-UCNP films
were hydrated with water and then sonicated. Similar to the previously introduced
porphysomes, high-density packing of porphyrins in the PoP bilayer induced FL
quenching and generated PA contrast. The FL quantum yield of porphyrin was
recovered by adding a detergent that destroyed the bilayer structure of the PoP shell.
The PoP-UCNPs were labeled for positron emission tomography (PET) and Cerenkov
luminescence (CL) by simply incubating them with 64Cu [67]. The core shell of

Fig. 11.18 (a) Absorption spectra of LipoICG. ICG, indocyanine green; LipoICG, liposomal ICG.
(b) In vivo transversal photoacoustic images and whole-body fluorescence images of CD-1 mice
after injection of LipoICG. Lv, liver; Ht, heart; Sp, spleen; and Kd, kidney. (c) Schematic depiction of
the synthesis of the targeted LipoICG. (d) In vivo photoacoustic images of tumor-bearing mice before
and after injection of tumor-targeted LipoICG (Reprinted with permission from Refs. [63, 64])
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NaYbF4:Tm-NaYF4 was used for upconversion (UC) luminescence imaging. In addi-
tion, the massed electron content was detected by X-ray computed tomography (CT).
To validate the hexamodal contrast of the PoP-UCNP, in vivo images of contrast-
enhanced lymphatic system were acquired using six different imaging modalities (PA,
FL, UC, PET, PET/CT, and CL) (Fig. 11.20b). In each image, the PoP-UCNPs in the
sentinel lymph nodes (SLNs) are visualized (yellow arrow in each image).

Fig. 11.19 (a) Schematic of a porphysome, a self-assembled phospholipid-porphyrin bilayer.
(b) Photoacoustic and fluorescence images of porphysomes in vivo. SLN, sentinel lymph node;
LV, lymphatic vessel (Reprinted with permission from Ref. [65])

Fig. 11.20 (a) Schematic of the PoP-UCNP. UCNP, upconversion nanoparticle; PoP, porphyrin-
phospholipid; and PEG, polyethylene glycol. (b) In vivo hexamodal images of mice after injection
of PoP-UCNPs. PA, photoacoustic; FL, fluorescence; UC, upconversion luminescence; PET,
positron emission tomography; CT, X-ray computed tomography; CL, Cerenkov luminescence;
and SLN, sentinel lymph node (Reprinted with permission from Ref. [66])
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Micelles have also been investigated for encapsulating optically absorbing sub-
stances. S. Sreejith et al. encapsulated an NIR-absorbing squaraine dye termed D1
inside micelles [68]. D1 is a 4-methyl-quinolium-based dicyanovinyl-substituted
squaraine with oxyethylene side chains (Fig. 11.21a). D1 and concentrated Pluronic
F-127 surfactant were dissolved in dichloromethane, and then PBS buffer at pH 7.4
was added. After stirring at room temperature for 24 h, dichloromethane evaporation
formed D1-encapsulated micelles (D1micelle). The feasibility of dual-mode contrast
using D1micelle was tested by acquiring in vivo PA and FL images of mice before and
after intravenous injection of D1micelle (Fig. 11.21b). In both PA and FL images, clear
and constant enhancement in the liver could be observed in the abdominal region
after injection of D1micelle. The result shows the in vivo dual-mode imaging capa-
bility of D1micelle.

D. Zhang et al. developed another example of a micelle-encapsulated nanoparticle
[69]. A photosensitizer (chlorin e6, Ce6) and a poly[2,6-(4,4-bis-(2-ethylhexyl)-
4H–cyclopenta[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPD
TBT) dot were co-loaded in lipid micelles (Pdots/Ce6@lipid-Gd-DOTA micelles)
by the self-assembly of gadolinium-1,4,7,10-tetraacetic acid-modified phospholipid-
PEG lipid (lipid-Gd-DOTA) and 1-palmitoyl-2-stearoylsn-glycero-3-phosphatidyl-
choline (HSPC) (Fig. 11.22a). PCPDTBT is an organic semiconducting
π-conjugation polymer with no heavy metal toxicity [70]. Further, its strong NIR
absorption enables both photothermal therapy (PTT) and photodynamic therapy (PD
T), as well as contrast-enhanced PAI. The Pdots/Ce6@lipid-Gd-DOTA micelles
provide dual-mode contrast for PA and magnetic resonance (MR) imaging

Fig. 11.21 (a) Schematic of D1micelle and a single micelle containing D1. (b) In vivo photoacoustic
and fluorescence images of mice before and after injection of D1micelle (Reprinted with permission
from Ref. [68])
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(Fig. 11.22b). In addition, PTT and PDT can be performed by using a single laser
illumination with a wavelength of 670 nm.

In this section, we have reviewed the synthesis and evaluation of liposomal
nanoformulations as PA contrast agents and discussed their multimodal imaging
and therapeutic capabilities. Liposomal nanoformulations can be trackable drug
delivery tools with good biocompatibility and biodegradability. The optical absorp-
tion, physical, and functional properties of the discussed liposomal nano-
formulations are summarized in Table 11.2.

Fig. 11.22 (a) Fabrication of Pdots/Ce6@lipid-Gd-DOTA micelles. MRI, magnetic resonance
imaging; PAI, photoacoustic imaging; PTT, photothermal therapy; and PDT, photodynamic therapy.
(b) T1-weighted MR and PA images of mice before and after injection of Pdots/Ce6@lipid-Gd-
DOTA micelles. The yellow dashed boundaries represent tumor region, and the white dashed line
represents boundary of mice (Reprinted with permission from Ref. [69])
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5.1.3 Organic Polymeric Nanostructures
The biocompatibility, adjustable size, and photostability of organic polymeric nano-
structures have recently spurred their development as biomedical contrast agents. In
addition, by synthesizing optically absorbing organic polymeric nanostructures,
contrast agents that are free from heavy metal toxicity have recently been developed
and explored for PAI.

K. Pu et al. transformed semiconducting π-conjugating polymers (SPs), which have
strong NIR absorption, into nanoparticles for dual-mode PA and FL imaging [70].
A photovoltaic SP derivative, poly(cyclopentadithiophene-alt-benzothiadiazole) SP
(SP1), was assembled to semiconducting polymer nanoparticles (SPNs) through
nanoprecipitation assisted by DPPC (Fig. 11.23a). The SPNs generate stronger PA
signals than conventional PA contrast agents such as gold nanoparticles. In addition,
because they are made from organic and biologically inert substances, SPNs are
completely free from heavy metal toxicity and are biocompatible. The feasibility of
the SPNs as dual-mode contrast agents was tested by acquiring in vivo lymph node
images of mice (Fig. 11.23b–c). SPNs were intravenously injected into healthy mice,
and, after 24 h, both PA and FL images were acquired. Accumulated SPNs in lymph
nodes were clearly visualized in both PA and FL images.

SPNs were further synthesized to enhance PA contrast by using
diketopyrrolopyrrole (DPP)-based SPs [71]. SPNs with three types of SP
(SP2–SP4) were synthesized and compared with the previously described SPN1
(Fig. 11.23d). DSPE-PEG2000 was added to achieve an excellent in vivo distribution
of SPNs in living animals. DPP-based SPNs (SPN2–SPN4) have lower FL quantum
yields than SPN1, so their PA signals are stronger (Fig. 11.23e). In particular, SPN4
produces the brightest PA signal because it has the lowest FL quantum yield.

Table 11.2 Optical absorption, physical, and functional properties of the discussed liposomal
nanoformulations. PA, photoacoustic; FL, fluorescence; UC; upconversion; CL, Cerenkov lumi-
nescence; PET, positron emission tomography; CT, X-ray computed tomography; MR, magnetic
resonance; DOX, doxorubicin; PTT, photothermal therapy; and PDT, photodynamic therapy

Optical
absorption
agent

Excitation
λ [nm]

PA
sensitivity

Size
[nm]

Multimodal
imaging
capability

Therapeutic
capability

LipoICG Indocyanine
green

800 ~ 0.6 μM ~130 PA, FL Targeted
DOX
delivery

Porphysome FL quenched
porphyrin

680 ~25 pM ~100 PA, FL PTT, PDT

PoP-UCNP FL quenched
porphyrin

675 – ~74 PA, FL, UC,
CL, PET, CT

–

D1micelle Squaraine
dye

840 – ~100 PA, FL –

Pdots/
Ce6@lipid-
Gd-DOTA

Pdots 670 ~1.6 μg/
mL

~36 PA, MR PTT, PDT
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To evaluate its PA imaging capability, contrast-enhanced PA images of a tumor were
acquired before and after intravenous injection of SPN4 (Fig. 11.23f). Before
injection, weak PA signals were detected due to intrinsic optical absorption from
blood vessels. After injection, the PA signal in the tumor region was significantly
increased.

As another example of an organic polymer, J. Liu et al. synthesized a conju-
gated polymer (CP) via Suzuki polymerization of poly[9,9-bis(4-(2-ethylhexyl)
phenyl)fluorene-alt-co-6,7-bis(4-(hexyloxy)phenyl)-4,9-di(thiophen-2-yl)-thiadi
azoloquinoxaline] (PFTTQ) [72]. These CPs have good biocompatibility and
photostability. In addition, due to their π-conjugated structures, the CPs have strong
NIR absorption and a low FL quantum yield, which make them very attractive as
potential organic contrast agents for PAI. The PFTTQ was encapsulated into a
DSPE-PEG2000 matrix (Fig. 11.24a). A tetrahydrofuran solution consisting of
PFTTQ and DSPE-PEG2000 was added to water and sonicated. The sonication
entangled hydrophobic DSPE segments in PFTTQ chains and transformed
hydrophobic PEG chains to a hydrophilic phase. The sample was stirred overnight
to evaporate tetrahydrofuran and then purified with a syringe filter to achieve

Fig. 11.24 (a) Schematic of the synthesis of PFTTQ NPs. THF, tetrahydrofuran. (b) Schematic of
photoacoustic imaging of rat brain vasculature. (c) In vivo PA images of cortical vasculature in rats
before and after injection of PFTTQ NPs. PA, photoacoustic (Reprinted with permission from
Ref. [72])

�

Fig. 11.23 (continued) nodes; and SCLN, superficial cervical lymph nodes. (d) Structural diagram
of SP1 and DPP-based SPs (SP2–4). DPP, diketopyrrolopyrrole. (e) Normalized photoacoustic and
fluorescence intensities at 710 nm. (f) In vivo photoacoustic images of a tumor region before and
after injection of SPN4 (Reprinted with permission from Refs. [70, 71])
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PFTTQ-loaded DSPE-PEG2000 nanoparticles (PFTTQ NPs), which are dispersible i
n aqueous solution. The PFTTQ NPs were retro-orbitally injected to acquire PA i
mages of blood vessels in the superior sinus region of rats (Fig. 11.24b). The PA i
ntensities of the blood vessels increased by three times after PFTTQ NPs were i
njected (Fig. 11.24c). PFTTQ NPs could be utilized for targeted imaging by further
conjugating them with targeting ligands [73]. In addition, due to their low FL
quantum yield, the PFTTQ NPs could also be used for PTT.

Z. Zha et al. developed polypyrrole nanoparticles (PPy NPs) as an organic contrast
agent for PAI [74]. PPy NPs have been used for various biomedical applications that
take advantage of their excellent photostability and biocompatibility [75].Monodisperse
PPy NPs were prepared through chemical oxidation polymerization (Fig. 11.25a).
Polyvinyl alcohol (PVA) solution and FeCl3 were used in the synthesis process as a
stabilizer and an initiator, respectively. FeCl3�6H2O was poured into the PVA solution
and stirred. After 1 h for equilibration, pyrrole monomer was added to the sample,
polymerization proceeded for 4 h with stirring, and finally the PPy NPs were extracted
from the solution by centrifugation. To evaluate the PAI contrast enhancing capability
of the PPy NPs, mouse brains were imaged before and after intravenous injection. As
seen in Fig. 11.25b, after injection, PA intensities of the brain vasculature are consid-
erably enhanced. The enhancement can be better evaluated in the differential image,
which was obtained by pixel-by-pixel subtracting PA images between before and after
injection. The results show that PPy NPs have great potential for contrast-enhanced
PAI. In addition, PPy NPs could also be used for PTT of tumors, with good
photostability [76].

Fig. 11.25 (a) Schematic of PPy NP fabrication. (b) Photograph and in vivo photoacoustic images
of a mouse brain before and after injection of PPy NPs (Reprinted with permission from Ref. [74])
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Y. Zhang et al. demonstrated an organic nanoformulated naphthalocyanine (nano-
nap) as a PAI contrast agent with excellent NIR absorption [77]. As shown in
Fig. 11.26a, organic naphthalocyanines were diluted in pluronic (poly
(oxyethylene)-poly(oxypropylene)-poly(oxyethylene)) (PEO-PPO-PEO) F127,
which is an FDA-approved biocompatible surfactant, and then self-assembled into
photostable nanoparticles. Centrifugation was performed to remove aggregations,
and then the sample was diluted in sodium cholate. Unincorporated F127 was
removed by critical micelle concentration switching. The nanonaps have unique
advantages in multicolor PAI due to their wide spectral tuning range, narrow spectral
bandwidth, and non-shifting spectral stability at high concentrations. To test the
feasibility of multicolor imaging with nanonaps, dual-color PA images of SLNs in
mice were acquired in vivo (Fig. 11.26b). Nanonaps with absorption peaks of

Fig. 11.26 (a) Synthesis of nanoformulated naphthalocyanine (nanonaps). Nc, naphthalocyanine;
CMC, critical micelle concentration. (b) In vivo simultaneous dual-color photoacoustic images of
SLNs in a mouse after injection of dual-color nanonaps. SLN, sentinel lymph node; LV, lymphatic
vessel; H, head; and T, tail (Reprinted with permission from Refs. [77, 78])
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707 and 860 nm were respectively injected in the left and right forepaws. Before
injection, both SLNs and lymphatic vessels were invisible because their optical
absorptions were low. After injection, lymphatic vessels and SLNs were clearly
delineated by their corresponding wavelengths: lymphatic systems in the left axillary
region were visualized with an excitation wavelength of 707 nm, and lymphatic
systems in the right axillary region were visualized with an excitation wavelength of
860 nm. Overlaid PA images, which represent the two independent lymphatic
systems, were obtained by combining the images.

Due to their biocompatibility and biodegradability, bioinspired polymers are
promising for fabricating contrast agents in biomedical imaging. Melanin has great
possibility for a contrast agent for PA imaging due to its exceptionally strong optical
absorption in the NIR as well as the visible region. Q. Fan et al. synthesized melanin
nanoparticles (MNPs) for use as a tumor-targeted multimodal contrast agent for PA,
PET, and MRI [79]. As shown in Fig. 11.27a, melanin granules were dissolved in
0.1 N NaOH solution and then neutralized by adding 0.1 N HCl solution under
sonication, yielding water-soluble MNPs. PEGylated MNPs were achieved by
adding a mixture of water-soluble MNPs and NH4OH solution to NH2-PEG5000-
NH2 aqueous solution. After PEGylation, cyclic Arg-Gly-Asp-D-phe-Cys peptide
(RGD) was attached to the PEGylated MNPs for tumor targeting. To conjugate
PEGylated MNP with RGD (RGD-PEG-MNP), water-soluble PEGylated MNPs
were incubated with 4-(N-maleimidomethyl)cyclohexane-1-carboxylic acid
3-sulfo-N-hydroxysuccinimide ester sodium salt (sulfo-SMCC) dissolved in
dimethyl sulfoxide (DMSO), and then the cRGDfC solution was added with stirring.
Fe3+ and 64Cu2+ were further chelated to produce PA/MR/PET multimodal images.
FeCl3 in PBS or CuCl2 in buffer solution was added to the RGD-PEG-MNP and then
incubated at 40 �C. By using the Fe3+ or 64Cu2+ chelated RGD-PEG-MNP, in vivo
multimodal images of U87MG tumor-bearing mice were acquired with PA/US,
PET/CT, and MRI (Fig. 11.27b–d). In the PA/US overlaid images, the US images
represent structural information in grayscale, while the PA images represent targeted
tumor cells in pseudo-color. For PET/CT overlaid images, coronal and transversal
CT images (grayscale) and PET images (pseudo-color) were acquired. MR images
are represented in both gray and pseudo-color. Tumor uptake of MNPs is clearly
visualized in the PA, PET, and MR images.

M. Lee et al. synthesized another bioinspired polymer based on the melanoidin,
which is present in foods including coffee, bean paste, and soy sauce [80]. Glucose-
glycine-melanoidin (GG-melanoidin) was synthesized by incubating glucose and
glycine dissolved in water with stirring at 37 �C for 2 weeks (Fig. 11.28a). The pH of
the GG-melanoidin solution was controlled to 7.4 by using NaOH solution. Because
of the strong optical absorption, biocompatibility, and biodegradability of
GG-melanoidin, it has great advantages as a contrast agent for PAI. Figure 11.28b
shows depth-encoded PA images obtained before and after intradermal injection of
GG-melanoidin. After injection, the initially invisible SLN is dyed with
GG-melanoidin. The location of the SLN is clearly identified in PA images.

In this section, we have reviewed various organic polymeric nanostructures.
These organic nanostructures are biocompatible, size-adjustable, photostable, and
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free from heavy metal toxicity. By synthesizing optically absorbing organic poly-
meric nanostructures, various biocompatible PA contrast agents have been devel-
oped and evaluated. The organic nanostructures’ characteristics, including their
excitation wavelength, PA sensitivity, FL quantum yield, size, multimodal imaging
capability, and therapeutic capability, are summarized in Table 11.3.

Fig. 11.27 (a) Schematic of MNP synthesis. (b)-(d) Overlaid images of U87MG tumor-bearing
mice (b) PA/US, (c) PET/CT, and (d) MR. The yellow dashed circle represents tumor region. MNP,
melanin nanoparticle; PA, photoacoustic; PET, positron emission tomography; MRI, magnetic
resonance imaging; US, ultrasound imaging; and CT, X-ray computed tomography (Reprinted
with permission from Ref. [79])
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5.2 Potential Applications of Contrast-Enhanced Photoacoustic
Imaging

Visualizing molecular information about cancer is crucial because it improves
diagnostic accuracy, helps create an efficient treatment plan, and allows monitoring
therapeutic efficacy. For PAI visualization in biomedical research, molecular cancer
imaging using various contrast agents has been extensively explored in the last
decades [81–83]. Recent trends in biomedical applications include the development
and evaluation of contrast agents that treat cancerous tissues through PTT and/or
PDT, in addition to providing contrast-enhanced PA images. As another example,
the visualization of the digestive or urinary tract, where the most common diseases
occur, has recently been explored [21, 77, 84].

5.2.1 Photoacoustic Image-Guided Theranostics
As introduced in the previous section, PTT or PDT effects have been widely studied
for various contrast agents. Both therapies have a similar therapeutic approach, in
which light is absorbed by a photosensitizer and the absorbed light energy is released
in two different ways to kill diseased cells. In PDT, the absorbed light reacts with
photosensitive chemicals and releases highly reactive forms of oxygen, which cause
cell death through cytotoxic effects [85, 86]. In PTT, the absorbed light energy is
released as thermal energy, which raises the local temperature enough to destroy
cells [87, 88]. Because the light absorption and heat dissipation processes of PTT are
identical to those of PAwave generation, a large number of PA contrast agents have
been developed for PTT. From the basic principles of energy transduction from light
to heat, the amount of heat generation is determined by the quantum yield. Most PA

Fig. 11.28 (a) Schematic representation of GG-melanoidin. (b) Depth-encoded photoacoustic
maximum amplitude projection images of a sentinel lymph node (SLN) before and after intradermal
injection of GG-melanoidin (Reprinted with permission from Ref. [80])
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contrast agents have high non-radiative quantum yield (which is 1 � FL quantum
yield), but some PA contrast agents have intermediate quantum yields and therefore
can be used for both PDT and PTT.

Various gold nanoparticles (AuNPs), due to their strong optical absorption in the
NIR range, have been investigated as both PTT and PA contrast agents. Under laser
illumination, AuNPs can generate excessive heat through localized surface plasmon
resonance (LSPR), which leads to PTT, not just contrast enhancement in PAI.
Various types of AuNPs, including gold nanospheres [89–91], gold nanoshells [92,
93], gold nanorods [94–97], and gold nanocages [98, 99], have been developed for
PA-guided PTT. AuNPs are regarded as photostable and biocompatible compared to
other metal-based nanostructures. However, as previously mentioned, AuNPs are
not biodegradable and may raise long-term toxicity concerns. Therefore, instead of
pursuing AuNPs further, developing organic nanostructures that have strong NIR
absorption and photothermal heat conversion is critical for applying PTT technology
to clinical practice.

The Pdots/Ce6@lipid-Gd-DOTA micelles introduced in the previous section
consist of a photosensitizer (Ce6) for PDT and an NIR absorption material (Pdots)
for PTT and PA contrast [69]. In addition, both Pdots and Ce6 photosensitizer have
strong optical absorption at the NIR wavelength of 670 nm; therefore combined PTT
and PDT can be achieved by using a single laser irradiation. To evaluate the synergic
effect of PTT and PDT on Pdots/Ce6@lipid-Gd-DOTA micelles, HepG2-tumor-
bearing mice were treated with four different procedures. Each group was treated
by 670-nm laser irradiation after intratumoral injection of PBS (no treatment), free
Ce6 (for PDT), Pdots@lipid micelles (for PTT), or Pdots/Ce6@lipid-Gd-DOTA
micelles (for combined PDTand PTT) (Fig. 11.29). The temperature did not increase

Table 11.3 Excitation wavelength, PA sensitivity, FL quantum yield, size, multimodal imaging
capability, and therapeutic capability of organic polymeric nanostructures. NP, nanoparticle; PA,
photoacoustic; FL, fluorescence; MR, magnetic resonance; PET, positron emission tomography;
CT, X-ray computed tomography; and PTT, photothermal therapy

Excitation
λ [nm]

PA sensitivity FL
quantum
yield [%]

Size
[nm]

Multimodal
imaging
capability

Therapeutic
capability

SPN1 660 � 5 μg/mL 0.100 ~46 PA, FL –

SPN2 635 � 5 μg/mL 0.005 ~46 – –

SPN3 712 � 5 μg/mL 0.010 ~46 – –

SPN4 748 � 2 μg/mL 0.001 ~46 – –

PFTTQ
NP

800 � 50 μg/mL ~0 ~50 – PTT

PPy NP 808 < 10 μg/mL ~0 ~46 – PTT

Nanonap 707 or 860 < 133 μg/mL ~0 ~20 PA, PET –

Melanin
NP

680 < 0.625 μM ~0 ~10 PA, MR,
PET, CT

–

GG-
melanoidin

680 < 0.625 μM ~0 ~10 – PTT
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significantly in the PDT group because most of the absorbed energy was transferred
to produce reactive oxygen species. In contrast, rapid temperature increases at the
tumors were observed in the PTT and PDT/PTT groups. The relative tumor volumes
were measured for 19 days to assess therapeutic efficacy. Compared with the control
group and PDT group, the PTT and PDT/PTT groups showed delayed tumor growth.
In particular, the PDT/PTT group showed much more effective treatment result in
terms of tumor volume.

PPy NPs also can be a therapeutic agent for photothermal treatment of HeLa cells
(Fig. 11.30) [76]. HeLa cells and PPy NPs were co-incubated for 6 h and then
irradiated with an NIR laser (808 nm, 6 W/cm2) for 0, 3, 5, and 10 min. After the
treatment, substantial cell death was observed near PPy NPs, and the cell death area
expanded with increasing laser irradiation time.

PBS treated group

Ce6 treated group

Pdots@lipid micelles treated group

Pdots/Ce6@lipid-Gd-DOTA micelles treated group
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Fig. 11.29 (a) Thermographic images of tumor-bearing nude mice after treatment. (b) Tempera-
ture changes during treatment. (c) Relative volume of tumors after treatments (**p < 0.01,
****p < 0.0001) (Reprinted with permission from Ref. [69])
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GG-melanoidin, an organically bioinspired polymer, was further modified for
PTT tumor ablation [80]. Fe ions were chelated by adding GG-melanoidin solution
into FeCl3�6H2O solution and incubating the mixture with stirring for 1 h. The Fe3+

chelated GG-melanoidin (GG-melanoidin/Fe3+) exhibited improved NIR absorp-
tion. The in vivo photothermal effect of melanoidin complexes was monitored by
an infrared camera under NIR laser (808 nm, 2 W/cm2) irradiation after injection of
PBS, GG-melanoidin, and GG-melanoidin/Fe3+ (Fig. 11.31a). The temperature
increase of GG-melanoidin/Fe3+ is more rapid and reached a higher temperature
than that of GG-melanoidin. To evaluate therapeutic efficacy, PBS, GG-melanoidin,
and GG-melanoidin/Fe3+ were intratumorally injected into B16F10 melanoma-
bearing mice and irradiated with an NIR laser (808 nm, 2 W/cm2) for 10 min to
perform PTT (Fig. 11.31b). Under this laser irradiation, both GG-melanoidin and
GG-melanoidin/Fe3+ completely ablated tumors. The GG-melanoidin was further
applied to photothermal lipolysis, which can be useful for obesity therapy or plastic
surgery. In vivo lipolysis was performed on C56bl/6 mice that had been fed high-fat
foods for 10 weeks prior to subcutaneous injection of GG-melanoidin. To monitor
the photothermal treatment, PA images with laser wavelengths of 1210 nm (where
lipids absorb light dominantly) and 1300 nm (control) were acquired (Fig. 11.31c).
After PTT treatment with an NIR laser (808 nm, 2 W/cm2) for 10 min, a decreased
PA signal in the lipolysis area was clearly observed. The lipolysis of the GG-
melanoidin-injected area with laser irradiation was also verified by H&E-stained
images (Fig. 11.31d).

5.2.2 Contrast-Enhanced Photoacoustic Imaging of Small Animal
Gastrointestinal Tracts

As another application of PAI, contrast-enhanced imaging of gastrointestinal tracts
has recently been studied. Digestive diseases are commonly diagnosed in a hospital,

Fig. 11.30 Photothermal treatment of HeLa cells with PPy NPs under NIR laser. The white dashed
circle outlines the laser irradiation area. PPy NP, polypyrrole nanoparticle; and NIR, near infrared
(Reprinted with permission from Ref. [76])
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and the ambulatory care visit rate for patients with digestive diseases has increased in
the last decade [100]. Dysfunction in the gastrointestinal (GI) tract is usually
monitored to diagnose various intestinal diseases. Clinically, conventional X-ray
or CT is utilized for this purpose, but ionizing radiation may cause potential side
effects. In this section, we discuss recent research in acquiring contrast-enhanced PA
images of small animal GI tracts using optically absorbing organic nanostructures.

Nanonaps have been utilized for contrast-enhanced PA imaging of small animal
GI tracts due to their robustness in the harsh environment of the stomach and
intestine [11, 77]. After oral administration of nanonaps and methylene blue, the
excretion rate of the injected dose was measured (Fig. 11.32a). Nanonaps were
completely excreted in the feces due to their relatively large size (the 20 nm size
of nanonaps prevents diffusion through membranes) and structure (the PEO of F127
prevents bioadsorption). By contrast, methylene blue was absorbed and partially
excreted in the urine, but mostly remained in the body. PA images of GI tracts in
mice and rats were noninvasively acquired after oral administration of nanonaps
(Fig. 11.32b–c). Before administration, only blood vessels were visualized. How-
ever, after oral administration, blood vessels were concealed because the contrast of

Fig. 11.31 (a) Images acquired from an infrared camera, showing the change in temperature after
laser irradiation of subcutaneously injected PBS, GG-melanoidin, and GG-melanoidin/Fe3+.
(b) Photographs of mice before and after the photothermal ablation cancer therapy with laser
irradiation at 808 nm. (c) Photographs and photoacoustic images of subcutaneous lipids before
and after photothermal treatment. (d) H&E-stained images of the treated area (Reprinted with
permission from Ref. [80])
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the nanonaps was dominant. The flow of nanonaps in the GI tract was visualized by
obtaining PA images several times.

GG-melanoidin also has been used for contrast-enhanced GI tract imaging
[80]. Because melanoidin presents in various foods, such as coffee, soy sauce, and
bean paste, GG-melanoidin has great potential for contrast-enhanced GI tract imag-
ing. To acquire such images of the GI tract, healthy Balb/c nude mice were imaged
before and after oral administration of GG-melanoidin (Fig. 11.33). The flow of
GG-melanoidin through the initially invisible GI tract was clearly visualized.
GG-melanoidin was completely excreted in the feces at 78 h after administration,
and the GI tract was again invisible.

5.2.3 Contrast-Enhanced Photoacoustic Cystography
Cystography, a standard method for visualizing bladders, conventionally uses
contrast-enhanced X-ray, CT, and MRI [101–103]. However, these methods suffer
from ionizing radiation or lack of sensitivity. Photoacoustic cystography with organic
dyes, including methylene blue and ICG, has recently been investigated (Fig. 11.34)
[84, 104–106]. The bladders of healthy mice were filled with methylene blue or ICG
for PA cystography, and in vivo PA images were noninvasively acquired. The contrast
of the bladders was significantly enhanced after transurethral injection of methylene
blue or ICG. The position of the bladder was verified in cross-sectional images.

Fig. 11.32 (a) Excretion of nanonaps and methylene blue in feces (black) and urine (red). (b) and
(c) PA images of gastrointestinal tracts in a mouse (b) and a rat (c). H, head; T, tail; BV, blood
vessel; S, stomach; I, intestine; and F, feces (Reprinted with permission from Refs. [11, 77])
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Since the FL quantum yield of ICG varies with its concentration, FL images of the
bladders were also obtained (Fig. 11.34b). Because of its noninvasiveness,
non-ionization, and biocompatibility, PA cystography with organic dyes could be a
promising approach for clinical bladder imaging.

6 Conclusions and Future Perspective

In this chapter, various types of PAI systems and recent trends in PA contrast agents
have been reviewed, accompanied by a number of example applications. PAI is an
emerging biomedical imaging modality that offers several advantages by combining
optical and ultrasound imaging concepts. Because it can uniquely acquire multiscale
images by controlling the acoustic and optical foci, PAI can image a wide range of

Fig. 11.34 (a) In vivo
photoacoustic cystography
using methylene blue. BD,
bladder; BV, blood vessel; and
MB, methylene blue. (b)
Photoacoustic and
fluorescence images of rat
bladders using ICG. ICG,
indocyanine green (Reprinted
with permission from Refs.
[104, 106])
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scales. In recent decades, various PAI systems have been developed and applied for
contrast-enhanced imaging, molecular cancer imaging, drug delivery monitoring,
and therapeutic efficacy evaluation. To facilitate biomedical studies with PA images,
various types of contrast agents have also been developed, including organic dyes,
metallic nanostructures, and carbon nanotubes.

Current and future trends in PAI center on its clinical applications. Since the
imaging mechanism of PAI is similar to that of conventional USI, it is relatively easy
to develop clinical equipment for PA imaging. Recently, a variety of clinical PAI
systems have been developed [11, 12, 32, 53, 107], and clinical studies of such
diseases as human breast cancers and thyroid cancers have been conducted [82, 108,
109]. Accompanying these trends, clinically relevant contrast agents, including
colored microbubbles, liposomal nanoformulations, and organic polymers, have
been developed and evaluated for contrast-enhanced PAI. Although PAI is not yet
used in clinical settings, it has great potential as a medical diagnostic tool. Because it
is noninvasive, non-ionizing, cost-efficient, and capable of providing functional
imaging, it is expected that PAI will become a primary imaging tool for both clinical
practice and basic science research.
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1 Definition of the Topic

Dendrimers can be functionalized with multiple imaging and therapeutic moieties to
establish dendrimer-based nanoplatforms for various applications. In this chapter we
describe the recent progress in dendrimer-based nanomaterials for SPECT imaging
applications with different purposes.

2 Overview

Dendrimers provide viable platforms for molecular imaging of organs and other target-
specific diseases due to their unique and well-defined molecular architecture. Recent
innovations in dendrimer nanotechnology have led to a rapid development of multi-
functional radiolabeled nanoparticles for diagnosis and therapy of diseases. In this
chapter, we review the recent advances in dendrimer-based nanosystems for SPECT
imaging applications including single-mode SPECT imaging, dual-mode SPECT/CT,
SPECT/MR, and SPECT/optical imaging and theranostics of cancer or other diseases.

3 Introduction

Precision becomes one of the core values in today’s healthcare environment [1, 2].
Medical imaging, an essential technology in this context, providing precise imaging
information, constantly deepens the understanding and instructs the treatment of
many diseases [3–6]. During the last several decades, the number of imaging
technologies and their applications in clinical practice have unprecedentedly
increased. Currently, numerous imaging modalities are being used in biomedical
and clinical settings for diagnostic and therapy purposes, including magnetic reso-
nance (MR) imaging [7–11], computed tomography (CT) [12–16], positron emission
tomography (PET) [17–19], single photon emission computed tomography (SPECT)
[20, 21], and optical imaging [22, 23]. Among these, SPECT, PET, and optical
imaging are known as functional imaging modalities, while CT and MRI are
normally utilized to acquire anatomical information [24, 25].

Although each imaging modality is being continuously developed and improved for
disease diagnosis, prognosis, or therapy monitoring, they are applied with intrinsic
advantages and limitations [17, 26–28]. For example, optical imaging has a compara-
tively high sensitivity, whereas its absorption and scattering properties of tissue compo-
nents limit the penetration depth to less than 10 mm [28]. PET and SPECT both are
quantitative imaging techniques with high sensitivity and ability of observing physio-
logical processes, but spatially limited in resolution [17]. MRI and CT are relatively
insensitive imaging techniques but show operation convenience and extreme spatial
resolution [26, 27]. Clearly, no single modality provides all of the required information.
Hence, dual or multimode imaging approaches that combine functional and anatomic
imaging into a single superposed image have emerged to integrate their advantages of
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each imaging modality [29–31], and numerous efforts have been devoted to develop
multimodality imaging techniques over the last decade [32–34]. Up to now, PET/CTand
SPECT/CT with high fusion accuracy are the most successful paragons and have
revolutionized medical diagnosis in many fields [35–37]. Lately, PET/MRI, a new
diagnostic method with an excellent soft tissue contrast and less radiation dose than
PET/CT, has been well developed and used for clinical imaging [38, 39]. These hybrid
imaging techniques have gained wide acceptance as powerful tools in preclinical and
clinical applications; however, few new imaging agents have been provided for multi-
modal hybrid imaging during the last decade. Therefore, a number of researchers are
attempting to exploit versatile imaging platforms for early diagnosis, accurate prognosis,
precision imaging, and image-guided drug delivery [40–42].

Recent progresses in nanotechnology have enabled the development of various
advanced imaging agents. By virtue of the unique electrical, magnetic, and optical
properties of nanomaterials, a variety of multifunctional nanosystems have been
designed and manufactured as contrast agents for different imaging applications
[42–45]. These nanosystems not only present enhanced contrast imaging effects, low
toxicity, and prolonged circulation time but also possess active targeting ability by
means of modification with targeting molecules. Among the developed nano-
materials, dendrimers have been praised as promising platforms to build multiple
types of contrast agents due to their exquisite structures [46–48]. In this chapter, we
will describe the use of dendrimer-based nanosystems for SPECT imaging including
single-mode SPECT imaging, dual-mode SPECT/CT, SPECT/MR, and SPECT/
optical imaging and theranostics of cancer or other diseases. To the best of our
knowledge, this is the first review article specifically describing the progress of
dendrimer-based SPECT agents and their applications in different aspects.

4 Experimental and Instrumental Methodology

4.1 Dendrimers

Dendrimers, a class of highly branched, monodispersed, synthetic macromolecules with
well-defined architecture and composition, have highly controllable size and surface
properties, which are quite different from linear polymers [49–51]. Dendrimers with
nanometer-scale dimensions are composed of three components: a central core, a highly
branched interior, and an exterior surface with functional groups. The unique features of
dendrimers afford the varied combination of these components to form various func-
tional nanoparticles (NPs) with different shapes, sizes, and modifications for materials
sciences and biomedical applications [52]. Especially in the field of medical imaging,
the plentiful terminal groups on the dendrimer periphery can be easily modified with
multiple imaging moieties to provide dual-mode and multimode imaging functionalities
within a single dendrimer molecule [46–48]. Similarly, the generation-dependent phys-
ical size of dendrimers may be used to tune their excretion behavior and imaging time, to
optimize the payloads of different imaging elements, and to adjust the passive targeting
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behavior through enhanced permeability and retention (EPR) effect [53–55]. In order to
increase the aggregation in specific areas, such as tumors, dendrimers are able to be
conjugated with specific targeting ligands to improve their specificity and cellular uptake
[56, 57]. Besides, the attached surface groups affect the solubility and biocompatibility
of dendrimers [15, 58]. Through appropriate surface modification, dendrimers are able
to have high water solubility and improved biocompatibility. These characteristics may
impart the dendrimer-based contrast agents a better application prospect in clinical
practice than conventional small molecular contrast agents.

4.2 Preparation of Dendrimer-Based Nanoplatforms

Dendrimer-based contrast agents can be prepared in a variety of ways. For instance,
dendrimers are able to connect with iodinated small molecular CT contrast agents,
fluorescent molecules, gadolinium (Gd) or radionuclide chelators for CT [59–61],
fluorescence [62–64], MR [65–67], and radionuclide-based imaging [68–72]. In addi-
tion, dendrimers can be utilized as either templates or stabilizer to construct gold
(Au) or iron oxide NPs for CT [52] or MR imaging [73, 74], and functionalized
dendrimers can also be assembled onto preformed iron oxide NPs for MR imaging
[25, 75]. Furthermore, the versatile dendrimer nanotechnology allows for the incorpo-
ration of different types of contrast agents for dual or multimodality imaging. For
instance, Au NPs can be formed using dendrimers as templates, and then Gd, radio-
nuclide chelator complexes, or fluorescent molecules can be further modified on the
surface of dendrimers for CT/MR [76, 77], SPECT/CT [69], or CT/MR/optical imaging
applications [34]. The facile modification of dendrimer surface with different sub-
stances and convenient strategies used to generate multifunctional nanoparticles render
the dendrimers with great advantages and capacities for different imaging applications.

5 Key Research Findings

5.1 SPECT Imaging

SPECT is a nuclear medicine imaging technique using single photon radionuclides
which emit gamma (γ) rays in the energy range of approximately 75 to 360 keV [78,
79]. SPECT imaging with extremely high sensitivity is applicable to tomographic
and quantitative functional information in a living subject [35]. For SPECT imaging,
small amounts of compounds were labeled by radionuclides called radiotracers
which can be applied as noninvasive diagnostic agents. Following administration
of radiotracers to a patient, the γ-rays from radionuclides can be directly measured by
SPECT detectors. Generally, radionuclides used in SPECT imaging include techne-
tium-99 m (99mTc), indium-111 (111In), iodine-123 (123I), and galium-67 (67Ga) with
half-lives varying from several hours to a few days [80]. Among those, 99mTc is so
far the most used radionuclide in SPECT imaging [81–83]. This is due to its latent
chemical properties for labeling and highly attractive physical properties such as
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appropriate half-life (6.02 h) and low-energy γ-ray (140 keV), which is favorable for
both effective imaging and radiation safety. Furthermore, 99mTc can be conveniently
obtained from a 99Mo/99mTc generator with low production cost [82].

Over the last several decades, diethylenetriaminepentaacetic acid (DPTA) chelator
[84–86], an aminopolycarboxylic acid consisting of a diethylenetriamine backbone
with five carboxymethyl groups, has played a significant role in the field of SPECT
imaging applications [87–89]. The dendrimer scaffolds conjugated with DTPA can be
readily labeled with various radionuclides, such as 99mTc and 111In. For instance,
Zhang et al. reported the synthesis and SPECT imaging of 99mTc-labeled dendrimer-
based nanoparticles using generation 5 (G5) polyamidoamine (PAMAM) dendrimers
as a template [90]. In this study, dendrimers were first partially acetylated (Ac) to
improve solubility and reduce nonspecific cellular uptake. Then folic acid (FA) was
linked on the surface of PAMAM dendrimers as a targeting molecule to FA receptor
(FAR)-overexpressing cancer cells, and multiple DTPA chelators were conjugated for
99mTc labeling. The formed 99mTc-G5-Ac-FA-DTPA conjugate had a radiochemical
yield up to 98.9%, excellent stability, and rapid blood clearance. Preferential uptake in
the FAR-positive tumors was confirmed by biodistribution and micro-SPECT imaging
studies in KB tumor-bearing nude mice. In the following work, the same authors
investigated the effects on the uptake of 99mTc-labeled dendrimers in tumors using
different FA linking strategies [91]. PEGylated FA and FAwere respectively modified
onto the surface of acetylated G5 PAMAM dendrimers, followed by linking DTPA
chelators for the labeling of 99mTc to form 99mTc-G5-Ac-pegFA-DTPA and 99mTc-G5-
Ac-FA-DTPA. Both of the biodistribution and micro-SPECT imaging studies showed
that PEGylated FA dendrimer conjugate had higher specific accumulation in tumor
than that of 99mTc-G5-Ac-FA-DTPA, while no obvious uptake of radiolabeled
dendrimer without folic acid was observed in tumor (Fig. 12.1). These results dem-
onstrated that indirect FA conjugation through PEG spacer was able to enhance the
accumulation in tumors more significantly than direct FA conjugation via EDC
chemistry. Subsequently, they attempted to employ avidin instead of folic acid on
dendrimer surface to decrease the accumulation of 99mTc-labeled conjugate in the
kidneys [92]. It seemed that this method was able to gain a low uptake in the kidney
but very high accumulation in the liver and spleen.

Beyond the use of 99mTc, 111In is another promising radionuclide for SPECT imaging,
which is produced in a cyclotron from the proton irradiation reaction of cadmium
[93]. 111In with a decay mode of electron capture emits 173 and 247 keV γ-rays and
has a relatively long half-life (2.8 days) [94–96]. Like 99mTc, 111In can be effectively
chelated byDTPA ligands [97]. Kojima et al. synthesized 111In-labeled DTPA-conjugated
polymers using G4 acetylated PAMAM dendrimer (Ac-den) and collagen peptide-
conjugated dendrimer (CP-den) (Fig. 12.2a, b) and investigated their behaviors in vivo
by micro-SPECT imaging following subcutaneous injection into tumor-bearing mice,
respectively (Fig. 12.2c) [98]. These 111In-DTPA-bearing dendrimers were largely
retained at the injection site for at least 1 day. Notably, because of higher molecular
weight, the retention time of CP-den-DTPAwas longer than that of Ac-den-DTPA. Thus,
thanks to the prolonged retention around the subcutaneous injection site, these polymers
with controlled-release drug delivery systemsmight be beneficial for long-term treatment.
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Fig. 12.1 Micro-SPECT images of KB-bearing nude mice at 4 h: T, tumor; L, lungs; K, kidney
((upper) 99mTc-G5-Ac-pegFA-DTPA, (middle) 99mTc-G5-Ac-FA-DTPA, (lower) 99mTc-G5-Ac-
DTPA)) (Reprinted (adapted) with permission from Ref. [91]. Copyright (2010) American Chem-
ical Society)
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Fig. 12.2 (a) 111In-labeded acetylated (Ac) dendrimer with DTPA (Ac-den–DTPA), (b) 111In-
labeded collagen peptide-conjugated (CP) dendrimer with DTPA (CP-den–DTPA), (c) SPECT/CT
imaging of mice subcutaneously injected with Ac-den-DTPA, CP-den-DTPA, and unconjugated
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The lymphatic system, especially the sentinel lymph node (SLN), plays a vital
role in the metastatic spread of various cancer cells [99–101]. Within the fields of
cancer therapy and diagnosis, a great deal of attention has been attracted in the
noninvasive imaging of SNL using dendrimer-based nanoparticles [102, 103]. For
example, Sano et al. prepared 111In-labeled G4 PAMAM dendrimers conjugated
with DTPA, polyethyleneimine (PEI), and γ-polyglutamic acid (γ-PGA) and evalu-
ated their feasibilities as nanoprobes for SPECT imaging of SLN [104]. It seemed
that the synthesized 111In-DTPA-G4/PEI/γ-PGAwith high biocompatibility could be
highly taken up by macrophage cells in vitro comparable to the 111In-DTPA-G4/PEI
without γ-PGA modification, which might be due to the mechanisms of phagocyto-
sis and γ-PGA-specific pathway. Intradermal administration of 111In-labeled
dendrimer conjugates into rat footpads, when compared with 111In-DTPA-G4/PEI
and 111In-DTPA-G4/PEI/γ-PGA, the latter had a relative fast clearance from the
injection site, significantly higher radioactive uptake in the first draining popliteal
LN, and low radioactivity in the other tissues including the liver, spleen, and
kidneys, which was confirmed by micro-SPECT imaging studies (Fig. 12.3). Sub-
sequently, Niki et al. systematically evaluated 12 types of different generations (G2,
G4, G6, and G8) of dendrimers with different terminal groups (amino, carboxyl, and
acetyl) to determine the optimal one for sentinel lymph node imaging [105]. The
SPECT imaging studies showed that high-generation (greater than G4) PAMAM
dendrimers with carboxyl-termini were able to significantly accumulate at the SLN,
which might have important effects on the development of dendrimer-based SLN
imaging agents and SLN-targeted drug carriers.

5.2 SPECT/CT Imaging

CT is known as one of the most useful imaging techniques in modern research and
clinical settings, which can be applied in the detection of tissues, organs, and blood
vessels [106–108]. CT contrast agents are regularly introduced in order to improve
contrast and acquire desirable imaging quality. Commercially available CT contrast
agents are usually iodinated small molecules with the drawbacks of rapid clearance
from blood after injection, latent renal toxicity at a relatively high concentration, and
nonspecificity to tissues and organs, which restricts the scope of applications [45].

Recently, there is great interest in the development of dendrimer-based nano-
particles for CT imaging to overcome these drawbacks caused by the small molec-
ular iodinated contrast agents [109–111]. Due to unique structural features of

�

Fig. 12.2 (continued) DTPA at different times after injection. Arrows indicate the injection site,
and L, K, and B indicate the liver, kidney, and bladder, respectively (Reprinted (adapted) with
permission from Ref. [98]. Copyright (2014) Elsevier)
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dendrimers, the developed dendrimer-based CT contrast agents can also be labeled
with 99mTc for SPECT/CT imaging to afford diagnosis accuracy. For instance,
Criscione et al. conjugated triiodinated moieties and 99mTc on the surface of G4
PAMAM dendrimers modified withmPEG (Fig. 12.4) [112]. The iodinated dendritic
NPs with a diameter of 12.4 nm displayed similar X-ray attenuation properties to the
small molecule iodinated contrast agents (Omnipaque 350) routinely used in clinical

Fig. 12.3 SPECT/CT images (a–e) after the injection of 111In-DTPA-G4/PEI (a, c) or 111In-DTPA-
G4/PEI/γ-PGA (b, d) into footpads of SD rats (DTPA-G4: 10 μg/mL, 1.0–1.7 MBq/200 μL in 5%
glucose/rat). Panels (c) and (d) are 2D transaxial images including lymph nodes constructed from
3D images (a and b) as shown in (e). 111In-DTPA-G4/PEI/γ-PGA (b, d) clearly visualized the
popliteal lymph nodes (sentinel LNs in this model) compared to 111In-DTPA-G4/PEI (a, c)
(Reprinted (adapted) with permission from Ref. [104]. Copyright (2014) Elsevier)
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applications and possessed long enough intravascular residence time, favorable
contrast-to-noise ratio for serial intravascular, and blood pool imaging with both
SPECT and CT. However, further evaluations of this potential SPECT/CT agent
including toxicity in vitro and in vivo have not been investigated in the literature.

Meanwhile, Au NPs have received great attention as CT contrast agents due to
their higher atomic number than that of iodine for iodine-based small molecular
contrast agents, stronger X-ray attenuation coefficient, and better biocompatibility
than iodine-based CT contrast agents [13, 113–115]. In a recent study, Shi and
coworkers reported 99mTc-labeled multifunctional dendrimer-entrapped gold nano-
particles (Au DENPs) for tumor-targeted SPECT/CT imaging using amine-
terminated G2 PAMAM dendrimers as templates [69]. The low-generation
dendrimers were functionalized with DTPA via an amide linkage and targeting
ligand FA via a PEG spacer and then used to entrap Au core NPs (Fig. 12.5). The
developed Au DENPs with an average Au core diameter of 1.6 nm had excellent
solubility in water, satisfactory stability, and biocompatibility in a given concentra-
tion range. Biodistribution and SPECT/CT imaging studies further demonstrated that
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the formed multifunctional Au DENPs had a great potential to be utilized as an effective
and economic nanoplatform for dual-mode imaging of FAR-overexpressing tumors
(Fig. 12.6).

�

Fig. 12.5 (continued) (Au0)6-G2-DTPA-PEG-FA DENPs. Inset in panel c shows the high-
resolution TEM image of the Au core particles (Reprinted (adapted) with permission from Ref.
[69]. Copyright (2016) American Chemical Society)

Fig. 12.6 In vivo CT images (a and b) and signal intensity (c) of tumors after intravenous injection
of the {(Au0)6-G2-DTPA(

99mTc)-PEG-FA} (a) or {(Au0)6-G2-DTPA(
99mTc)-mPEG} (b) DENPs

([99mTc] = 740 MBq�mL�1, [Au] = 0.08 M, in 100 μL PBS) at different time points postinjection.
In vivo SPECT/CT images of tumors (d and e) and SPECT signal intensity of tumors (f) after
intravenous injection of the {(Au0)6-G2-DTPA(

99mTc)-PEG-FA} DENPs (d) or {(Au0)6-G2-DTPA
(99mTc)-mPEG} DENPs (e) ([99mTc] = 740 Bq�mL�1, [Au] = 0.08 M, in 100 μL PBS) at different
time points postinjection. The dashed red circles indicate the tumor sites (Reprinted (adapted) with
permission from Ref. [69]. Copyright (2016) American Chemical Society)
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5.3 SPECT/MR Imaging

MR imaging has been evolved as an indispensable imaging technique for clinical
diagnosis due to its admirable spatial resolution, noninvasive nature, and no ionizing
radiation [116, 117]. Similarly to CT imaging, contrast agents are commonly required
in clinical MR applications to improve the visibility of internal tissue or organ
structures. The most generally used compounds for contrast enhancement are Gd
(III)-based small molecules, which also suffer from some disadvantages including
rapid excretion [55], relatively low contrast effect [118], possible renal damage [119],
and lack of sufficient sensitivity and specificity [120]. Taking advantage of the
superiorities of dendrimers discussed above, a lot of dendrimer-based MR contrast
agents have been prepared to eliminate the defects of Gd-based contrast agents [65,
121, 122]. In most cases of T1-weighted MR imaging, dendrimers serve as scaffolds to
load multiple copies of small molecular Gd(III) complexes, typically Gd(III) chelated
with tetraazacyclododecane tetraacetic acid (DOTA) [65] or DPTA [121, 122]. Then
these dendrimers containing Gd(III) can be further labeled with radionuclides for dual-
mode SPECT/MR imaging. Interestingly, except nonradioactive 157Gd used as MRI
contrast agent, 147Gd (Eγ = 229 keV, t1/2 = 38.1 h) is γ-ray-emitting radionuclides
which may be exploited for SPECT imaging [123]. Recently, Rahmania et al. reported
radiogadolinium(III) DOTA-based PAMAM G3 dendrimers linked with monoclonal
antibody trastuzumab as a SPECT/MR imaging agent for diagnosis of HER-2-positive
breast cancer [123]. It seemed that the radiogadolinium-labeled dendrimers had good
radiochemical purity and stability. However, more detailed investigation of this
SPECT/MR agent including toxicity and performance in vitro and in vivo has not
been performed in this study. In a recent study, Luo et al. developed a facile approach
to prepare a manganese (Mn) and 99mTc-coloaded dendrimeric nanoprobe for tumor-
targeted SPECT/MR imaging applications [68]. G5 PAMAMdendrimers were used as
a platform to link FA and DOTA, followed by complexation with Mn(II) for
T1-weightedMR imaging and simultaneously labeling with 99mTc for SPECT imaging
both via DOTA chelation. The formed multifunctional dendrimer-FA conjugates
before 99mTc labeling had good water solubility, cytocompatibility, and stability and
were able to rapidly accumulate and reach the peak value in the tumor region within
2 h for MR imaging (Fig. 12.7), which was also confirmed by SPECT imaging
(Fig. 12.8). These results revealed that this nanoprobe could be used for specific
SPECT/MR imaging of cancer cells in vivo.

5.4 SPECT/Optical Imaging

Fluorescence imaging provides unique advantages in terms of high sensitivity,
multiplex detection capabilities, and inexpensiveness. Nevertheless, it primarily
depends on suitable markers such as fluorescent dyes or proteins, with good stability,
excellent biocompatibility, and high specificity and sensitivity to ensure the
images with splendid temporal and spatial resolution [48]. With the quite rigid
molecular structure, dendrimers have the blue fluorescence emission property
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[124, 125]; however, the intrinsic fluorescence quantum yield is quite low and
unsuitable for clinical applications. Therefore, dendrimer-based nanomaterials
have been broadly investigated as fluorescence imaging agents in order to
enhance the fluorescence quantum yield [124]. In general, fluorescent molecules
can be readily modified onto the surface or be loaded within the interior of
dendrimers as fluorescence probes. To achieve different imaging purposes,
these probes can be subsequently labeled with 99mTc for dual-mode SPECT/
fluorescence imaging. For instance, Tsuchimochi et al. developed PAMAM G3
dendrimer-coated silica nanoparticles loaded with 99mTc and indocyanine green

Fig. 12.8 In vivo SPECT images (a and b) and SPECT signal intensity (c) of tumors after
intravenous injection of the targeted G5.NHAc-FI-DOTA(Mn/99mTc)-FA (a) and nontargeted G5.
NHAc-FI-DOTA(Mn/99mTc) (b) dendrimers (3 mCi 99mTc, in 0.2 mL PBS) at different time points
postinjection (Ref. [68] – Reproduced by permission of The Royal Society of Chemistry)

Fig. 12.7 In vivo
T1-weighted MR images
(a and b) and signal intensity
(c) of tumors after intravenous
injection of the nontargeted
G5.NHAc-FI-DOTA(Mn) (a)
or targeted G5.NHAc-FI-
DOTA(Mn)-FA (b)
dendrimers (300 mg Mn, in
0.3 mL PBS) at different time
points postinjection (Ref. [68]
– Reproduced by permission
of The Royal Society of
Chemistry)
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(ICG) for SPECT/NIR imaging of SNL [126]. The formed PAMAM-coated silica
nanoparticles with a diameter of 30–50 nm were injected into the tongue of rats.
In the animal studies, these nanoparticles were able to clearly depict sentinel
lymph nodes in real time with the use of dual-mode imaging.

5.5 Theranostics

The rapid development of imaging techniques and drug delivery systems has offered
opportunities in a relatively new area called “theranostics” [127, 128]. For
theranostics, it is essential to combine diagnostic and therapeutic functionalities
into a single system, to develop more precise and personalized therapies for various
diseases. A convenient way in constructing theranostic agents is to load therapeutic
functions on existing imaging nanoprobes. Besides various imaging applications,
dendrimer-based nanomaterials have been known with this capability and used as
carriers for drug, gene, and therapeutic radionuclide delivery [46, 128]. Among
massive therapeutic radionuclides, 131I is one of the most common therapeutic
radionuclides in the clinic, because of its relative long half-life (8.01 days) and
appropriate beta radiation energy (606 keV) for radiotherapy [70, 129, 130]. More-
over, 131I emits a γ-ray (364 keV) for SPECT imaging which renders its feasibility
for theranostic applications. While another important radioisotope of iodine, 125I
with less energy γ-ray (35.5 keV) is poorly suited for imaging but convenient for
radioimmunoassay test, implantation therapy, and method development due to its
long half-life (60.1 days) [131, 132].

Merkel et al. reported a family of triazine dendrimers as nonviral gene delivery
systems with high transfection efficacy [133, 134]. Then these flexible triazine
dendrimer-based siRNA complexes were synthesized for gene delivery systems and
labeled with 111In via DTPA for SPECT imaging to identify efficient siRNA delivery
in vivo [135]. Interestingly, simulated thermodynamic approach was employed to
explain the interactions of dendrimers with siRNA and compared with the experi-
mental data including siRNA complexation, complex stability, size, and zeta poten-
tials. In their following work, Lee et al. designed and developed a G3 triazine
dendrimer with 8 PEG chains and 16 paclitaxel groups (Fig. 12.9) [136]. Molecular
dynamic simulations revealed that the water penetration and accessibility of novel
complexes were better than their previous constructs, but the computed dimension of
complexes was significantly smaller than the 15.8 nm obtained from experiment. Slow
and identical release of paclitaxel was observed in plasma in drug release studies.
Biodistribution and SPECT/CT imaging of 125I–labeled complexes suggested signif-
icant persistence in the vasculature with slow clearance and high tumor uptake while
low levels of radiolabeled dendrimer in the lung, liver, and spleen (Fig. 12.10). In
another study, Xiao et al. reported a multifunctional telodendrimer-based micelle
system for SPECT imaging and delivery of chemotherapy agents [137]. The
telodendrimer was covalently modified with 125I for SPECT/CT imaging and loaded
with 14C–paclitaxel for pharmacokinetics and biodistribution studies, respectively.
SPECT/CT imaging showed that 125I–labeling nanomicelles were preferential uptaken
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by tumor tissues with slow clearance, and the biodistribution data of 14C–paclitaxel-
loaded nanomicelles also confirmed the increased accumulation at the tumor site with
slower pharmacokinetics than Taxol. The results suggested that nanomicelle-loaded
paclitaxel might be used as a promising nanocarrier for imaging-guided drug delivery.

In a recent study, Shi group and the coworkers reported a series of multifunctional
dendrimers labeled with 131I for targeted SPECT imaging and radiotherapy of
different cancers [70, 129, 130]. In these studies, G5 amine-terminated PAMAM
dendrimers were used as platforms to be sequentially conjugated with PEG, targeting
agent biotoxins or FA, and 3-(4-hydroxyphenyl)propionic acid-OSu (HPAO). These
were followed by acetylation of the remaining dendrimer terminal amines and
radiolabeling with 131I directly through HPAO to form the targeted theranostic
dendrimeric nanoplatforms (Fig. 12.11). The formed 131I–labeled multifunctional
dendrimers with good cytocompatibility and organ compatibility could be used as
promising nanoplatforms for SPECT imaging and radiotherapy of different types of
MMP2 or FAR-overexpressing cancers (Fig. 12.12).

Fig. 12.10 Tumor saturation dose evaluation of 125I-1 in PC-3 tumor-bearing mice: 1.7 mg/kg
(blue), 23.2 mg/kg (red), 70.9 mg/kg (purple), and 111.3 mg/kg (green). (a) Representative
transaxial SPECT/CT images of PC3 tumor in SCID mice (48 h p.i.). Tumors are indicated by
white arrows. (b) Tumor uptake of 125I-1 versus tumor size. Tumors smaller than 100 mm3 were
selected for the evaluation. (Number of tumors evaluated in each group: 7 (1.7 mg/kg); 5 (23.2 mg/
kg); 8 (70.9 mg/kg); 5 (111.3 mg/kg)). (c) Tumor uptake levels of the four dosing groups in tumors
smaller than 40 mm3. (Number of tumors evaluated in each group: 4 (1.7 mg/kg); 5 (23.2 mg/kg);
8 (70.9 mg/kg); 4 (111.3 mg/kg)). SUV is standardized uptake value of the labeled prodrug
(Reprinted (adapted) with permission from Ref. [136]. Copyright (2013) American Chemical
Society)
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6 Conclusion and Future Perspectives

In summary, we have reviewed the use of dendrimer-based nanoplatforms for
SPECT imaging applications including single-mode SPECT imaging, dual-mode
SPECT/CT, SPECT/MR, and SPECT/optical imaging and theranostic applications.
In view of the unique structural features of dendrimers, abundant dendrimer-based
nanomaterials as platforms can be formed since they can be functionalized with
fluorescent dyes, iodinated CT contrast agents, Gd, and radionuclides on the periph-
ery and can be used to entrap, stabilize, or assemble Au and metal oxide nano-
particles, generating all sorts of imaging agents. The functionalized dendrimers have
been used for imaging of blood pool, lymph nodes, major organs, cancer, and other
biological systems. Importantly, these developed dendrimer-based imaging agents
can be further modified with targeting ligands to improve specificity and selectivity
and loaded drugs, genes, or therapeutic radionuclides for theranostic applications,
which is of great importance for precise cancer diagnosis and imaging-guided drug
delivery applications.

In spite of comprehensive investigation on dendrimer-based nanoplatforms, this
growing area of research still remains largely underground, and a great number of
challenges are needed to be explored [48, 127]. For instance, the toxicity of
dendrimer-based contrast agents is one of inevitable issues, particularly the large
molecule systems with slow clearance and latent renal damage from Gd-containing
dendrimeric nanoparticles. In addition, more types of dendrimer-based nano-
platforms should be developed in order to satisfy different requirements. For
instance, to expand the scope of imaging, radionuclides can be modified on the
surface of dendrimer-based iron oxide NPs for SPECT and T2-weighted MR imag-
ing. Furthermore, with the ability to equip therapeutic modules in dendrimer plat-
forms via many different approaches, it is requisite to develop various
multifunctional dendrimers by integrating drugs, genes, or therapeutic radionuclides
into dendrimer-based imaging agents for theranostic applications.
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BTTPF BTTP copolymized with 2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9,9-bis[30-(dimethylamino)propyl] fluorine

C7-FA Homemade heptylamine modified folate
CN-PPVs Cyanosubstituted derivatives of poly(p-phenylenevinylene)
CPDP-FA NPs CP-loaded DSPE-PEG-folic acid nanoparticles
cRGD Cyclic RGD peptides
cvCP Anovinylene-backboned conjugated polymers
cvPDs Cyanovinylene-backboned polymer dots
CZ 3,6-dibromo-9-(2-butyloctyl)-9H–carbazole
Dox Doxorubicin
DPPF poly{3-(5-(9-hexyl-9-octyl-9H-uoren-2-yl)thiophen-2-yl)-

2,5-bis(2-hexyldecyl)-6-(thiophen-2-yl)pyrrolo[3,4-c]pyr-
role-1,4(2H,5H)-dione}

DSPE 2-distearoyl-sn-glycero-3-phosphoethanolamine
DSPE-PEG2000 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000]
DSPE-PEG-NH2 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[amino(polyethylene glycol)-2000]
DTT 2,6-dibromo-4,4-dihexyl-4H-cyclopenta[1,2-b:5,4-b’]

dithiophene
EPR Enhanced permeability and retention
FRET Fluorescence resonance energy transfer
MEH-PPV poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-

phenylenevinylene]
NanoDRONE Dual-color SPN-based NIR nanoprobe for the detection of

RONS
NIR775 Silicon 2, 3-naphthalocyanine bis(trihexylsilyloxide)
PCFDP [9,90-dihexyl-2,7-bis(1-cyanovinylene)fluorenylene-alt-co-

2,5-bis(N,N0-diphenylamino)-1,4-phenylene]
PCPDTBT poly[2,6-(4,4-bis-(2-ethylhexyl)-4H–cyclopenta[2,1-b;3,4-

b0]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]
PD-1 PS-PEG-COOH modified MEH-PPV polymer dots
PD-2 PSMA modified MEH-PPV polymer dots
PD-3 PS-PEG-COOH modified and Luc-8 conjugated MEH-PPV

polymer dots
PD-4 PS-PEG-COOH modified and RGD conjugated MEH-PPV

polymer dots
PD-5 PS-PEG-COOH modified, RGD and Luc-8 conjugated

MEH-PPV polymer dots
PDTPDTT poly[5-octyl-1-(5-(4,4,9,9-tetrakis(4-hexylphenyl)-4,9-

dihydro-s-indaceno[1,2-b:5,6-b0]dithiophen-2-yl)thiophen-
2-yl)-3-(thiophen-2-yl)-4H–thieno[3,4-c]pyrrole-4, 6(5H)-
dione]

PEG-NH2 Methoxypolyethylene glycol amine 2000
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PFBT poly(9,9-dioctylfluorene-alt-benzothiadiazole) average Mn
10,000–20,000

PFBTDBT10 poly[(9,9-dihexylfluorene)-co-2,1,3-benzothiadiazole-co-
4,7-di(thiophen-2-yl)-2,1,3-benzothiadiazole]

PFVBT poly[9,9-bis(60-(N,N-dimethylamino)hexyl)fluorenyldivi-
nylenealt-4,7-(2,1,3,-benzothiadiazole)]

PIDT-DBT poly{[4,4,9,9-tetrakis(4-(octyloxy)phenyl-4,9-dihydro-s-
indaceno[1,2-b:5,6-b0]dithiophene)]-alt-co-[4,7-di
(thiophen-2-yl)-2,1,3-benzothiadiazole]}

PLGA-PEG-FOL poly(lactic-co-glycolic acid)-poly(ethylene glycol)-folate
PSBTBT poly[2,6-(4,40-bis(2-ethylhexyl)dithieno[3,2-b:20,30-d]

silole)-alt-4,7(2,1,3-benzothiadiazole)]
PSMA poly(styrene-alt-maleic anhydride)
PS-PEG-COOH Polystyrene-graft-ethyleneoxide functionalized with car-

boxyl groups
PtTFPPBr2 Platinum(II) meso-bis(pentafluorophenyl)bis-(4-bromophenyl)

porphyrin
RONS Reactive oxygen and nitrogen species
ROS Reactive oxygen species
SPNs Semiconducting polymer nanoparticles
TC6FQ 5,8-Bis(5-bromo-4-hexylthiophen-2-yl)-6,7-difluoro-2,3-

bis-(3-(hexyloxy)phenyl)quinoxaline
TEOS Tetraethyl orthosilicate
TFPP meso-bis(pentafluorophenyl)bis-(4-bromophenyl)porphyrin
TPE-TPA-DCM 2-(2,6-Bis((E)-4-(phenyl(40-(1,2,2-triphenylvinyl)-[1,10-biphe-

nyl]-4-yl)amino)styryl)-4H–pyran-4-ylidene)malononitrile

1 Definition of the Topic

Conjugated polymer dots emerge as attractive molecular imaging nanoprobes in
living animals because of their excellent optical properties including bright fluores-
cence intensity, excellent photostability, high emission rates, and low intrinsic
cytotoxicity. In this chapter we focused on the preparation of near-infrared (NIR)-
emitting polymer dots by nano-precipitation method (matrix-encapsulation method),
miniemulsion method, and in situ colloidal Knoevenagel polymerization methods
and their applications for in vivo NIR fluorescence imaging, including imaging of
lymphatic basins, tumors, zebrafish, and oxygen.

2 Overview

Polymer dots exhibited such advantageous features as compared to other nanosized
platforms: extraordinary fluorescence brightness, superior photostability, high emission
rate, minimal toxicity to cells and tissues, noninvasive nature, real-time monitoring
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capacity, etc. Those unique capabilities render polymer dots very promising in the
investigation of cancer diagnosis and imaging, tumor growth monitoring, fluorescence-
guided surgery and hypoxia evaluation, and other biomedical applications.

However, polymer dots as nanoprobes for fluorescence imaging still has some
inherent limitations, such as interferences with light absorption, scattering and
autofluorescence from living tissues, limited penetration depth, and unspecific
uptake in the liver and spleen after intravenous injection. To address the
abovementioned challenges, some strategies have been used to optimize their per-
formance of in vivo applications:

1. Enhancing the NIR fluorescence intensity using bioluminescence resonance
energy transfer (BRET), fluorescence resonance energy transfer (FRET),
aggregation-induced emission (AIE), silica protection layer, etc.

2. Tuning the emission wavelength to make it migrate to conventional NIR region or
the second infrared window (1000–17,000 nm)

3. Enhancing the photostability using encapsulation matrix such as modified PEG,
BSA, dextran, etc.

4. Enabling the tumor targeting ability such as enhanced permeability and retention
(EPR) effect, folate, or RGD functionalization

5. Establishing the fluorescence switch such as pH sensitivity, photostimulation, and
enzyme activity

6. Cooperating with other modalities such as magnetic resonance imaging, photo-
acoustic imaging, and so on

In this chapter, we reviewed and discussed the in vivo NIR fluorescence imaging
applications of a series of polymer dots and some recent solid findings based on them
in each subsequent session. The discussion and review generally consist of prepa-
ration of NIR-emitting polymer dots based on MEH-PPV, CN-PPV, cvCP,
TPE-TPA-DCM, TFPP, TPTBPF, and a series of benzothiadiazole (BT)-based
(PFBT, CZBT, PCPDBT, PDTTBT, PIDT-DBT, etc.) polymer dots and applications
of these polymer dots for in vivo imaging of lymphatic basins, tumors, zebrafish, and
oxygen. The aforementioned strategies are also addressed in corresponding sessions
(Scheme 13.1).

3 Introduction

Fluorescence imaging has become a powerful technique to visualize biology in its
native physiological settings in a living subject [1–3] and has been used in clinics for
image-guided surgery in cancer patients [4, 5]. Besides quantum dots, metal nano-
clusters, carbon nanomaterials, up-conversion nanophosphors, and silicon nano-
materials, conjugated polymer dots are one of the most promising nanoprobes and
contributed to the advance of fluorescence imaging. Conjugated polymer dots have
π-electron-delocalized backbones, and their formation of spherical nanoparticles
results from collapse of hydrophobic polymer chains owing to substantial decrease
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in solvent hydrophobicity upon going from organic solvents to water. In addition to
their large absorption coefficients, bright fluorescence intensity, excellent photo-
stability, and high emission rates, the completely organic and biologically inert
components of polymer dots represent another advantage, which intrinsically cir-
cumvents the issue of heavy metal ion-induced toxicity to living organisms, and thus
potentially possess good biocompatibility [6–8]. Recently, polymer dots have been
demonstrated for in vitro sensing, labeling, imaging, and drug delivery, as examined
in a number of recent reviews [9–17].

However, only a few studies about the whole-body fluorescence imaging of
polymer dots in living subjects are reported, mainly due to the challenge on the
design of polymer dots that show strong and narrowband emissions in the near-
infrared (NIR) region. Application of NIR fluorescence in biology enormously
enhances the sensitivity of in vivo measurements and optical imaging because
monitoring NIR fluorescence minimizes interference from autofluorescence in bio-
logical tissues.

Noticing that there exist very few related review articles, this chapter introduced
the synthesis and application of the NIR fluorescence imaging based on
NIR-emitting polymer dots for the first time. This part consists of the design and
preparation of NIR-emitting polymer dots by nano-precipitation method (matrix-

Polymer 
Dots

Scheme 13.1 The schematic illustration of the applications of the polymer dots for in vivo near-
infrared fluorescence imaging on various animal models [26, 30–32, 37, 41]
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encapsulation method) [18–37], miniemulsion method [21, 38, 39], and in situ
colloidal Knoevenagel polymerization methods [40, 41] and in vivo NIR fluores-
cence imaging applications of these polymer dots, including lymph node mapping
[30, 40, 41], tumor vascular imaging [25–31], tumor-targeted imaging [19–24, 30,
33, 38, 39], tumor cell tracking [32, 34, 35], imaging of zebrafish [26–29], and
imaging of oxygen [36, 37, 42].

4 Experimental and Instrumental Methodology

4.1 Preparation of Near-Infrared-Emitting Polymer Dots

To date, NIR polymer dots are prepared mainly by nano-precipitation method
(matrix-encapsulation method) [18–37], miniemulsion method [21, 38, 39], and in
situ colloidal Knoevenagel polymerization methods [40, 41].

4.1.1 Nano-precipitation Method
Chiu lab described a versatile and simple method for tuning the fluorescence
properties of poly(9,9-dioctylfluorene-co-benzothiadiazole) (PFBT) polymer dots
by doping the hydrophobic matrix of PFBT with hydrophobic dyes using a nano-
scale precipitation method. In a typical procedure, a tetrahydrofuran (THF) solution
containing 50 μg/mL of PFBT, 50 μg/mL of PS-PEG-COOH, and 0.2 μg/mL of
NIR775 dye was prepared. A 5-mL aliquot of the mixture was then quickly dis-
persed into 10 mL of water under vigorous sonication. The extra THF was evapo-
rated at an elevated temperature (lower than 100 �C) with the protection of nitrogen
gas. The THF-free polymer dots solution was filtrated through a 0.2-μm cellulose
membrane filter and adjusted to the appropriate concentration [18].

This strategy offers several important advantages: (1) The hydrophobic matrix of
polymer dots effectively disperses and stabilizes the doped dyes and allows the dyes
to be used in an aqueous environment. (2) The functional groups present on the
surface of polymer dots allow the dye-doped nanoparticles to be labeled with a wide
range of biomolecules. (3) Polymer dots act as extremely efficient light harvesters
that greatly enhance the brightness of the doped dyes. (4) Polymer dots offer
amplified energy transfer to the dopant, thus enabling efficient tuning of the emission
properties of polymer dots using the dopant.

Using this strategy, NIR-emitting MEH-PPV polymer dots were prepared by
encapsulating the NIR dye, silicon 2,3-naphthalocyanine bis(trihexylsilyloxide)
(NIR775), into the matrix of MEH-PPV polymer dots (Scheme 13.2) [30–32,
35]. The NIR fluorescence emission is produced based on a fluorescence resonance
energy transfer (FRET) system utilizing NIR775 as an acceptor and MEH-PPV
polymers as a donor. MEH-PPV are constructed of numerous fluorescent residues
that form a large conjugated system and also exhibit very fast intra- and interchain
photoexcitation transport (exciton diffusion). This structure allows the excitons to
move along the polymer chain until they encounter a quencher molecule. This
migration of excitons facilitates the FRET from the MEH-PPV polymer to the
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NIR775 dye over even relatively long distances. The amplified FRET process is
further favored by the large extinction coefficient of the NIR775
(5.2 � 105 M�1 cm�1). Additionally, the hydrophobic nature of the NIR775 and
the polymer dot matrix ensure close interaction between the acceptor dye and the
donor matrix, which also enhanced efficient FRET. Therefore, the highly efficient
FRET was observed despite the poor spectral overlap between the MHE-PPV’s
fluorescence and the NIR775’s absorbance. Furthermore, FRET resulted in a large
Stokes shift (>300 nm) between the excitation and emission maxima and thus can
effectively reduce the high fluorescence background during in vivo imaging. Under
excitation at 468 nm, these NIR polymer dots exhibited distinctive MEH-PPV
emission at 595 nm with a shoulder at 644 nm and a strong and narrowband NIR
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Scheme 13.2 Chemical structures of MEH-PPV, polystyrene-graft-ethyleneoxide functionalized
with carboxyl groups (PS-PEG-COOH), poly(styrene-alt-maleic anhydride) (PSMA), NIR775, c
(RGDFK), and Luc8, and the schematic depicts the preparation of the NIR polymer dots. PD-1, PS-
PEG-COOH modified polymer dots; PD-2, PSMA modified polymer dots; PD-3, PS-PEG-COOH
modified and Luc-8-conjugated polymer dots; PD-4, PS-PEG-COOH modified and RGD conju-
gated polymer dots; PD-5, PS-PEG-COOH modified, RGD and Luc-8-conjugated polymer dots.
The biochemical energy generated from the Luc8-catalyzed oxidation of coelenterazine transfers
initially to the MEH-PPV polymer and is then relayed to doped NIR775 dye to produce NIR
emission. Surface ligands, PS-PEG-COOH or PSMA, coat the nanoparticle to improve water
solubility and biocompatibility. Tumor targeting ligands such as cyclic RGD peptides are conju-
gated to the polymer dots surface for in vivo cancer imaging [30–32]
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peak at 778 nm with a full width at half maximum (FWHM) as narrow as 20 nm.
These prepared NIR polymer dots displayed long-term colloidal stability and photo-
stability in water at 4 �C for at least 9 months [31].

The self-luminescing NIR emission is produced based on an energy transfer relay
that integrates bioluminescence resonance energy transfer (BRET) and fluorescence
resonance energy transfer (FRET). The good overlap between the MEH-PPV
absorption and Luc8 (an eight-mutation variant of R. reniformis luciferase) emission
suggests that efficient BRET can occur. Following BRET from Luc8 to the polymer
matrix, FRET could occur between the polymer matrix and the doped NIR
fluorophore. This BRET-FRET relay process produces self-luminescing NIR poly-
mer dots, enabling in vivo near-infrared imaging without external light excitation.
Upon addition of coelenterazine, in addition to the emission of Luc8 at 480 nm, two
new emission peaks at 594 nm (relatively weak, from MEH-PPV matrix) and
778 nm (strongest, from NIR775) were detected.

Based on this synthesis method, we also synthesized NIR775-doped PFBT poly-
mer dots for tumor imaging [33]. The heptylamine modified folic acid (C7-FA) was
chosen as a specific ligand for the folate receptor and physically blended with PFBT
and PEG-COOH or PEG-NH2 to form polymer dots. In a typical procedure, a solution
of THF containing 125 μg/mL of PFBT, 125 μg/mL of PEG-COOH or PEG-NH2, and
25 μg/mL of C7-FAwas prepared. An aliquot of the mixture (2 mL) was then quickly
dispersed into 10 mL of water under vigorous sonication. Extra THF was evaporated
at an elevated temperature (below 90 �C) under the protection of nitrogen.

Pu lab reported a straightforward one-pot synthetic approach to construct middle
silica layer-coated multilayered polymer dots (SPN-M) (Scheme 13.3) [29]. The
synthesis procedure is based on nano-precipitation method. Before the addition of
silane-PEG2000 (50 mg), tetraethyl orthosilicate (TEOS) (90 μL) was added to form
the silica layer outside the polymer core (PDTPDTT, PSBTBT, DPPF, and
PCPDTBT). Due to the silica layer’s protection, polymer core and water molecules’
interaction was reduced and thus enhanced the fluorescence of polymer dots in
aqueous solution. This strategy well engineered the emission intensity of polymer
dots for subsequent in vivo imaging.

4.1.2 Miniemulsion Method
According to the transitions of solvent extract between oil phase and water phase
during the polymer dots synthesis, miniemulsion method is divided into single
emulsion method (water-in-oil) and double emulsion method (water-in-oil-in-
water) [21, 38, 39].

Shen lab reported a kind of pH-responsive conjugated polymer dots, poly{9,9-bis(N,
N-dimethylpropan-1-amino)-2,7-fluorene-alt-5,7-bis(thiophen-2-yl)-2,3-dimethylthieno
[3,4-b]pyrazine} (BTTPF) dots for in vivo doxorubicin (Dox) delivery and monitoring
(Scheme 13.4) [39]. The NPs encapsulating DOX and BTTPF were prepared via a
single emulsion (oil-in-water) solvent evaporation/extraction method. Briefly, m-dextran
(50 mg), DOX (0.08 mg), and BTTPF (0.08 mg) were dissolved in dichloromethane
(DCM) (0.6 mL). This solution was added to 2 mL of polyvinyl alcohol (PVA) solution
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(3%) and sonicated for 45 cycles (1 s each with a duty cycle of 60%). The resulting
emulsion was poured into 10 mL of the second PVA solution (0.3%) and stirred at room
temperature for 2 h allowing the organic solvent to evaporate. The NPs were collected
by centrifugation (13,000 rpm, 15 min), and the supernatant was conserved for calcu-
lating the encapsulation efficiency (EE) of the NPs. The collected NPs were washed with
distilled water three times and then dried by lyophilization and stored at 4 �C. Hydro-
philic PVA encapsulated hydrophobic m-dextran and hydrophobic payloads (DOX and
BTTPF) to construct FRET system between Dox and BTTPF. Due to the pH sensitivity
of m-dextran, FRET could be turned “on” and “off” along with the degradation of
polymer dots. Therefore, Dox release could be monitored by the BTTPF.

Liu lab fabricated a series of dual-modal fluorescent-magnetic nanoparticles with
surface folic acid by co-encapsulation of FR/NIR-emissive conjugated polymer
(PFVBT) and lipid-coated iron oxides (IOs) into a mixture of poly(lactic-co-glycolic
acid)-poly(ethylene glycol)-folate (PLGA-PEG-FOL) and PLGA (Scheme 13.5)
[21]. Among these polymer dots, OA (oleic acid)-IO-loaded polymer dots were syn-
thesized via double emulsion method (water-in-oil-in-water). In brief, an aqueous
solution of OA-IOs (1 mg of Os) was emulsified into 5 mL of dichloromethane solution
containing 1 mg of PFVBT, 5 mg of PLGA-PEG-FOL, and 45 mg of PLGA to form
water-in-oil emulsion using a probe sonicator (XL2000, Misonix Incorporated, NY,
20 W for 30 s) over an ice bath. The water-in-oil emulsion was further mixed with an
aqueous solution of PVA (0.5% w/v), followed by sonicating at 18 W output for 90 s.
The obtained water-in-oil-in-water emulsion was then stirred at room temperature
overnight to evaporate dichloromethane. The formed NP suspension was washed with
Milli-Q water through centrifugation for three times before collecting the final product.

Lipid like OAwas employed for IOs coating and separated them from polymers
to minimize fluorescence quenching. Therefore, fluorescence and T2-weighted mag-
netic resonance dual-modal imaging were achieved by PFVBTand IOs, respectively.
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Scheme 13.3 Schematic illustration of the preparation of SPNs [29]
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4.1.3 In Situ Colloidal Method
Using in situ colloidal Knoevenagel method, polymer dots could be directly synthe-
sized in the aqueous phase without applying any harmful organic solvents. There-
fore, this method could avoid potential toxicity of polymer dots during their
synthesis procedure [40, 41].

Kim lab reported a kind of cyanovinylene-backboned polymer dots (cvPDs) for
lymph node mapping based on this method (Scheme 13.6) [40]. 2,5- Bis(octyloxy)
terephthalaldehyde (25.8 mg, 60 mmol, Aldrich Chemical) and p-xylylene dicyanide
(10.3 mg, 60 mmol, TCI) were dissolved in Tween 80 (1 g, Sigma Chemical) with

PVA

m-dextran

Anticancer drug: DOX

“OFF”

FRET “ON”

pH=5.0

pH=7.4

NIR fluorescence probe: BTTPF

Scheme 13.4 pH-responsive and NIR-emissive polymer nanoparticles as carriers for anticancer
drug DOX: fluorescence signal difference under mildly acidic or physiological conditions [39]

Scheme 13.5 Illustration of the conjugated polymer-based fluorescent-magnetic NP and the
chemical structure of PFVBT [21]
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gentle heating. The cooled mixture (0.3 g) was mixed with Milli-Q water (5 mL)
under sonication into a transparent micellar dispersion. Polymerization was initiated
by adding 0.2 mL of tetrabutylammonium hydroxide (1.0 M in methanol, Aldrich
Chemical) and conducted overnight under magnetic stirring at room temperature.
Unreacted monomers, catalyst, and excess surfactant were removed by dialyzing the
reaction mixture against Milli-Q water in a cellulose ester membrane (cut-
off = 300 kDa) for 48 h, to afford a red-colored clear dispersion of fluorescent
polymer nanoparticles that can be used as is for the in vivo applications.

4.2 UV Absorption and Fluorescence Spectra Characterization

UV absorption and fluorescence spectra are the major optical characterization
methods of NIR polymer dots. They could provide requisite information for con-
stituent identification and quantitative analysis of NIR polymer dots.

As shown in Fig. 13.1a, UVabsorption of PD-1 was recorded on an Agilent 8453
ultraviolet-vis spectrometer. 1 mL polymer dots solution was added into the quartz
cuvette after baseline correction, and then the spectrum was scanned from 300 nm to
800 nm. The peaks at 503 nm and 778 nm are corresponding to the characteristic
absorption of MEH-PPV and NIR775.

As shown in Fig. 13.1b, fluorescence and bioluminescence emission spectra were
collected with a FluoroMax-3 (Jobin Yvon Inc.) and corrected for wavelength-
dependent detector sensitivity as described by the company. 1 mL polymer dots
solution was added into the quartz cuvette, and emission spectrum was collected
under excitation at 490 nm.

The UV-vis absorption and fluorescence emission spectra of the different SPNs
illustrated in Scheme 13.4 are shown in Fig. 13.2. UV-vis spectra were recorded on a
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Scheme 13.6 Schematic diagram depicting colloidal synthesis of cyanovinylene-backboned
polymer dots (cvPDs) through tetrabutylammonium hydroxide (TBAH)-catalyzed Knoevenagel
condensation in the hydrophobic core of solvent-free aqueous micelles [40]
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Shimadzu UV-2450 spectrophotometer. Fluorescence measurements were carried
out on a FluoroLog 3-TCSPC spectrofluorometer (HORIBA Jobin Yvon). Different
SPNs (SPN1–SPN4) have different UV absorption bands from 400 nm to 800 nm
(Fig. 13.2a). As for fluorescence emission spectra (Fig. 13.2b), there exhibits distinct
intensity enhancement after silica coating of the polymer dots (SPN-Si and SPN-M).

The UV-vis absorption and fluorescence emission spectra of the NIR fluorescent
polymer dots illustrated in Scheme 13.4 are shown in Fig. 13.3 [39]. The concentration
of DOX and BTTPF in supernatant conversed was determined by measurement of
UV-vis absorption at 480 and 570 nm compared to the standard curves using a
MAPADA UV-1800 UV-vis spectrophotometer, and then the mass of DOX and
BTTPF encapsulated was calculated. Fluorescence spectra of all samples were obtained
using a steady-state spectrofluorometer (HORIBA Jobin Yvon FM-4NIR).

The UV-vis absorption and fluorescence emission spectra of the dual-modal
fluorescence and magnetic resonance imaging, surface folic acid-functionalized

Fig. 13.1 (a) UV-vis absorption and fluorescence spectra of PD-1 polymer dots. Insets are the
room light and UV light photographs of PD-1 polymer dots. The fluorescence photograph was
obtained under 365 nm UV excitation, which showed red emission from the MEH-PPV.
(b) Bioluminescence emission spectrum of PD-3 polymer dots in PBS buffer [30–32, 35]

Fig. 13.2 (a) Optical properties of SPNs. UV-vis absorption and (b) fluorescence spectra [29]
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NPs (FMCPNPs), reported by Liu lab (Scheme 13.5) are shown in Fig. 13.4 [21].
The UV-vis absorption spectra of NP suspensions were collected on a Shimadzu
UV-1700 spectrophotometer. The fluorescence spectra of NP aqueous suspensions
were measured using a fluorometer (LS-55, Perkin Elmer, USA) with an excitation
wavelength of 518 nm.

The UV-vis absorption and fluorescence emission spectra of the NIR-cvPDs illus-
trated in Scheme 13.6 are shown in Fig. 13.5. Absorption (transmittance) and photo-
luminescence spectra of cvPDs dispersed in water or 100% serum were acquired using
a UV-visible spectrometer (Agilent 8453) and a fluorescence spectrophotometer
(Hitachi F-7000, wavelength calibrated for excitation and emission), respectively.
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spectra of BTTPF in DCM [39]

Fig. 13.4 UV-vis absorption
and fluorescence spectra of
FMCPNPs aqueous
suspension (λex = 518 nm)
[21]
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4.3 In Vivo Near-Infrared Imaging Methodology

In recent years, many kinds of in vivo optical imaging systems have been applied in
various research. Some of them are commonly used and well-commercialized
devices including IVIS Spectrum (Caliper Life Sciences, Inc.) [30–35, 37, 41, 42],
Maestro in vivo fluorescence imaging system (CRi, Inc., Woburn, USA) [21–24,
39], Kodak imaging system (Kodak Image Station 4000MM) [36, 40], and confocal
laser scanning microscopy (Zeiss LSM 700 [26–28]; Leica TSC SP8, Germany
[29]). Some devices are home-built, for example, Dai Hongjie and co-workers
built an imaging system which consists of a 2D InGaAs camera (Princeton Instru-
ments, 2D OMA-V). The excitation was provided by an optical fiber-coupled
808-nm diode laser (RMPC Lasers) [25].

The IVIS Spectrum is one of the most advanced and widely used in vivo optical
imaging systems. It consists of imaging chamber, CCD camera, and custom-
designed lens. Not only can it quantitate and localize 3D fluorescent and biolumi-
nescent sources in vivo, but it can import and automatically co-register CT or MR
images yielding anatomical context (IVIS Spectrum User’s Guide, Caliper Life
Sciences, Inc.). For bioluminescence and fluorescence imaging, IVIS system can
image and quantify all commonly used fluorophores, including fluorescent proteins,
dyes, and conjugates.

As shown in Figs. 13.6–13.7, 13.9, 13.10b, 13.13–13.14, and 13.18–13.20, IVIS
system was adopted for lymph node imaging and tumor imaging. In lymph node
imaging study, mice were anesthetized with 2.5% isoflurane, and PD-2 (~20 μg)
were administered to nude mice by tail-vein catheterization using the Vevo
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Fig. 13.6 Fluorescence and bioluminescence imaging of lymphatic basins in mice by local
injection. Time-dependent in vivo fluorescence imaging of axillary lymph node in the mice with
injection of PD-2 (10 μg) (a) and PD-1 (1 μg) (b) intradermally in the forepaws. (c) Biolumines-
cence and (d) fluorescence imaging of lymphatic basins in a mouse 10 min after the injection of
PD-3 intradermally in the forepaws. (e) Bioluminescence imaging of lymphatic basins in a mouse
with injection of PD-3 (2 μg) intradermally in the forepaws. All bioluminescence images were
acquired with 10-s exposure time; AX, axillary lymph node; LU, lumbar lymph node; PO, popliteal
lymph node; L, left; R, right [30]
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MicroMarker TVA (Vascular Access) Cannulation Kit (VisualSonics). The tail vein
was further flushed with 100 mL of PBS buffer. At 24 h after injection, mice were
killed, dissected to locate the lymph nodes of interest, and imaged using an IVIS
spectrum imaging system immediately (excitation, 465 � 15 nm; emission,

Fig. 13.7 Fluorescence imaging of lymphatic basins in mice by tail-vein injection. (a–c) Fluores-
cence imaging of a mouse 24 h after the tail-vein injection of PD-1 (20 μg). (b, c) Superficial skin
was removed before imaging but peritoneum was left intact. (C) Autofluorescence is coded in green
and PD-1 signal in red; AX, axillary lymph node; IN, inguinal lymph node; L, left; LT, lateral
thoracic lymph node; NL, neck lymph nodes; R, right. (d) Fluorescence spectra of tissue auto-
fluorescence (green) and the unmixed polymer dots signal (red) in the mouse. (e) Fluorescence
image of lymph nodes excised from the mouse: 1–4, NL; 5, AX (left); 6, LT (left); 7, LT (right);
8, AX (right); 9, IN (left), 10, IN (right) [30]

552 Y. Guo and L. Xiong



780 � 10 nm). Alternatively, ~10 μL of PD-3 NPs (~2 μg each) were administered to
the forepaws via intradermal injections. Within 10 min of injection, mice received an
intravenous injection of 10 μg of coelenterazine for in vivo bioluminescence imaging
(acquisition time, 10 s; no emission filter). Following bioluminescence imaging,
in vivo fluorescence imaging was carried out (excitation, 465 � 15 nm; emission,
780 � 10 nm).

In the tumor imaging assay, U87-MG cells (2� 106 cells per site) were implanted
subcutaneously into the left shoulder of 4- to 5-week-old female nude mice (Charles
River Breeding Laboratories). When the tumors reached the size of 2–8 mm in
diameter (2–3 weeks after implantation), the tumor-bearing mice were subjected to
biodistribution and imaging studies. In vivo and ex vivo fluorescence imaging was
performed with an IVIS spectrum imaging system (excitation, 465 � 15 nm filter;
emission, collected from 520 to 840 nm with a bandwidth of 20 nm). For biolumi-
nescence imaging, the mice were imaged after tail-vein injection of coelenterazine
(20 μg per mouse in 20 μL of methanol and 80 μL of phosphate buffer). Images were
acquired without filters.

For tumor vasculature imaging, U87-MG cells (5 � 106 cells/site) or H1299 cell
(5 � 106 cells/site) were implanted subcutaneously into the left shoulder (stomach
position) of 5-week-old female athymic nude mice, respectively. At 20 days after
implant, the tumor-bearing mice were subjected to imaging studies. NIR polymer
dots synthesized and stored at 4 �C up to 9 months. Athymic nude mice (n= 3) were
administered the NIR polymer dots (�50 μg per mouse) through tail-vein injection.
At 24 h postinjection, the mice were imaged using an IVIS spectrum imaging system
with a 465 � 15 nm excitation filter and a 780 � 10 nm emission filter.

To test the difference in sensitivity between the fluorescence and bioluminescence
of NIR polymer dots, the prepared Luc8-conjugated NIR polymer dots with different
concentrations (3 μg, 0.6 μg, 0.3 μg, 0.06 μg) were subcutaneously injected into a
nude mouse. The mouse was imaged immediately after an intravenous injection of
10 μg of coelenterazine for bioluminescence imaging with a 1-minute acquisition
time for the no emission filter and a 3-minute acquisition time for the NIR emission
filter (780 � 10 nm). Following bioluminescence imaging, in vivo fluorescence
imaging was carried out with a 2-second acquisition time (excitation, 465 � 15 nm;
emission, 780 � 10 nm). Quantify the in vivo fluorescent signals as total radiant
efficiency ([photons/sec/cm2/sr]/ [μW/cm2]) within a circular region of interest
(ROI) using Living Image software.

Except IVIS systems, Kodak in vivo imaging system was used for tumor hypoxia
imaging (Fig. 13.24) [36], and confocal laser microscope was applied for zebrafish
imaging (Fig. 13.22) [29].

Huang lab [36] conducted the in vivo tumor hypoxia luminescence imaging
experiment on a modified Kodak in vivo imaging system. The xenon lamp
(100 W) was used as the excited source, collocating with a band-pass filter
(410 � 15 nm). The luminescence signals were collected at 660 � 13 nm, and an
Andor DU897 EMCCD as the signal collector. The mice were intratumorally
injected with the FP-Pdots solution (10 μL, 2 mg/mL) without being deoxygenized.
For the purpose of comparison, the mice were subcutaneously injected with the
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FP-Pdots probe at the same condition. Images of luminescent signals were analyzed
with Kodak Molecular Imaging Software.

Due to the small and transparent body of zebrafish, they could be imaged by
confocal laser microscope. Pu lab [29] conducted the in vivo imaging of zebrafish
larvae model using confocal laser scanning microscopy. In brief, after
anesthetization of the zebrafish larvae 48 h postfertilization in fish medium with
0.01% tricaine, SPN2-M or SPN2-Si (20 μg mL�1, 3 nL) was microinjected into the
perivitelline space between the periderm and the yolk using microinjection equip-
ment. 1 h after microinjection, bright-field and fluorescence images of the zebrafish
were obtained using a confocal laser microscope.

5 Key Research Findings

5.1 Imaging of Lymphatic Basins

The lymphatic system plays a crucial role in immune responses to foreign antigens
and tumors and in tumor metastasis in human and rodent models. The NIR polymer
dots were applied to map lymph nodes in vivo [30, 40, 41].

The NIR polymer dots PD-2 (~10 μg) were introduced into the forepaws of mice
via intradermal injections; the axillary lymph node (AX) could be readily visualized
noninvasively by NIR fluorescence (Fig. 13.6a). Compared with PSMA modified
PD-2, PS-PEG-COOH modified PD-1 showed faster AX detection even at lower
concentration (~1 μg) (Fig. 13.6b).

Similarly, the self-luminescing NIR polymer dots PD-3 (~2 μg) were introduced
into the forepaws of mice via intradermal injections. Within 10 min of injection, the
AX could be readily visualized noninvasively by bioluminescence imaging
(Fig. 13.6c). When followed by in vivo fluorescence imaging, lower fluorescent
signals were obtained at the AX in comparison with bioluminescence imaging
(Fig. 13.6d). After PD-3 were injected into all four paws (each at ~2 μg), all AX
in the same mouse were clearly visualized by bioluminescence imaging (Fig. 13.6e).

Furthermore, the PD-1 polymer dots allow highly efficient labeling of all the
lymph nodes in the lymphatic networks after a single tail-vein injection. At 24 h after
injection of the PD-1 into nude mice, the mice were imaged before and after removed
superficial skin. Strong NIR fluorescence signals were detected in the lymphatic
networks: neck lymph nodes, axillary lymph nodes (AX), lateral thoracic lymph
nodes, and inguinal lymph nodes (IN) (Fig. 13.7) [30].

Sentinel lymph node (SLN) is the first group of lymph nodes receiving metastatic
cancer cells by direct lymphatic drainage from a primary tumor. Accurate identification
of SLNs is the prerequisite of the success of cancer diagnosis and surgery. The utilization
of fluorescent polymer dots could serve as a promising candidate for SLN mapping.

Kim lab reported a series of conjugated polymer dots by in situ colloidal
Knoevenagel polymerization in the aqueous phase without using any harmful
organic solvent [40]. These cyanosubstituted derivative (CN-PPV)-based polymer
dots were tuned throughout the broad spectral window by varying the aromatic
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structure of the monomers and thus presented multicolor fluorescence. The different
color was considered to be useful for simultaneous imaging of plural molecular
targets. NIR-cvPDs (TEM, 50 nm) were chosen for in vivo fluorescence SLN
mapping which exhibited a broad absorption band and a large Stokes-shifted red-
to-NIR fluorescence emission peaking at 693 nm. It should be noted that they also
estimated the mass extinction which as high as 21,300 cm2 g�1. Mass extinction is a
light absorptivity per mass concentration representing the light gathering power per
injection dose. When NIR-cvPDs were administered intradermally into the forepaw
pad of a mouse, fast movement of the fluorescence flow along lymphatic vessels
could be clearly detected by a digital imaging system (Fig. 13.8a). Immediately after
injection, NIR-cvPDs drained rapidly from the interstitial site of injection into the
lymphatics and the front of the migration arrived at an AX in ca. 1 min. Subsequently
migrating entities accumulated at the regional lymph node without any sign of
outflow toward the next tier nodes, to give clear-cut SLN images.

Kim lab [41] devised a kind of high-performance binary nanococktails for lymph
node mapping, and their fluorescence could be turned “on” and “off” by alternate
photochromic switching. In these cvCP-aggregated nanococktails, cvCP was fluo-
rescence emitter, and bisthienylethene derivatives (BTE) were the photoswitching
modulator. By periodical UVor visible illumination, the molecule structure of BTE
reversibly went through “Ring-open” or “Ring-off,” resulting in the efficiency

Fig. 13.8 (a) Pseudo-color NIR fluorescence images of a mouse (n = 10) injected intradermally
with NIR-cvPDs (10 μL of 1.7 mg mL�1) into the right paw. Imaging time points after injection are
shown. Arrows and arrowheads indicate axillary lymph node and lymphatic vessels, respectively.
The filter set used is TRITC excitation (535 nm) and Cy5.5 emission (700 nm). (b–c) True-color
fluorescence photographs of a cvPD-injected mouse (10 μL of 0.17 mg mL�1, intradermally into the
right paw), taken under UVexcitation by a 365-nm handheld lamp (1–2 mW cm�2). The mouse was
photographed noninvasively at 90 min postinjection (b) and subjected to incision for fluorescence-
guided surgical inspection (c). Two SLNs, axillary and lateral thoracic nodes, and lymphatic vessels
are indicated by yellow and green arrows and arrowheads, respectively [40]
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change of the intraparticle FRET. Therefore, the nanococktails exhibited bright
fluorescence “on” and no fluorescent state “off.” DOP-NC, one of the devised
nanococktails (NC), emitted fluorescence at 720 nm and was chosen for in vivo
lymph node mapping (Fig. 13.9). Switched-off DOP-NC was injected intradermally
into the forepaw pad of a mouse, and at 5 min postinjection, red laser (655 nm) was
employed on a spot around the axilla. Bright signal was clearly located in a
subcutaneous SLN by naked eye, suggesting the occurrence of photoswitching
reaction. 3D reconstruction and ex vivo results confirmed the efficient and precise
mapping of axillary and brachial nodes. The study validated the aforementioned
nanococktails are promising in photoswitchable NIR fluorescence imaging for
biomedical in vivo lymph node mapping.

5.2 Imaging of Tumor

5.2.1 Imaging of Tumor Vasculature
Smaller nanoprobes are often more desirable due to their favorable biodistribution
characteristics in in vivo experiments. The NIR polymer dots with ultrasmall size
(sub-5 nm in diameter) were prepared for in vivo imaging [31].

The transmission electron microscopy (TEM) image showed that the NIR polymer
dots were quite monodispersed with an average diameter of 3.6 � 0.4 nm
(Fig. 13.10a). However, dynamic laser scattering (DLS) data showed an average
hydrodynamic diameter of NIR polymer dots reached �30 nm. For in vivo tumor
vasculature imaging, the NIR polymer dots PD-1 (~25 μg per mouse) prepared after
3 months, 6 months, and 9 months were injected intravenously into nude mice bearing
a human glioblastoma U87-MG tumor on the left shoulder (stomach position),
respectively. Thirty minutes postinjection, strong NIR fluorescence signal was clearly
observed in the U87-MG tumor vasculature of the mice (Fig. 13.10b). It is observed
that the prepared NIR polymer dots were not uptaken by live U87-MG cells in vitro,
but accumulating in the U87-MG tumor in vivo. It is probably because tumor tissue
vasculatures are leaking and hyperpermeable allowing preferential accumulation of
nanoparticles in the tumor vasculature and tumor interstitial space (called passive

Fig. 13.9 True-color images of a mouse (n = 5, the number of independent experiments) injected
intradermally with switched-off DOP-NC into the left forepaw (0.08 mg/kg bodyweight). The
images were taken at 5 min postinjection under UV excitation by a 365-nm handheld lamp
(1–2 mW cm�2) before (left) and after (right) red laser irradiation (655 nm, 5 min). Circles indicate
the laser-illuminated position [41]
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nanoparticle tumor targeting). In particular, no obvious fluorescence intensity changes
were detected among the three mice, indicating excellent long-term photostability of
the NIR polymer dots for in vivo imaging.

In addition to tumor vasculature, polymer dots could also be designed for
blood vessels and even capillaries in the second infrared window (1.0–1.7 μm).
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Fig. 13.10 NIR polymer dots with ultrasmall size were used for imaging tumor vasculature
in vivo. (a) The transmission electron microscopy (TEM) image of PD-1. Inset, the average
diameter of the NIR polymer dots obtained from the TEM result. (b) In vivo fluorescence imaging
of U87-MG tumor-bearing mice (tumors are indicated by white arrows) by the tail-vein injection of
PD-1 prepared after 3 months, 6 months, and 9 months, respectively [31]
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Due to the tissue’s depth and its autofluorescence around the vessels, optical
wavelength in the conventional NIR region (400–750 nm) could not penetrate the
tissues leading to suboptimal sensitivity and poor signal-to-noise ratio, while
in vivo fluorescence imaging in the second near-infrared window could afford
deep tissue penetration and high special resolution, owing to the reduced photon
scattering.

Dai lab [25] reported a kind of conjugated polymers with intrinsic fluorescence
>1000 nm through donor-acceptor (D-A) (donor, benzo[1,2-b:3,4-b0]difuran;
acceptor, fluorothieno-[3,4-b]thiophene) alternating copolymerization.
Non-covalent functionalization was achieved by PEG coating to afford water solu-
bility and biocompatibility. The yielded pDA-PEG nanoparticles were intravenously
injected into mouse’s femoral artery, and the ultrafast NIR-II imaging of the arterial
blood flow was carried out on a home-built imaging setup consisting of a 2D InGaAs
camera (Princeton Instruments, 2D OMA-V).

Fast-moving flow front in the femoral artery was clearly observed as the NIR-II-
emitting pDA-PEG entered the hind limb (Fig. 13.11). The average femoral blood
flow velocity was quantified by plotting the distance traveled by the flow front as a
function of time, showing an overall linear increase with an average blood velocity
of 4.36 cms�1. Then waveform blood flow pattern with pDAwas resolved by NIR-II
fluorescence imaging, and then the mouse heart rate (290 beats/min) was measured
from the NIR-II fluorescence oscillations. Thus, the high brightness of the conju-
gated polymer achieved temporal and high spatial resolution NIR-II imaging with
rich details of blood flows and cardiac cycles in vivo.

5.2.2 Imaging of Tumors Based on EPR Effect
In our studies, FRETwas applied for tuning the emission wavelength of the polymer
dots for deeper tissue penetration in living body (PD1–5). Besides, polymer dots
possessing FRET characteristic could also be applied for in vivo drug releasing
monitoring.

In Gu’s [39] report, FRET was applied for fluorescence tracking of antitumor
drug (doxorubicin). Hydrophilic polyvinyl alcohol (PVA) was adopted to encap-
sulate hydrophobic modified dextran (m-dextran) and hydrophobic payloads
(doxorubicin and BTTPF) by using a single emulsion technique. The doxorubicin
encapsulating efficiency reached 95.13 � 0.08%. Doxorubicin, emitting red
fluorescence at 590 nm, serves as the donor, and BTTPE serves as the acceptor.
Under physiological condition, the nanoparticle structure is stable and FRET is
“on,” while in the mild acidic aqueous environment, m-dextran is expected to
hydrolyze and results in the degradation of the polymer dots and then release of
the payload containing the doxorubicin and BTTPF. After the tail-vein injection
of the polymer dots, NIR fluorescence signal at 690 nm in tumor tissue was barely
detected on the H22 tumor-bearing mice until 16th day postinjection (Fig. 13.12).
It indicated that the polymer dots could monitor the drug release in a noninvasive
and real-time way.
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Fig. 13.11 Resolving waveform blood flow pattern with pDA. (a, b) An NIR-II fluorescence image
(a) of the mouse femoral artery, where the fluorescence intensity inside the ROI red box is integrated
and plotted as a function of time in b, showing an increasing profile with humps corresponding to
ventricular ejections of cardiac cycles. The scale bar in a indicates 5 mm. (c) NIR-II fluorescence
intensity plotted as a function of time, after a linear increasing baseline is subtracted from the plot
shown in b, featuring five cardiac cycles in the plot. (d–j) Time course NIR-II fluorescence images of
the red box area shown in a, after subtraction of a time-dependent linearly increasing background given
by the baseline in b. Note that these seven images correspond to a complete cardiac cycle from 312 to
546 ms. See Supplementary Movie 2 for a video showing the real-time evolution of the linear
background-subtracted fluorescence intensity. The scale bar in d indicates 1 mm, which applies to all
images of d–j. (k) Time point of NIR-II fluorescence spikes corresponding to ventricular ejections
shown in c, plotted over several heart pulses (black squares). The data are fitted to a linear function with
its slope of 206.7 ms per pulse corresponding to the period of each cardiac cycle [25]

13 In Vivo Near-Infrared Fluorescence Imaging Based on Polymer Dots 559



5.2.3 Imaging of Tumors Based on Folate and RGD Targeting
Folate and RGD are the most widely applied tumor targeting ligands in polymer dots
functionalization. Here, we will give some examples of the design of tumor-targeted
polymer dots based on this strategy [21, 23, 25, 30, 33].

RGD peptides have a strong affinity for the cell adhesion receptor integrin αvβ3,
which has a pivotal role in tumor angiogenesis, and have been used for in vivo
imaging of a variety of cancers. Cyclic RGD peptides are conjugated to the polymer
dots surface for imaging human glioblastoma U87-MG tumor xenografts in
nude mice.

RGD conjugated NIR polymer dots PD-4 were injected intravenously into nude
mice bearing a U87-MG tumor (~8 mm in diameter) on the left shoulder, and the
mice were imaged at multiple time points postinjection (Fig. 13.13a). The in vivo
fluorescence spectrum of the PD-4 was collected from 520 to 840 nm with a
bandwidth of 20 nm and an excitation of 465 nm. As early as 5 min postinjection,
enhanced NIR fluorescence signal (780 nm) was observed in the U87-MG tumor and
gradually increased over time. There was significant fluorescence signal from the
skin after 1 h, which complicated the detection of small size tumors.

The self-luminescing NIR polymer dots PD-5 can emit NIR light in the presence
of the substrate of Luc8, coelenterazine, without external excitation and therefore

Fig. 13.12 (a) NIR image of the mouse following intravenous injection with the NPs
(ex = 595 nm). (b) NIR images of the subcutaneous tumor-bearing mouse following subcutaneous
injection with the NPs (ex= 455 nm). Ex vivo NIR fluorescence imaging on tumor tissue and major
organs of mouse with a (c) 455-nm and (d) 595-nm excitation source (detection wavelengths,
680–780 nm for BTTPF) [39]
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can provide further advantages in comparison with PD-4. After tail-vein injection of
PD-5, mice were imaged serially by bioluminescence imaging. At 5 min post-
injection, strong bioluminescence emission was observed in the U87-MG tumor
(~5 mm in diameter) with little signal from other tissues. The bioluminescence signal
ratio between the tumor and background was estimated from region of interest
measurements to be above 100 at 2 h (Fig. 13.13b). Furthermore, the efficiency of
PD-5 in imaging smaller tumors (tumor size of 2–3 mm in diameter) (Fig. 13.13c)
was tested. A strong bioluminescence signal was still observed in the U87-MG
tumor of the mice at 5 min, 2 h, and 18 h. The self-luminescing feature provided
excellent tumor-to-background ratio for imaging very small tumors.

We devised a type of heptylamine modified folate (C7-FA)-functionalized PFBT
polymer dots for in vivo tumor imaging [33]. The homemade C7-FA was designed

Fig. 13.13 Time-dependent in vivo imaging of U87-MG tumors in mice by the tail-vein injection
of NIR polymer dots. (a) Fluorescence imaging of mouse with a tumor of ~8 mm in diameter
(indicated by a white arrow and circle) by the tail-vein injection of PD-4. Bioluminescence imaging
of mice with small tumors of ~5 mm (b) and ~2 mm (c) in diameter (indicated by red arrows and
circles) by the tail-vein injection of PD-5 [30]
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for active targeting to tumor tissues. PFBT, as the high emissive polymer core, was
encapsulated with PEG-COOH or PEG-NH2 which utilized their ideal photostability
in water. NIR dye (NIR-775) was doped to migrate the emission wavelength to
780 nm for in vivo imaging via FRET with PFBT. H1299 tumor-bearing mice were
intravenously injected with FA-PFBT-COOH at a dose of 50 μg per mouse
(Fig. 13.14). At 24 h postinjection, fluorescence signal in the tumor was increased
with an enhanced signal-to-noise ratio of 19.4. The imaging results indicated the
synthesized C7-functionalized PFBT polymer dots have promising potential on
in vivo fluorescence tumor targeting.

Liu lab [23] reported a kind of conjugated polymer (CP)-loaded DSPE-PEG-
folic acid nanoparticles (CPDP-FA NPs). The polymer nanoparticles show bright
FR/NIR fluorescence (27% quantum yield) in the far-red/near-infrared region
(>650 nm) which offers a unique window for bioimaging with low biological
autofluorescence and high tissue penetration. In addition, the particles possess
larger Stokes shift of 233 nm in aqueous solution as compared to commercially
available quantum dots (Qdot 655) and organic dyes like Fluor 555. Folate-
functionalized PEG as encapsulation matrix along with enhanced permeability
and retention (EPR) effect facilitate the particles have target ability to accumulate
in the tumor tissues. High fluorescence intensity was observed in the tumor region
of H-22 tumor (~150 mm3)-bearing mice (Fig. 13.15). Moreover, the in vivo
toxicity evaluation demonstrated that CPDP-FA NPs have no obvious in vivo
toxicity and can serve as an effective FR/NIR fluorescent theranostic agent for
in vivo imaging and cancer diagnosis.

In addition to in vivo fluorescent imaging, polymer dots could be further developed
as a multimodal imaging platform. Liu lab developed a dual-modal fluorescent-magnetic
NP by co-encapsulation of conjugated polymer and iron oxides (IOs) [21]. The
folate-functionalized platform shows folate receptor-overexpressed cancer cell
(H-22) targeting ability. Tumor tissue (300 mm3) signal was clearly collected both
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Fig. 13.14 In vivo fluorescence imaging of H1299 tumor-bearing mouse after 0.5 h (a) and 24 h
(b) injection with the NIR775-doped FA-PFBT-COOH polymer dots [33]
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in fluorescent imaging and T2-weighted MR imaging at 6 h and 5 h postinjection,
respectively (Fig. 13.16). The studies indicated that polymer dots could be devel-
oped as a promising imaging agent not only for fluorescent imaging but also other
modalities in living body.

Recently, aggregation-induced emission (AIE) feature has been discovered by many
research groups for their imaging and therapeutic application in polymer nanosystem.
Those luminogens, with AIE feature, are non-emissive in dilute solution but are induced
to luminesce strongly when aggregated through a mechanism of the restriction of
intramolecular rotation. According to Liu’s research, 2-(2,6-bis((E)-4-(phenyl
(40-(1,2,2-triphenylvinyl)-[1,10-biphenyl]-4-yl)amino)styryl)-4H–pyran-4-ylidene)
malononitrile (TPE-TPA-DCM) shows the novel phenomenon of AIE feature when in
the aggregate state [24]. TPE-TPA-DCMnanoparticles were formulated by using bovine
serum albumin (BSA) as the polymer matrix. In the PL spectra of TPE-TPA-DCM in
THF/water mixture, PL intensity (660 nm) drastically increased when the water fraction
was over 40%. The result verified its efficient AIE feature. Intracellular imaging,
photostability, and cytotoxicity were demonstrated in MCF-7 cells, and the results
showed fluorogen-loaded BSA NPs were high emissive with good photostability and
low cytotoxicity. In vivo test was carried out in H22 tumor (400 mm3)-bearing mice
(Fig. 13.17). After the intravenous injection of folate-functionalized fluorogen-loaded
BSA NPs, tumor signal could be collected after 3 h. And up to 28 h postinjection, the
signal became prominent, in sharp contrast to ambient part of the mouse body, indicating
its promising application perspective for cancer diagnosis.

Fig. 13.15 One-photon excited in vivo noninvasive fluorescence imaging of H22 tumor-bearing
mice after intravenous injection of (a) FTTDNPs and (b) TTDNPs at the same NP concentration of
1 nM. The white circles mark the tumor sites. (C-a) 3D two-photon fluorescence image of C6 tumor
from the mouse that was intratumorally injected with FTTDNPs. (C-b) 100 μm, (C-c) 300 μm, and
(C-d) 400 μm deep images from the C6 tumor. The images were recorded upon 800-nm excitation
with 600–780 nm band-pass filter [23]
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5.2.4 Tumor Cell Tracking
The NIR775 dye-doped MEH-PPV polymer dots system was further used as fluo-
rescent nanoprobes for the in vitro HeLa cell labeling and in vivo long-term HeLa
tumor tracking [32].

Approximately 100% of HeLa cells were labeled with polymer dots PD-1 by
direct cell labeling method under the fluorescence microscope. To investigate the
long-term labeling capability and toxicity of the NIR polymer dots PD-1, 2�105

HeLa cells treated with 20 μg of PD-1 were subcutaneously injected into a nude
mouse. The mouse was imaged at different time after injection (Fig. 13.18). The
NIR polymer dot remains 75% of its fluorescence upon 7 days injection and still
retains 28% of fluorescence after 23 days, indicating the durable brightness and
long-term photostability of the NIR polymer dots. Moreover, ex vivo imaging of
tumors showed that strong NIR fluorescence signal was detected in almost the
whole region of the tumor, suggesting that the NIR polymer dots could be inherited
by daughter cells.

The difference in sensitivity between fluorescence and bioluminescence of NIR
polymer dots PD-3 was also studied. The prepared Luc8-conjugated NIR polymer
dots PD-3 with different concentration (3 μg, 0.6 μg, 0.3 μg, 0.06 μg) were

Fig. 13.16 (a) Representative in vivo fluorescence images of mouse injected with FMCPNPs
acquired at 1 h, 6 h, and 18 h postinjection. (b) Fluorescence images of various organs from the mice
treated with FMCPNPs (left) and MCPNPs (right), respectively, at 12 h postinjection [21]
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subcutaneously injected into a nude mouse. The mouse was imaged immediately
after an intravenous injection of 10 μg of coelenterazine for bioluminescence
imaging with 1 minute acquisition time for no emission filter and 3 min acquisition
time for NIR emission filter (780 � 10 nm). Following bioluminescence imaging,
in vivo fluorescence imaging was carried out with 2-second acquisition time (exci-
tation, 465 � 15 nm; emission, 780 � 10 nm) (Fig. 13.18b). Intense NIR fluores-
cence signals were clearly visualized in the four injection sites, while
bioluminescence imaging showed no obvious signal in the injection of 0.06 μg.
Although bioluminescence imaging showed higher signal-to-background ratio, the
NIR fluorescence imaging observed higher luminescence intensity even at low
concentration. Besides, compared to NIR bioluminescence imaging, NIR fluores-
cence imaging based on PD-3 as a probe decreased the exposure time by >90-fold,
which benefited the monitoring of quick interactions of cells.

Fig. 13.17 (a, b) In vivo noninvasive fluorescence imaging of H22 tumor-bearing mice after
intravenous injection of fluorogen-loaded BSA NPs (with TPE-TPA-DCM loading of 0.86 wt%) (a)
and bare TPE-TPA-DCM NPs (b) at the same fluorogen concentration. The white circles mark the
tumor sites [24]
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Liu lab reported a kind of PIDT-DBT-Tat nanoparticles for long-term in situ
monitoring of live tumor growth in FR/NIR wavelength region [34]. PIDT-DBT was
capsulated with modified PEG chains and the human immunodeficiency virus type
1 (HIV-1) trans-acting transcriptional activator was conjugated with the NPs by click
reaction. In vitro cell tracing ability was conducted on HepG2 live cancer cells using
cytometry. 53.1% of the cells were still efficiently labeled, while the labeling rate was

Fig. 13.18 NIR polymer dots were used for the in vitro HeLa cell labeling and in vivo long-term
HeLa tumor tracking. (a) Fluorescence imaging of HeLa cells labeled with PD-1. (b) In vivo
bioluminescence (BL) and fluorescence (FL) imaging of the mouse with injection of different
concentrations of PD-3 subcutaneously (I, 3 μg; II, 0.3 μg; III, 0.6 μg; IV, 0.06 μg). (c) Region of
interest (ROI) analysis of the fluorescence intensity of PD-1-labeled HeLa cells in the mice over
time. (d) Time-dependent in vivo bright-field and fluorescence imaging of the mouse with injection
of PD-1-labeled HeLa cells and ex vivo fluorescence imaging of the tumor excreted from the mouse
after 23 days injection [32]
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23.5% at day 7 when cells were treated with PIDT-DBT-Tat nanoparticles. Moreover,
the labeling efficiency of PIDT-DBT-Tat nanoparticles showed great enhancement as
compared to bare PIDT-DBT nanoparticles which indicated that conjugation of Tat
peptide on NPs surface is essential to enhance the internalization of the NPs into living
cells. The in vivo fluorescent imaging was carried out on HepG2 tumor-bearing mice,
and the results showed that PIDT-DBT-Tat nanoparticles could monitor liver tumor
growth for more than 27 days in a real-time manner (Fig. 13.19).

Polymer dots which possess persistent fluorescence open up an avenue of image
acquisition for time-delay imaging, thus eliminating tissue autofluorescence associ-
ated with fluorescence imaging [35].

Rao lab reported NIR-775-based MEH-PPV polymer dots for tumor cell tracking
[35]. Persistent luminescence in tumor tissue was still detectable at 24 h post-
injection by subcutaneous administration. In this study, they proposed the mecha-
nism of the persistent luminescence in polymer nanoparticles: The nanoparticles are
first excited, and the excitation energy is trapped within the semiconducting layer of
the polymer before released from the trap after activation energy (heat) is applied.
Part of the relaxation energy from the energy trap may be transferred to the near-
infrared dye NIR-775 and emit persistent luminescence from the nanoparticle and
the near-infrared dye. Moreover, the in vivo systemic persistent luminescence
imaging showed that whole-body signal vanished within 60 min after intravenous
injection (Fig. 13.20). The timely clearance of the polymer dots out the body
indicated its safety and potential perspective for long-time cancer cell tracking in
clinical usage.

5.3 Imaging of Zebrafish

Zebrafish, a kind of model animal, possess several advantages as experiment living
body in in vivo fluorescence imaging research: (1) Transparency of the zebrafish
embryos allows for direct observation. (2) Zebrafish are evolutionarily close to
human and can also be done in a large scale with low cost.

Fig. 13.19 Representative in vivo fluorescence images of the mouse transplanted with 4 � 106 of
HepG2 cells labeled by PIDT-DBT-Tat NPs and Qtracker 705. The control images were obtained
from a nude mouse that underwent the same surgical operation without injection of labeled HepG2
cells. The images were taken on designated days post cell injection (λex= 640 nm, 720/20 nm filter)
[34]
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Chan lab [26–28] reported a series of quinoxaline, benzothiadiazole (BT), and
donor-bridge-acceptor-based multicolor semiconducting polymer nanoparticles
(Pdots) in succession for in vivo biological imaging. These NIR-emitting polymer
dots possessed high photostability and brightness.

Quinoxaline-based Pdots can be up to eight times brighter than Qdots655. In vivo
imaging studies were all conducted on zebrafish. In the BT-based polymer nano-
system, BT as the acceptor and various kinds of donors were incorporated to tuning
their emission wavelengths. Those BT-based fluorescent semiconducting copoly-
mers (PDTTBT, Si-PFBT, PFBT, etc.) were synthesized by introducing different
types of donors for energy transfer via Suzuki polymerization, and the tunable
emission wavelength varied from 550 nm to NIR (760 nm). The Pdots were
functionalized using carboxyl group and subsequently coupled with streptavidin
for specific cellular targeting and in vivo microangiography imaging on zebrafish.
Si-PCPDBT Pdots (λmax

em, 720 nm) were injected into the sinus venous of the zebra
larva. The fluorescent signal was immediately distributed in the blood stream and the
signal intensity lasted 2 h without leakage after injection. Compared with the signal
from eGFP-expressing endothelial cell, prominent fluorescence of the Pdots were
revealed in the lumen of the vessels. Moreover, from the close view, the trunk
vasculatures of the zebrafish were clearly marked and imaged by Pdots. The
synthesized Pdots (0–4 nM) exhibited no obvious toxicity on zebrafish embryo
within 49 h. Those findings showed this series of BT-based Pdots can be widely
applied for basic biological studies and biomedical imaging.

In order to optimize the near-infrared fluorescence emission of polymer dots, they
further designed and synthesized donor-bridge-acceptor-based polymer dots with
narrowband and high near-infrared emission. These polymer dots have a high
fluorescence quantum yield of 33% with a Stokes shift of more than 200 nm. The
emission full width at half maximum of the Pdots can be as narrow as 29 nm, about
2.5 times narrower than that of inorganic quantum dots at the same emission
wavelength region. The average per-particle brightness of the Pdots is at least
three times larger than that of the commercially available quantum dots. They

Fig. 13.20 In vivo optical persistent luminescence imaging of a mouse before (Bkg) and after (0 h)
subcutaneous injection of nanoparticles (�16 μg) that had been excited prior to injection. At 2 h and
24 h later, the subcutaneous injection site was exposed to white light for 3 min first before the
collection of persistent luminescence (in the absence of any excitation light) [35]
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inserted π-bridge segments into polymer backbones to gain the absorption in the
visible regions (400–600 nm). They integrated phthalocyanine- and boron dipyrrin
(BODIPY)-containing NIR monomers into the polymers to achieve narrowband
emissions. Among these polymer dots, PF-TC6FQ-BODIPY-COOH was
functionalized with FA-PEG-NH2 for tumor targeting. Besides zebrafish
(Fig. 13.21), the folate-functionalized polymer dots were injected into SKOV3

Fig. 13.21 (a) Biotoxicity assessment of Pdots by the zebrafish model. Time course recording
morphology of zebrafish embryos exposed to 2 and 5 nM Pdot solutions in the period of 0–48 h
postfertilization (hpf). (b) Zebrafish microangiography by injection of PF-TC6FQ-BODIPY Pdots
into 3 days postfertilization Tg(kdrl:eGFP) zebrafish embryos. The global view of zebrafish vessels
and Pdot images is shown in the left panels (a–c), and a close view of the trunk vasculature
(intersegmental vessel) is shown in the right panels (d–f). Green emission is from endothelial cells
expressing eGFP, while red emission is from Pdots. Scale bars represent 200 μm in a–c and 60 μm in
d–f, respectively [28]
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tumor-bearing mice for long-term observation and tracking. NIR fluorescent poly-
mer dots retained 32% of their fluorescence even 36 days after injection. The high
brightness with narrowband emission, good biocompatibility, and excellent stability
of these NIR Pdots have demonstrated their promising potential for in vivo multi-
plexed biological detection and imaging.

Pu lab [29] reported a type of multilayered semiconducting polymer nanoparticles
(SPNs-M) for NIR imaging in zebrafish and mice. The multilayered SPNs consist of
a SP-based core, middle silica protection layer, and outer PEG-based corona. Silica
layer and PEG corona play a crucial role in enhancing the NIR fluorescence by up to
~100-fold and reducing nonspecific interactions, respectively. According to the PL
spectra, the fluorescence intensity dramatically increased with the presence of the
silica layer as compared to other control groups. The author’s explanation is that
silica layer effectively reduces the interaction between the SP core and water
molecules and provides a relatively less polar environment. The in vivo imaging
of SPNs-M was conducted on a zebrafish larvae model using confocal laser scanning
microscopy. After 48 h postinjection of SPN2-Si and SPN2-M into the zebrafish, red
fluorescence can be detected for both SPNs in the yolk sac (Fig. 13.22). Average
fluorescence intensity for SPN2-M injected zebrafish was 1.14-fold higher than that
of SPN2-Si injected zebrafish. Moreover, no obvious morphology and pericardium
edema were observed in those SPNs injected zebrafish. These proof-of-concept
applications indicate that the synthesized SPNs may serve as the promising candi-
date for in vivo NIR fluorescence imaging.

5.4 Imaging of O2

5.4.1 Imaging of Hypoxia and O2 Distribution
Hypoxia has been studied to be related to various diseases, such as solid tumors,
retinal lesion, and brain diseases. As we all knew that the oxygen concentration in
some solid tumors is around 4% and even decrease to zero locally, it is important to

Fig. 13.22 CLSM images of zebrafish larvae 48 h postfertilization after microinjecting SPN2-Si or
SPN2-M (20 mg mL�1, 3 nL) for 18 h [29]
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monitor the O2 concentration in living body. In vivo fluorescence imaging provides a
noninvasive and sensitive approach to map the O2 distribution in living animals.

Among the reported polymer dots in O2 mapping [36, 37, 42], Pt(II)-porphyrin, a
kind of popular O2 indicator, have been widely discovered and applied due to its
high O2 sensitivity by utilizing the energy transfer between the triplet excited state of
the metal complex and the triplet ground state of O2. Its long luminescence decay
times (1–1000 μs) allow lifetime-based O2 sensing which can be realized by phase-
or time-resolved fluorometry. Dmitriev and Borisov’s group [42] described a class of
polymer dots for high-resolution, ratiometric intensity and phosphorescence
lifetime-based imaging of O2 that consist of a substituted conjugated polymer acting
as a FRET antenna (donor) and a fluorescent reference (acceptor) Pt-porphyrin
(PtTFPP or PtTPTBPF). The devised nanoparticles (SI, SII) emitted at 780 nm and
displayed adequate sensitivity over the whole physiological range (0–20 kPa O2).
Cationic and anionic charged nanoparticles (SII-0.2+, SII-0.2�) were injected in the
tail vein of a mouse and analyzed live animals on an animal imager at different time
points within 24 h (Fig. 13.23). Spectral unmixing showed predominant accumulation
of the nanoparticles in the liver. The ex vivo analysis on a two-photon microscope
applied excitation at 750 nm. O2-sensitive (Pt(II)-porphyrin) and polymer reference
(polyfluorene) signals were detectable down to 70–100 μm. An increase of the ratio
signal (650/430) from 0.8 to 1.1 reflects increased tissue deoxygenation over 20 μm
depth. These current results indicated the potential applications of the O2-sensitive
polymer dots on cancer biology, immunology, and other biomedical fields.

Huang lab [36] also reported a kind of Pt(II)-porphyrin-based fluorescent/phos-
phorescent (FP) dual-emissive conjugated polymer dots for hypoxia bioimaging.

Fig. 13.23 In vivo imaging of nanoparticles SII-0.2� and SII-0.2+ (indicated as “�” and “+,”
respectively) in Balb/c mice over time. Two different spectral channels are shown (top and bottom
rows) [42]
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The FP-Pdots were self-assembled by the Pt(II)-porphyrin (O2-sensitive) and con-
jugated polyelectrolyte (O2-insensitive). FRET could occur from the donor (conju-
gated polyelectrolyte) to the acceptor (Pt(II)-porphyrin) which significantly
enhanced the sensitivity. O2 sensitivity was measured by the emission intensity at
656 nm from 0% to 21%. The radiometric O2 sensing of the FP-Pdots was analyzed
quantitatively based on the data of phosphorescence intensities according to the
Stern-Volmer equation. Luminescence imaging of tumor hypoxia was conducted in
nude mice. In vivo and ex vivo luminescence imaging were achieved using a
modified Kodak in vivo imaging system (Fig. 13.24). The luminescence signals
were collected at 660 � 13 nm. The mice were intratumorally injected with the
FP-Pdots solution (10 μL, 2 mg mL�1) without being deoxygenized. High signal-to-
noise emission intensity within the tumor area can be detected and imaging dynamic
curves also confirmed the luminescence increase inside of the tumor. The PF-Pdots’
performance demonstrated their oxygen sensitivity and can be adopted as in vivo
tumor hypoxia probes.

5.4.2 Imaging of Reactive Oxygen and Nitrogen Species
The elevated generation of reactive oxygen and nitrogen species (RONS) is a
hallmark of many pathological processes ranging from acute and chronic bacterial
infections to chronic diseases such as cancer, cardiovascular disease, and arthritis.
Rao lab [37] reported a dual-color SPN-based NIR nanoprobe (NanoDRONE) for
the detection of RONS in inflammatory microenvironment in living mice. Nano-
DRONE consisted of a RONS-inert polymer core (energy donor) covered by RONS-
sensitive fluorophore molecules (energy acceptor) thus established a FRET system.
FRETwas turned on in the absence of RONS and the polymer dots mainly emitted at
818 nm, while in the presence of RONS, FRETwas turned off and the polymer dots
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Fig. 13.24 (a) Luminescence imaging in vivo of a tumor-bearing mouse (ROI 1) and the control
nude mouse (ROI 2) after injection of the FP-Pdots. (b) The change in luminescence intensity of the
marked regions (ROI 1, ROI 2, and ROI 3) following different times after injection of the FP-Pdots
into the nude mice. A xenon lamp was used as the excitation source, collocating with a band-pass
filter (410 � 15 nm) [36]
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emitted mainly at 655 nm. NanoDRONE was applied to the RONS imaging in
peritonitis mice induced by intraperitoneal (i.p.) injection of LPS. After 30 min
postinjection, the fluorescence intensities of the LPS-treated mice were 2.7 times
higher than saline-treated mice.

Then NanoDRONE was injected intravenously to test its systemic performance.
Organs of the reticuloendothelial system (RES) such as the liver and spleen did not
display higher nanoparticle uptake than non-reticuloendothelial tissues, suggesting
the ability of NanoDRONE to evade RES uptake (Fig. 13.25a). On a bacterial
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Fig. 13.25 (a) In vivo imaging of RONS with NanoDRONE in a LPS-induced acute peritonitis
mouse model. Saline (n = 4) and LPS (n = 4) were administered i.p., followed 4 h later by
i.p. administration of NanoDRONE. Images were acquired before and 30 minutes after particle
administration. (b) Imaging RONS with NanoDRONE in mice with spontaneous systemic C. bovis
bacterial infection. Overlaid images of activated (red) and unactivated (green) NanoDRONE
following i.v. administration to mice with spontaneous infections (n = 4). Enlargements of the
regions indicated by dashed white boxes are given below each corresponding image. White arrows
indicate localized regions of bacterial infection [37]
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infected mice model, NanoDRONE was found to first accumulate in the infected
region within 15 minutes through the EPR effect and then progressively be induced
to change from inactivated (green) to activated (red) states by microenvironmental
RONS in the bacterial infected regions, with complete probe activation by 60 min
(Fig. 13.25b). The systemic performance demonstrated that the nanoprobe could
detect RONS in the inflammation region and its fluorescence spectrum in the NIR
region allows real-time tracking and differentiation of probe activation from accu-
mulation in living mice and thus validates its potential on RONS-based biomedical
application.

6 Conclusion and Future Perspective

The NIR-emitting polymer dots exhibited unique capabilities for in vivo imaging,
such as good biocompatibility, durable brightness, excellent long-term photo-
stability, and high sensitivity, as demonstrated by the studies summarized in this
review. These properties are crucial for imaging in living animals but do not all exist
in other optical imaging probes such as organic dyes and metallic nanoparticles
(such as QDs).

As reviewed in each session, various polymer dots have been discovered for
in vivo fluorescence imaging of lymph nodes, tumors, or oxygen in mice and
fluorescence imaging of zebrafish. Scientific and reasonable functionalization
methods enable polymer dots to meet various biomedical requirements in living
body. The prominent results in those animal models encourage us to invest more
enthusiasm to promote and optimize the polymer dots application in clinical practice.

In addition, when properly designed, a single polymer dot might be able to
simultaneously show capabilities of multimodal imaging (such as chemi�/biolumi-
nescence, photoacoustic, MRI) and therapy (such as photothermal and photody-
namic therapies), which will provide unprecedented simplicity in designing a single
nanoparticle-based multimodality image-guided therapy agent. Polymer dots thus
represent a multifunctional nanoplatform that facilitates the preclinical investigation
of physiological and pathological processes in living subjects.

While polymer dots hold great promises for in vivo imaging, there are important
issues that should be addressed before their advance to potential clinical translations,
for instance, the unspecific uptake in the liver and relatively long circulation time by
the tail-vein injection. Strategies such as synthesis of a size smaller than the
physiologic pore size of filtration slit in the glomerular capillary wall (5 nm) are
effective in reducing the uptake in the organs and being rapidly cleared out through
urinary excretion. In addition, potential leakage of the doped dyes from the polymer
dot matrix was initially a concern. More synthetic strategies such as incorporating
the NIR dye into the polymer backbone and side chains, introducing moieties to
induce intramolecular and intermolecular energy transfer, are effective in shifting the
emission of polymer dots to the NIR region [28]. Thereby, new chemistry for the
preparation of ultrasmall, biodegradable, and high-performance NIR-emitting poly-
mer dots is highly demanded for their advance toward potential clinical applications.
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A
AAP, see Activatable aptamer probe (AAP)
Acoustic attenuation, 357
Acoustic imaging, 258
Acoustic-resolution photoacoustic

microscopy, 464
Activatable aptamer probe (AAP), 81
Adenovirus detection, 445
Adipocytes, 309, 310, 315
A-fetoprotein detection, 430, 434
Aggregation-induced-emission (AIE), 540, 561
AIE, see Aggregation-induced-emission (AIE)
Algae, 278, 306, 310
Alpha-fetoprotein (AFP), 375

detection, 430, 434
Alternating current (AC) magnetic

susceptibility, 371
Alzheimer’s disease (AD), 1, 4, 51, 53,

205, 378
Amide, 23
Amyloid, 2, 19
Amyloid β-protein, 436
Analyte, 263
Anisotropic field, 385
Antibiotics, 46
Antibody, 12, 15, 21, 25–27, 31
Antibody-antigen interaction, 389
Anticarcinoembryonic antigen, 407
Antigen, 2, 12, 21, 26, 36, 38

detection, 431
Applications

Alzheimer’s disease, 300, 310
amyotrophic lateral sclerosis, 311
apoptosis, 286, 296, 304
atherosclerosis, 300, 315
bacterial infection, 280, 301, 302, 306, 314
biochar, formation of, 313

biofilms, 313
cancer, 296–301, 303
cell cycle, 297, 315
chromosome dynamics, 312
contaminant detection in food, 308
Crohn’s disease, 315
diabetes, 300
drug composition, 303, 309
drug treatments, 278, 301–303, 305,

310–312
early embryo development, 306, 309
fruits, composition of, 306, 308, 311
hypertension, 300
malaria, 301, 302, 315
mineralisation, 304
nanoparticle uptake, 303, 310
non-alcoholic fatty liver disease, 315
parasite infection, 301, 308
plants, composition of, 305
pollen grains, composition of, 305
stroke, 300
substitutions food detection, 309
sweating, monitoring of, 310
vegetables, composition of, 317

Aptamers
activatable aptamer probe, 81
DNA nanostructures, 81
hybridization chain reaction, 82
target imaging, 81

Aptasensor, 443–444, 450–451
Arc-array, 467
Atomic force microscopy, 314
ATR-FTIR spectroscopy

benchtop, portable and handheld
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biofluids, 167
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ATR-FTIR spectroscopy (cont.)
diagnostic/exploratory, 176
focal plane array detectors, 176
generate maps, 176
imaging mode, 176
linear array, 176
point spectra, 174, 176
post-analytical phase, 168
pre-analytical phase, 168
robust biomarkers, 198
single/multiple reflection, 176
spectral acquisition, 174–175
spectral and spatial resolution, 176
spectral preprocessing, 174–175
surface enhanced IR absorption, 175
tissues, 167

Average magnetic moment, 391
Average separation, 391
Avian influenza virus detection, 445

B
Bacteria, 214, 222, 227, 229, 234, 238, 240,

244, 247
Bacteriophage MS2, 445
Basophils, 449
Benzothiadiazole (BT), 566
Beta thalassemia major (β-TM), 201
Binding affinities, 230, 234, 246
Biocompatibility, 4, 6, 31, 32, 76, 198, 359,

518, 522
Bioconjugation, 254, 371
Biodegradation, 401
Biodetection and multimodal bioimaging

luminescent resonance energy transfer, 251
positron emission tomography, 251
semiconductor quantum dots, 250
upconversion nanocrystals, 250

Biodistribution and micro-SPECT imaging, 513
Biofluids, 164, 166, 170–173

anticoagulants, 168, 172
blood samples, 170, 172
dried samples, 172
endometrial/ovarian cancer, 204
fixative solutions, 172
freeze-thaw cycles, 171, 172
IR reflective low-E, 173
penetration depth, 173, 177
plasma/serum, 203
thickness, 173, 174, 183

Biological materials, 164
Bioluminescence emission spectra, 547
Bioluminescence imaging, 551, 554

Bioluminescence resonance energy transfer
(BRET), 540, 544

Biomarkers, 4–6, 9, 11, 12, 20–30, 33, 35,
36, 54

Biomedical imaging agents, see Contrast agents
Biomedical research, 214, 216, 246, 247
Bioprobe, 371
Biosensing technique, 216, 242
Biosensor, 214, 215, 220, 227, 229, 234, 238,

239, 242, 243, 245–247
reliability, 269

Biospectroscopy
clinical implementation, 164, 166, 168
diseases, 163–164, 167, 168

Bisthienylethene derivatives (BTE), 555
Blocking temperature, 384–393
BODIPY, see Boron dipyrrin (BODIPY)
BODIPYs, see Boron dipyrromethenes

(BODIPYs)
Boltzmann constant, 129
Bone cells, 304
Boron dipyrrin (BODIPY), 569
Boron dipyrromethenes (BODIPYs), 75
Bottom-up substrates, 10
Bovine serum albumin (BSA), 2, 10, 16,

35, 562
Brain tissue, 200
Breast imaging system, 469
Brillouin imaging, 313
BSA, see Bovine serum albumin (BSA)
BT, see Benzothiadiazole (BT)
BTE, see Bisthienylethene derivatives (BTE)
BTTPF dots, see Poly (BTTPF) dots
Bubble dual-modal composites, 355–357

C
C7-FA, seeHeptylamine modified folate (C7-FA)
Cancer, 2, 4, 24–29, 31, 215, 229, 231–235,

237, 241, 245, 246
Cancer therapy, 516
Canine distemper virus, 445
Carbohydrates, detection of, 305, 306
Carbon dots

high photostability, 90
pharmacokinetics, 92
photodynamic efficacy, 90
top-down approaches, 89–90

Carbon nanotubes (CNTs), 349
3D reconstruction, 93
auto-fluorescence, 92
NIR II fluorescent imaging, 92
principal component analysis, 93
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Cardiac biomarkers detection, 434
Cardiomyocytes, 296, 312
Cardiovascular disease, 2, 20–21
Carotenoids, 284, 296, 298, 306, 308
CARS, see Coherent anti-Stokes Raman

scattering (CARS)
Cells

activation, 203
adipocytes, 309, 310, 315
bone cells, 304
cardiomyocytes, 296, 312
chondrocytes, 317
dendritic cells, 297
detection, 445–449
endothelial cells, 296, 300, 301
erythrocytes, 297, 301, 302, 314, 315
fibroblasts, 303
glial cells, 296
HeLa cells, 303
hepatocytes, 296, 310
keratinocytes, 311
leukyocytes, 295, 296
lymphocytes, 296, 297
macrophages, 301
melanocytes, 310
microorgansisms, 296
muscle cells, 306, 317
myeloblasts, 298
ovary, 296
plant cells, 305, 306
promyelocytes, 298
sperm, 296, 315
stem cells, 296, 304, 311, 312, 315
tumour cells, 296
yeast, 295

Cellulose, detection of, 283, 305, 309, 311
Cerebrospinal fluid, 378
Cetuximab, 451
Chemical exchange saturation transfer

(CEST), 350
Chiral sensing, 241
Chloramphenicol, 379
Chondrocytes, 317
Chronic obstructive pulmonary disorder, 205
13C-labeled metabolites, 145, 158
Clearance issue, 268
Close-packed structure, 391
CLSM, see Confocal laser scanning

microscopy (CLSM)
Cocaine, 204, 450–451
Coherent anti-Stokes Raman scattering

(CARS), 287
Colloid, 253

Colored microbubble, 477–481
Confocal laser scanning microscopy (CLSM),

70–71, 569
Confocal micro-Raman photons, 7
Conjugated bilirubin, 371
Conjugated polyelectrolytes (CPEs), 84
Conjugated polymer (CP), 84
Conjugated polymer dots, 539, 540, 544,

554, 571
Connexin 43, 451–452
Continuous flow platforms, 11
Continuous glucose monitoring, 23
Contrast agents, 128, 149, 153, 157
Contrast-enhancing mechanism, 343–344,

349–350
Coregistered SSB image, 407–408
Core/satellite nanotheranostic (CSNT), 48
Core/shell nanoparticle, 391
Core size, 389
Correlation length, 385
CP, see Conjugated polymer (CP)
CPEs, see Conjugated polyelectrolytes (CPEs)
C-reactive protein (CRP), conjugation, 387
Creatine kinase, 2, 20
Critical temperature, 391
CSNT, see Core/satellite nanotheranostic

(CSNT)
Cyanine dye, 74
Cyanobacteria, 303
Cystography, 500
Cytochrome, detection of, 295, 296, 304
Cytology

cervical cytology, 169, 170
cervical dysplasia, 201
fixed cells, 169
fixed fibroblast cells, 202
gold nanoparticles, 201
liquid-based cytology, 202
live cells, 174
sputum cells, 201

D
Data pre-processing, 289

background removal, 290
baseline correction, 291
edge effects, 291
normalisation, 291, 292
smoothing, 290

Data visualisation, 292
Dendrimer-based nanoplatforms, 511–512

preparation of, 512
SPECT/CT imaging, 516–520
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Dendrimer-based nanoplatforms (cont.)
SPECT imaging, 512–516
SPECT/MR imaging, 520–521
SPECT/optical imaging, 521–523
theranostics, 523–527

Dendrimer(s)
characteristics, 512
components, 511
definition, 511
nanoplatforms (see Dendrimer-based

nanoplatforms)
Dendritic cells, 297
Dewar thickness, 369
Dextran-coated Fe3O4, 387
Diabetes mellitus, 4, 21, 54
Dichroic mirror, 7, 8
Diclofenac, 450
Diethylenetriaminepentaacetic acid (DTPA),

513–516
Digital holographic microscopy, 314
Dipolar interaction, 389
Dipole interaction energy, 389
Disease diagnostics, 68, 213–216, 227, 242
Disordered spin surface, 390
DNAs, 214, 224, 226, 227, 229, 241, 440,

442–443
nanostructures, 81

DNP, see Dynamic nuclear polarization (DNP)
Domain area, 389
DOTA chelation, 520
Doxorubicin (DOX), 48, 544, 548
Droplet based platforms, 11
Drug, 214, 227, 234, 238–242, 245, 247

delivery system, 523
screening, 234, 240, 247

Drug detection
Basophils, 449
cetuximab, 451
cocaine, 450–451
connexin 43, 451–452
Diclofenac, 450
erythromycin, 452
methotrexate, 450
metoprolol, 449
molecular imprinting, 434, 449–453
naproxen, 450
paracetamol, 450
theophylline, 450–451

DTPA, see Diethylenetriaminepentaacetic
acid (DTPA)

Dual gas manifold, 252
Dual-imaging, 401
Dual mode imaging, 355, 520, 521

Dynamic laser scattering (DLS), 555
Dynamic nuclear polarization (DNP), 128–134,

136–138, 141, 143, 145–148, 151, 152,
154, 157

E
Early-stage tumors, diagnosis of, 69
Echogenic liposomes, 347–348
Electric field standing wave (EFSW), 173
Electron spin resonance (ESR), 133, 137, 142
ELISA, 2, 12, 21, 24
Endogenous chromophores, 460, 477
Endogenous contrast agents, 462
Endothelial cells, 296, 300, 301
Energy barrier, 384
Enhanced permeability and retention (EPR),

540, 557–559, 561
Enhancement mechanism, 5, 6, 8
Enzyme-linked immunosorbent assay (ELISA),

2, 12, 21, 24
Enzyme(s)

6-mercaptopurine, 52–53
Alzheimer’s disease, 51
biomarker, 50
BSA, 52
cancer, 50, 51, 53
SERS-active substrates, 51
telomerase, 50–52
thiopurine S-methyltransferase, 50

Epidermal growth factor receptor, 2, 27, 31
EPR, see Enhanced permeability and

retention (EPR)
Erythrocytes, 297, 301, 302, 314, 315
Erythromycin, 452
Escherichia coli, 447–448
ESR, see Electron spin resonance (ESR)
Exogenous contrast agents, 460, 477
Exosome detection, 434
Ex vivo, 29, 368

F
FA, see Folic acid (FA)
FACS, see Fluorescence-activated cell sorting

(FACS)
FAPs, see Fluorogen activating proteins

(FAPs)
Farady’s law of induction, 412
Fatty acids, detection of, 298, 309, 310
Fe3O4-antiCRP-CRP cluster, 387
Fe3O4-antiCRP nanoparticle, 387
Ferritin protein, 417
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Fibroblasts, 303
Figure of merits (FOM), 220, 253, 263
Flavin adenine dinucleotide, 42
FLIM, see Fluorescence lifetime imaging

microscopy (FLIM)
Fluorescence, 8, 24, 31

comparative imaging with, 295
imaging, 68
labels, 371

Fluorescence-activated cell sorting (FACS), 99
Fluorescence lifetime imaging microscopy

(FLIM), 72
Fluorescence resonance energy transfer

(FRET), 540, 542, 544, 545, 557
Fluorescent molecule, 512
Fluorescent nanodiamond (FND)

fluorescence-activated cell sorting, 99
real-time selective fluorescence

imaging, 100
toxicity assessments, 98

5-Fluorocytosine, 48
Fluorogen activating proteins (FAPs), 80
Fluoroimmunoassay, 392
Fluoroquinolone, 46
FND, see Fluorescent nanodiamond (FND)
Folate and RGD Targeting

bovine serum albumin, 562
heptylamine modified folate, 560

Folic acid (FA), 513
FOM, see Figure of merits (FOM)
Food and Drug Administration (FDA), 352, 359
FRET, see Fluorescence resonance energy

transfer (FRET)
Full-ring array, 465
Fungi, 280, 306

G
Gadolinium (Gd), 512

contrast agents, 520
nanoparticles, 350–351

Gamma ray, 257
Gas-containing nanobubble, 344
Gas core nanobubbles, 344–346
Gas-filled microbubbles, 343
Gas-generation

nanoparticles, 348
nano-scaled substances, 344

Gastric cancer, 28
Gastrointestinal tract, 498–500

imaing, 498
GDQs, see Graphene quantum dots (GQDs)
Gene delivery system, 523

GFP, see Green fluorescent protein (GFP)
Glial cells, 296
Glucose, 2, 21–24
Glycogen-to-phosphate, ratio of, 198
GNPs, see Graphene nanoparticles (GNPs)
GO, see Graphene oxide (GO)
Gold (Au)

construction, 512
nanoparticles, 477, 496
nanostructures, 462

Graphene, 93
Graphene-based nanomaterials

graphene quantum dots, 96
multi-functional nanomaterials, 97
physiological solubility, 94
in vivo biodistribution, 96

Graphene nanoparticles (GNPs), 95
Graphene oxide (GO), 93
Graphene quantum dots (GQDs), 93, 96
Green fluorescent protein (GFP), 79
Grueneisen coefficient, 462
Gyromagnetic ratio, 129, 145, 149, 393

H
Halbach array, 414
Hand-held imaging probe, 469
HCC, see Hepatocellular carcinoma (HCC)
HCR, see Hybridization chain reaction (HCR)
Heart tissue, 200
HeLa cells, 303
Heme detection, 284, 296, 297, 300–302
Hemoglobin, 376

detection, 301, 302
Hemozoin, 33, 34
Hepatitis B, 2, 35
Hepatitis B virus, 433
Hepatocellular carcinoma (HCC), 257, 381
Hepatocytes, 296, 310
Hepcidin-25, 438
Heptylamine modified folate (C7-FA), 560
Heterogeneous biodetection

antibody, 265
antigen, 265
clinical Ebola virus, 267
complementary DNA, 266
nanochannels, 266

Hierarchical cluster analysis (HCA), 294, 295
High resolution, 69
HIV/AIDS, 2, 37, 204
Hormone detection

hepcidin-25, 438
luteinizing hormone, 438
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Hormone detection (cont.)
pituitary hormones, 438
testosterone, 438–439

Human papillomavirus, 2, 27
Hybridization chain reaction (HCR), 82
Hydrodynamic diameter, 555
Hydroxyapatite, detection of, 300, 304
Hyperpolarization, 128, 130, 131, 133, 136,

140, 142, 145, 146, 149, 151, 154
Hypoxia

lifetime-based O2 sensing, 569
luminescence imaging, 551
Pt(II)-porphyrin, 569
self-assembled FP-Pdots, 571

Hysteresis curve, 380

I
131I, see Iodine-131 (131I)
IgG detection, 432
Illicit drugs, 49
Image contrast, 398
Imaging agents, 511
Immunoassays, 5, 12, 35–36, 38, 44, 54
Immunohistochemistry, 407–410
Immunomagnetic reduction (IMR), 371–380
111In, see Indium-111 (111In)
Independent component analysis (ICA), 291
Indium-111 (111In), 513, 515
Inflammatory markers, 347
Influenza nucleoprotein, 436
Infrared spectroscopy, 133, 135, 312, 313
In situ colloidal Knoevenagel polymerization

method, 542, 546–547
Instrumentation, 284

calibration, 290
CARS, 287
excitation wavelength, 284
hyperspectral CARS, 288
point versus imaging, 284
Raman, 284
SRS, 289

Interaction intensity, 386
Internalization, 268
Intestine tissue, 200
Intracellular model, 264
Intraperitoneal tumor, 256
Intravascular ultrasound (IVUS), 347
In vitro, 368
In vivo, 4, 6, 13, 14, 22, 23, 368

application, 258
fluorescence imaging, 554
tumor targeting, 69

In vivo optical imaging
biodistribution, 551
confocal laser microscope, 551
hypoxia luminescence imaging, 551
lymph node imaging, 550
tumor imaging, 550
vasculature imaging, 551

Iodine-131 (131I), 523
Iron oxide, 359, 512

in microcapsules, 355
Iron oxide nanoparticles (IONPs), 350–353
IVUS, see Intravascular ultrasound (IVUS)

J
Josephson junction, 369

K
Keratinocytes, 311
Kidney tissue, 200
K-means clustering, 294

L
Label-free detection, 220, 227, 229, 231, 232,

234, 235, 238, 241, 242, 245, 247
Laminin-5, 436
Langevin function, 380
Lanthanide-doped upconversion nanocrystals

(UCNCs), 278
Leucomalachite green, 379
Leukyocytes, 295, 296
Lignin, detection of, 305, 311
Limit of detection (LOD), 214, 220, 222, 227,

229, 232, 234, 237, 241, 263
Linear array transducer, 474–475
Lipids, detection of, 281, 295–298, 300–302,

305, 306, 308–311, 313, 314
Liposomal ICG, 481
Liposomal nanoformulation, 481–488
Liquid state, 172
Livertissue, 200
Living cells, morphological details, 69
Lobe, 407
Localized surface plasmon coupled

fluorescence, 392
Localized surface plasmon resonance (LSPR),

216, 218, 220, 222, 224, 229, 232, 234,
241, 245, 247

Logistic function, 378
Long circulation time, 573
Longterm photostability, 556
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Low cytotoxicity, 69–70
Low-field nuclear magnetic resonance, 393–401
Low scattering, 79
Luminescent resonance energy transfer

(LRET), 251
Lung tissue, 200
Luteinizing hormone, 438
Lymphatic basins

3D reconstruction, 555
bisthienylethene derivatives, 555
lymphatic networks, 554
mass extinction, 555
nanococktails, 555
tail-vein injection, 554

Lymphatic networks, 20
Lymph-node imaging, 16
Lymphocytes, 296, 297
Lysozyme detection, 435–436

M
Macrophages, 301, 417
Maghemite, 352
Magnetic anisotropy constant, 385
Magnetic disorder, 390
Magnetic domain

boundaries, 390
region, 389
size, 389

Magnetic force microscopy, 389
Magnetic nanoparticles (MNPs), 368
Magnetic resonance imaging (MRI), 393–401

acoustically induced rotary saturation, 353
amine, 134, 135, 140, 141
amorphous silicon, 138, 141, 142, 147,

151, 157
animal, 132, 137, 148
catheter tracking, 154–156
contrast, 338
contrast-enhancing mechanism, 349–350
decay, 130–132, 136, 144, 148, 152
DNP, 128–134, 136–138, 141, 143,

145–148, 151, 152, 154, 157
echo time, 338
ferumoxytol, 353
gadolinium-based nanoparticles, 350–351
gradients, 338
hyperpolarization, 128, 130, 131, 133, 136,

140, 142, 145, 146, 149, 151, 154
imaging sequences, 136, 149
iron oxide-based nanoparticles, 351–353
magnetization vector, 336
manganese-based nanoparticles, 351

mobility, 151–154, 157
nanoparticle research, 354–355
paramagnet, 137, 144, 147, 149
phantom, 140, 148, 154–156
polarization, 128–131, 133, 137–140,

144–146, 148, 149, 152, 157, 158
proton density, 338
pulse sequence, 338
selectivel excitation, 353
silicon particles, 133–135
solid-state DNP device, 131–132
spin–lattice relaxation, 338, 349
spin-spin relaxation, 338, 350
theranostic agents, 128, 157
transmission antennas, 336

Magnetic resonance signal, 128
Magnetite, 352
Magnetization, 256
Magneto-motive ultrasound (MMUS), 357
Malaria, 32, 34, 54
Manganese (Mn), 520
Mass extinction, 21
Mass spectrometry, 304, 313–314
MB, see Microbubbles (MB)
MCF-7 cells, 203
Measurement design, 6
Measurement time, 385
Medical polymers, 198
MEH-PPV, see Poly[2-methoxy-5-

(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV)

Melanin nanoparticles, 494
Melanocytes, 310
Melanoidin, 493
MEMS mirror, 463
6-Mercaptopurine, 52–53
Mesenchymal stem cells, 449
Methotrexate, 45, 450
Methylene blue, 462

microbubble, 478
Metoprolol, 449
Micelle encapsulated nanoparticle, 486
Microbubbles (MB), 258

colored, 477–481
gas-filled, 343

Microfluidics, 11, 35
Micro/nanofluidics, 214, 215, 227, 242
Microscope, 407
Miniemulsion method, 542

double emulsion method, 545
fluorescence quenching, 545
fluorescent-magnetic nanoparticles, 545
single emulsion, 544
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Molecular imprinting, 434, 450–452
Molecular sentinel, 2, 26
Morphological details, 69
Moulds, 308
MRI, see Magnetic resonance imaging (MRI)
Multicellular organisms

algae, 278, 306, 310
cyanobacteria, 303
fungi, 280, 306
moulds, 308
nematodes, 278, 303, 308, 309, 313
sea squirt, 306

Multifunctional nanoparticles, 512
Multimodal imaging

atomic force microscopy, 314
Brillouin imaging, 313
digital holographic microscopy, 314
infrared spectroscopy, 312, 313
mass spectrometry, 313
second harmonic generation, 315, 317
two photon emission fluorescence,

315–317
Multimodality image-guided therapy, 573
Multiplex detection, 21, 27, 28
Multivariate curve resolution (MCR), 294
Muscle cells, 306, 317
Mycobacterium tuberculosis, 3, 20, 42
Myelin, detection of, 310, 311
Myeloblasts, 298
Myocardial infarction, 3, 54
Myoglobin, 20

N
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