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1.1  Introduction

Out of the two main subjects covered in this book—imaging and technology—
imaging, or more commonly referred to as radiology, “the eye of medicine,” is 
certainly the oldest. Prior to the appearance of nanoscience, radiology had already 
been well established through several generations of physicians who themselves 
processed thousands of images every year. Still, the persistent quest to “see the 
invisible” to better diagnose patients forced radiologists to pay close attention to the 
research and development of new imaging technologies. In the past two decades, 
nanoparticle contrast agents, stemming from the earliest contrast agents discovered 
soon after the discovery of X-rays over a hundred years ago, have become the holy 
grail of imaging. Today, an impressive number of radiological procedures that rou-
tinely utilize nanoparticles in clinics with even more impressive number are under 
preclinical testing and medical research.

The National Institutes of Health (NIH) in 2002 prioritized the most pressing 
problems facing medical science and identified three key areas in need of research: 
biological pathways, molecular imaging, and nanotechnology. The focus on these 
three critical components, backed by substantial investments from the NIH, 
transformed classic radiology and early disorchestrated attempts with nanoparticles 
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2� Historical Perspective on Nanoparticles in Imaging from 1895 to 2000

into a mature field known today as molecular imaging. Figure 1.1 reflects a remarkable 
tenfold increase in nanoparticle-related medical imaging research from a relatively 
modest approximately 0.25–0.3% in the twentieth century to the current 3%. This 
growth resulted in more than 1500 nanoparticle imaging-related publications in 
2012 alone.

From the onset of radiology and the first contrast agents to the end of the 
twentieth century, imaging techniques such as X-ray, PET, SPECT, ultrasound, 
MRI, optical, and photoacoustics have emerged. The first imaging nanoparticles 
appeared only in the middle of the twentieth century. The progress and the appli-
cation of imaging nanoparticles followed the advent of new imaging modalities 
and diverged into two equally important directions. In one direction, de novo 
nanoparticle designs were developed for specific imaging modalities. Some exam-
ples include magnetic particles for MRI, quantum dots (QDs) for optical, and 
nanobubbles for ultrasound. The other direction adopted previously established 
designs of nanoparticles (for instance, for drug delivery) and modified them for 
imaging applications. Some examples include liposomes, virions, cross-linked 
nanoparticles, and surface modification to increase the nanoparticles’ imaging 
specificity. Regardless of direction, many nanoparticles applications often began 
as unexpected discoveries. Many steps to refine their design were necessary to turn 
them from a mere curiosity to a clinically acceptable tool. Today, the continued 
improvement in nanoparticle synthesis, conjugation technique, and novel bio-
markers made the nanoparticle approach a unique and well-differentiated scientific 
direction that blends seamlessly with clinical imaging. The historical trend illus-
trated in Figure 1.2 highlights the most important milestones toward this direction 
and is discussed in this chapter.
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Figure 1.1  Growth of the nanoparticle research in biomedical imaging. Solid arrows 
show the appearance of imaging techniques, and dotted arrows show the emergence of 
nanoparticles. A number of citations are given from PubMed database.
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X-RAY AND FIRST CONTRAST AGENTS (1895–1930s)� 3

1.2  X-Ray and First Contrast Agents (1895–1930s)

The history of medical imaging started on November 8, 1895, when a 50-year-old 
Wilhelm Conrad Röntgen—a physicist from the University of Würzburg in Germany—
observed a greenish glow from a recently invented Crookes tube. A new form of 
radiation, which Röntgen called an “X-ray,” freely penetrated through biological 
tissue but was absorbed by dense material such as bones. Recorded on radiation-
sensitive photographic plates, a well-recognized X-ray image was made. This entirely 
noninvasive imaging technique quickly spread across the world after its demonstration 
to the public in 1896. A review of major medical colleges across the United States 
conducted by the American X-Ray Journal (Fig. 1.3 shows the cover of this journal) 
in 1899 revealed more than 80 institutions where X-ray machines were available for 
patients [1], a remarkable rate given that it was just 4 years after X-ray discovery. With 
X-ray imaging, bone fractures, kidney stones, and metallic objects such as bullets and 
needles could be reliably located. With further refinement, physicians could even rec-
ognize and visualize certain organs. However, imaging inside the organs was impos-
sible since the low and uniform density of soft tissue composed of transparent to 
X-rays water and organic media provided little contrast within the tissue.

To address this shortcoming, W. Cannon from Harvard Medical School began 
developing “contrast agents,” biocompatible compounds that could absorb X-rays. In 
1905, he discovered that high-density metal salts such as bismuth-based compounds 
provided the desired contrast in the intestines: “The animals thus fed with food mixed 
with bismuth subnitrate were exposed to the X-rays and, without disturbing the 
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Figure 1.2  Timeline of the most important events in the development of nanoparticles for 
imaging and diagnostics covering the period from the twentieth century. The upper part corre-
sponds to nanoparticles, and the lower part to the development of imaging modalities. (See 
insert for color representation of the figure.)
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4� Historical Perspective on Nanoparticles in Imaging from 1895 to 2000

processes of digestion, the movements of the food in the stomach and small intestine 
were observed by means of the shadows cast on a fluorescent screen” [3]. A few 
years later, a less toxic barium sulfate mixed with foodstuffs became the first broadly 
used contrast agent in X-ray imaging of the digestive tract [4]. This water-insoluble 
salt (to prevent barium toxicity) was swallowed with food prior to the imaging 
procedure to outline the esophagus, stomach, and small intestines. The contrast could 
also be inserted via enemas to visualize the colon. This practice allowed the visuali-
zation of tumors, strictures, blockages, and ulcers and has been so simple and suc-
cessful that it is still in use today.

The next advancement in the development of contrast agents came from Argentina, 
where in 1919 the radiologist Dr. C. Heuser intravenously injected a water-soluble 

Figure 1.3  The American X-Ray Journal established in May 1897 was one of the first 
imaging journals. Launched by Dr. H. Robarts, a prominent radiologist from St. Louis, his 
biography is described in Ref. [2]. The journal existed until 1905. (Courtesy of Becker Library, 
Washington University School of Medicine.)
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potassium iodide to image the circulatory system. High-density iodide provided 
significant attenuation to X-ray radiation, causing the blood vessels to appear lighter 
on film. A few years later, Heuser utilized another iodinated compound called Lipiodol 
synthesized in 1901 by the French chemist M. Guerbet. Lipiodol is a low-viscosity 
radio-opaque diagnostic agent formed by the iodination of the fatty acids in poppy-
seed oil and was applied to investigate the uterine cavity and fallopian tubes. Due to 
its high density and low toxicity, many iodinated compounds are commonly used 
today in X-ray and computer tomography (CT) imaging—a successor of the X-ray 
technique. (One of the leading companies of X-ray contrast agents is the Guerbet 
Group established by the son of Lipiodol’s inventor in 1926.) However, despite sev-
eral decades of continuous efforts to improve X-ray instrumentation and expand X-ray 
imaging to soft tissue with contrast agents, diagnosing diseases of internal organs 
suffered from unacceptably low contrast. New technologies were desperately needed.

1.3  Rise of the Nuclear Imaging Techniques (1940s–1950s)

Shortly after World War II in 1946, the U.S. Congress passed the Atomic Energy Act 
that transferred nuclear weapon development and nuclear power management to 
civilian, rather than military control. The Oak Ridge Laboratory in Tennessee was 
directed to provide radioisotopes for peaceful purposes, especially for medical appli-
cations. One of the first isotopes made available was 198Au colloid. It was produced 
by bombarding gold foil with slow neutrons in a uranium pile and was immediately 
(1947) utilized for cancer therapy in patients [5]. Since gold cations are extremely 
reactive due to their high reduction potential (Au3+(aq) + 3e− → Au(s), +1.50 V vs. 
NHE), they are incompatible with biological tissues. In contrast, gold colloid is 
chemically stable for storage, and the author recalls seeing bottles of colloidal gold 
that were several decades old. In addition, gold colloid is biologically inert and has 
been known in medicine since the time of Paracelsus [6].

198Au emits radiation consisting of 0.97 MeV beta (β−)- and 0.411 MeV gamma 
(γ)-rays with a half-life of 2.7 days [7]. The beta radiation from this isotope is 
absorbed under several millimeters of tissue rendering its importance for cancer 
treatment. The gamma emission that penetrated freely through the body became 
important for imaging. Produced colloidal gold nanoparticles were small enough 
(3–7 nm) [8] to pass through the pulmonary capillaries (<7 µm) but were accumu-
lating mostly in the liver and spleen [9]. At higher dosages, even bone marrow could 
be visualized. The problem with 198Au was its high radiation dosage of 50–100 rad/μCi 
that limited its clinical utility. In the search for compounds offering better imaging 
properties, 99mTc–sulfur colloid has been explored. Subsequently, other radioactive 
colloids such as 68Ga ferric oxide and 113In ferric hydroxide have been employed. 
With the help of these nanoparticles, untreated leukemia with grossly expanded 
marrow compartments was shown to be distinguished from aplastic anemia or mye-
lofibrosis with less than normal activity of marrow [10].

Following the acceptance of isotopes in imaging, the 1940s and 1950s witnessed a 
rapid development of imaging instrumentation. The diagnostics with radioactive metals 
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were generally conducted by “external counting” or “scintillation scanning.” For that, 
a handheld Geiger–Muller counter introduced in 1928 capable of measuring gamma-
rays and its mica-window modification for simultaneous detection of energetic beta-
rays from in vivo sources was utilized [11]. By applying a Geiger–Muller counter to 
the surface of the skin at the site of interest, the distribution of the isotopes in the blood 
and extracellular tissue fluids could be followed. This method was a widely accepted 
standard in clinics until in 1958 when H. Anger from Berkeley Lab described a new 
scintillation camera (Anger camera), where gamma-rays were detected by a scintil-
lating crystal. Upon contact with a gamma photon, a scintillator such as NaI crystal 
emits a photon at much lower energy, approximately 430 nm, thus converting ionizing 
radiation into light energy that could be detected by a photomultiplier tube (PMT). 
With many of the PMT tubes attached to the same crystal, many points could be imaged 
simultaneously. One of the first applications of the Anger camera was in a knee injected 
with 198Au to diagnose an acute knee diffusion [12], a pathology that describes an 
excessive amount of fluid that accumulates around the joint and causes swelling.

Positron emission tomography (PET) and single-photon emission computed 
tomography (SPECT) have made their appearance in the 1950s. At the beginning of 
this decade, a team from MIT led by G. Brownell and physician W. Sweet from 
Massachusetts General Hospital [13] and independently F. Wrenn et al. [14] con-
structed the first PET detector to exploit the positron–electron annihilation effect for 
use as an imaging tool. D. Kuhl at the University of Pennsylvania and his colleagues 
at the University of Pennsylvania built the Mark II scanner, an ancestor of today’s CT 
and SPECT scanners. The historical reviews on the development of imaging tech-
niques written by the pioneers of this field describe these early efforts in great detail 
[15–17]. One of the first human scanners Mark III is shown in Figure 1.4.

Although the period of the 1940s–1950s has demonstrated the potential of imaging 
with nanoparticles in diagnostics and treatment monitoring, the use of nanoparticles 
was accidental. The majority of the efforts were directed toward the discovery of less 
expensive and more available sources of radioisotopes (cyclotrons, nuclear reactors), 
the development of imaging instrumentation, and the medical assessment of the tech-
niques. Nanoparticles were produced mostly in the form of colloids, their chemistry 
has more or less been established, and their formulations were straightforward. 
Minimum efforts have been made to modify the nanoparticles for specific medical 
applications. These efforts started and went into full swing throughout the next decades.

1.4  Imaging with Liposomes (1960s–1970s)

1.4.1  Discovery of Liposomes

In the beginning of the 1960s, A. Bangham and his colleagues from the University of 
Cambridge (London) visualized the dispersion of lecithin-type phospholipids under 
an electron microscope and discovered their unusual multilamellar architecture 
(Fig. 1.5). “Toward the end of 1962, we had persuaded ourselves that we were seeing 
minute sacs of approximately 50 nm diameter, the first ‘lipid somes’ as we have come 
to know them.” Intensive studies of the liposomes led to the discovery of aqueous 
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Figure 1.4  First human PEN scanner PETT III (1974) located in the hall of the Department 
of Radiology Washington University School of Medicine in St. Louis, where this scanner had 
been invented. The inventors had given the name “positron emission transaxial tomography” 
(PETT). The name was reduced to PET because transaxial was no longer the only plane used 
for image reconstruction. (See insert for color representation of the figure.)
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Figure 1.5  Structure of a multilamellar liposome and of a typical lecithin component 
phosphatidylcholine. The latter is composed from choline and phosphate group, glycerol, and 
long-chain fatty acid. Lecithin was first isolated in 1846 by the French chemist and pharmacist 
Theodore Gobley.
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channels between lamellar structures that could be widened by the introduction of 
charged molecules into previously uncharged lecithin layers [18, 19]. These multila-
mellar liposomes were found to capture a variety of cationic species from tiny Li+ 
ions to relatively large cholines and, as soon to be shown, imaging reporters that were 
dissolved in the aqueous phase at the time of liposome formation.

Following the discovery and characterization of multilamellar liposomes,  
D. Papahadjopoulos and N. Miller in 1967 described the structure of small unilamellar 
vesicles (SUVs) [20, 21]. This was an important development, since SUVs could be 
formed with better reproducibility and could serve as a technological platform for 
molecular imaging.

1.4.2  Visualization of Liposomes in Vivo

The majority of liposome clinical applications were historically centered in drug 
delivery. However, the visualization of the liposome distribution in vivo was critical 
for their clinical success and was the driving force behind the labeling of the 
liposomes with imaging reporters. In the beginning of the 1970s, G. Gregoriadis with 
colleagues from the Royal Free Hospital School of Medicine in London prepared 
liposomes labeled with entrapped 131I-labeled albumin [22, 23] (Fig. 1.6). Upon 
in vivo administration, these liposomes were primarily deposited into the liver (major) 
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Figure 1.6  Design of 131I-albumin liposomes. [3H]Amyloglucosidase and 131I-labeled 
albumin were entrapped into liposomes composed of phosphatidyl choline, cholesterol, and 
dicetyl phosphate. 131I-labeled albumin was also entrapped in [3H]cholesterol liposomes. 
(Based on Refs. [22] and [23].)
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and spleen (minor), targeting Kupffer cells as well as parenchymal cells. A few years 
later (1974), this contrast agent was applied to cancer patients [24] to monitor the 
deposition of a liposome carrying radiopharmaceutical to the area of treatment. It 
was, in fact, the first time liposomes were administered into humans.

Realizing the potential of radiolabeled liposomes in imaging, groups of V. Caride 
from Yale and V. Richardson from University of London in the middle of 1970s 
developed a 99mTc-labeled liposome for tumor detection [25, 26]. By that time, the 
medical community recognized 99mTc as an excellent radioisotope for diagnostics 
because of its short half-life of approximately 6 h allowing for the complete clearance 
of radioactivity after 24 h and, also, readily detectable 140 keV γ-rays by conven-
tional X-ray diagnostic equipment. 99mTc labels were attached to a variety of pre-
formed liposomes made from phosphatidylcholine and cholesterol via a so-called tin 
chloride method shown in Figure 1.7. This method allowed 99mTc originally gener-
ated in the form of highly hydrophilic pertechnetate anion TcO

4
−, to be reduced into 

more hydrophobic Tc3+ compound and be integrated into organic environments. 
Upon administration of this radiolabeled liposome to mice, a significant increase of 
the clearance rate of radioactivity was achieved compared to free pertechnetate. 
More importantly, the preferential uptake of the contrast agent by tumors was 
observed. However, the liposomes with Tc3+ had low stability in vivo resulting in the 
dissociation of the radionuclide from the liposome. Hence, the tin chloride reduction 
method was later enhanced by the addition of 99mTc-specific chelators.

Around the same time in the 1970s, the group of J. Baldeschwieler from Stanford 
University came up with the visualization of liposomes from another angle. The 
original intention of the group was to develop a technique for monitoring the release 
of a therapeutic cargo from the liposomes. Certain isotopes, such as 111In known well 
today, sequentially emit two gamma-rays of different energy. These two sequential 
emissions can be measured by a technique known as gamma-ray perturbed angular 
correlation (PAC) coincidence spectroscopy. The result of the measurement is a 
parameter that is related to the rotational correlation time of the label. Molecules 
trapped inside the liposomes rotate faster than the released ones and bound by high-
molecular-weight serum proteins. Hence, the change of the environment affects 
(perturbs) the angular correlation and alters its rotational time. In the series of pub-
lications from 1972 to 1980, the group refined this technique, synthesized a variety 
of 111In carrying liposomes, measured the liposomes’ structural integrity in vivo, and 
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Figure 1.7  Formation of 99mTc liposomes via tin chloride method. (Based on Ref. [25].)
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finally demonstrated tissue specificity for targeting liposomes [27–29]. One of the 
outcomes of this study was the recognition and the rise of a variety of 111In-labeled 
nanoparticles for SPECT imaging [30–33].

1.5  Magnetic Imaging with Nanoparticles (1980s–2000)

1.5.1  MRI Nanoparticles with Paramagnetic Ions

Clinical applications of MRI in the beginning of the 1980s, initiated by the first com-
mercially available MRI scanners from General Electric, opened a new era in 
imaging. The fascinating early history of MRI contrast agents has been well docu-
mented, and the reader is encouraged to review the Reference [34]. In MRI, a strong 
magnetic field pulse is applied to a body causing certain atoms, such as protons, to 
be excited. The rate of the following relaxation is recorded and transferred into an 
image. This concept of relaxation came from nuclear magnetic resonance (NMR), 
the predecessor of today’s MRI, as a method for characterizing organic compounds. 
By the middle of the 1970s, chemists recognized that beside three major NMR 
parameters, chemical shifts, coupling constants, and integrated areas, there were two 
more parameters, namely, spin relaxation time (T

1
) and lattice relaxation time (T

2
), 

that could be used to characterize the structure of the organic molecule [35]. Hence, 
there were also a number of ways whereby spin–lattice relaxation times could be 
chemically manipulated. Among them was the use of paramagnetic metal ions 
including gadolinium (Gd) that affected the relaxation times of associated ligands 
and nearby solvent molecules. Not surprisingly, the first MRI contrast agents 
described in the early 1980s were based on Gd complexes.

To enhance the MR signal, metal atoms should be freely exposed to biological 
water. This requirement demands the location of the metal at the exterior of the 
nanoparticle. To address this problem, G. Kabalka from the University of Tennessee 
in 1987 prepared Gd complexes with DTPA carrying two lipophilic long chains that 
were integrated into the lamellar phase of liposome particles [36] (Fig. 1.8). This 
proof-of-concept approach showed that the relaxation rate in the liver, post ex vivo, 
increased by 180%. Other metal complexes such as Mn2+ complexes have been also 
explored. The early attempts to entrap Mn2+-DTPA in multilamellar liposomes [37] 
were not entirely successful; the complex from nanoparticles leaked out although the 
image showed the difference in contrast agent biodistribution compared to the free 
complex. In a parallel effort, the group of G. Navon from Tel-Aviv University added 
serum albumin to stabilize the complex inside the liposome and enhance their effect 
on water proton relaxation rates [38]. However, these promising in vitro results were 
not followed by imaging in vivo.

1.5.2  Supermagnetic Nanoparticles

The breakthrough in the development of MRI contrast agents began from the intro-
duction of supermagnetic nanoparticles in the mid-1980s. In contrast to by that time 
popular T

1
 Gd paramagnetic agents, this class of contrast agents gave rise to a dramatic 
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shortening of the T
2
 or T

2
* relaxation times. A group led by J. Leigh Jr., a radiology 

scientist at the University of Pennsylvania, introduced ferromagnetic, albumin-coated 
magnetite particles of 1–50 nm in diameter [39]. These nanoparticles, prepared from 
ferric and ferrous chlorides, were covered with cross-linked albumin to decrease 
potential metal toxicity and showed significant reduction of both T

1
 and T

2
 at 

relatively low particle concentration in rats. At the same time, P. Lauterbur’s group 
from the State University of New York, Stony Brook, reported enhanced imaging of 
the abdomen in dogs using 50 nm magnetite nanoparticles [40]. (The contribution 
of P. Lauterbur in MRI was acknowledged with a Nobel Prize in 2003.) Both Leigh’s 
and Lauterbur’s groups predicted the success of ferromagnetic nanoparticles in future 
biomedical research and clinical diagnosis.

In the upcoming years, the potential of many types and sizes of superpara-
magnetic particles (SMP), micrometer-sized paramagnetic iron oxide (MPIO, 
micron size), superparamagnetic iron oxide (SPIO, submicron size), and ultrasmall 
superparamagnetic iron oxide (USPIO, <50 nm) has been evaluated in many pre-
clinical and clinical trials. The acceptance of these particles in research and 
clinical applications was mainly due to the following advantages: (i) a strong 
change in the signal per iron atom, in particular on T

2
-weighted images (given 

thousands of iron atoms in the nanoparticle, the strength of the signal overcomes 
the typical low contrast agent sensitivity of MRI); (ii) the biocompatibility of 
relatively low toxicity iron—free iron can be metabolized via normal biochemical 
pathways; and (iii) coating and surface modifications, allowing the active targeting 
of the nanoparticles [41]. Many of the SMP nanoparticles have been commercial-
ized and approved by healthcare systems in Europe and Asia under the trade names 
of Endorem®, Guerbet SA, or Ferridex®, Berlex Laboratories, Inc. By the turn 
of  the twenty-first century, contrast agents were used in nearly 25% of all MRI 
procedures.
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Figure 1.8  Amphipathic Gd complex with DTPA featuring hydrophobic tails. DTPA 
anhydride was reacted with stearyl amines and integrated into the lamellar phase of liposome 
particles. The T

1
 in the liver increased by 180%. (Based on Ref. [36].)
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Figure 1.9  Structures of NIR dyes: indocyanine green, first approved near-infrared dye 
developed by Kodak chemists Heseltine and Brooker in 1957 [44], Cy7 developed by Waggoner 
(1987) and later commercialized by Amersham [47, 48], and cypate (2000) synthesized by 
Achilefu [49].

1.6  Optical Imaging with Nanoparticles (1980s–2000)

Optical imaging was one of the newest imaging modalities that marked its debut 
for deep tissue imaging less than two decades ago. Although observation of visu-
ally accessible body parts and some organs (such as the colon, throat) has been 
accessed for centuries, the use of light to visualize internal organs did not begin 
until the mid-1970s. Diaphanography [42] (a method for the evaluation of the 
female breast) and eye angiography (see Section 1.6.1 “NIR cyanine dyes”) were 
one of the first clinical applications of imaging with light in the 1970s. Typical 
visible photons do not penetrate through biological tissues deeper than several 
millimeters due to extensive scattering of photons by the tissue and significant 
levels of endogenous chromophores such as melanin and hemoglobin that absorb 
visible photons. In contrast, near-infrared (NIR) light (700–900 nm) can penetrate 
the tissue much deeper: the scattering is lower and the endogenous absorption 
in this spectral range is weak. With the development of NIR instrumentation such 
as detectors, light sources, and especially NIR contrast agents in the middle of the 
1990s, optical imaging quickly advanced from a preclinical stage to use in clinical 
applications.

1.6.1  NIR Cyanine Dyes

A large number of today’s nanoparticle research involves decorating nanoparticles 
with fluorescent NIR dyes from a class of cyanines. The history of cyanine dyes for 
imaging applications started in the middle of the 1950s when an executive of Eastman 
Kodak Company, who was pleased with the care he received from Dr. I. Fox at the 
Mayo Clinic, offered to help him in his research. Dr. Fox needed a biocompatible dye 
that could be detected in blood. The executive sent an array of dyes from the Eastman 
Kodak laboratories for evaluation. Included among them was indocyanine green 
(ICG) (Fig. 1.9) developed as a sensitizer for photography by D. Heseltine and  
L. Brooker [43]. The testing for measuring hepatic function began in 1957 [44], and 
due to the low toxicity, the compound was rapidly approved by the FDA for this 
application in the beginning of 1959. Several years later, this dye was clinically used 
for measuring cardio function from ICG blood clearance curves.

The first attempt at using ICG for angiography was conducted by K. Kogure 
and coworkers from the University of Miami in 1968 when they demonstrated 

0002167450.INDD   12 8/11/2014   4:09:43 PM



OPTICAL IMAGING WITH NANOPARTICLES (1980s–2000)� 13

infrared absorption angiography of a monkey’s brain vasculature [45]. Following 
intra-arterial ICG injection, the brain was illuminated by a flash from a bright 
lamp, and images were recorded on a Kodak Ektachrome film with sensitivity 
up  to 900 nm. However, the method did not work with intravenous injections. In 
the  early 1970s, R. Flower and B. Hochheimer at Johns Hopkins discovered the 
NIR fluorescence of ICG that was especially strong in blood samples and that could 
be visualized with night vision scopes or sensitive NIR films. In 1972, the first intra-
venously injected ICG fluorescence angiograms were produced. The early history 
of  these events and their following development are described in References 
43 and 46.

Following its success in ophthalmology, ICG was exploited in cancer diagnostics 
in 1994 to delineate tumor margins [50]. To overcome the disadvantage of fast 
clearance (half-life is 3.4 min in humans) and for better confinement in blood vessels, 
Devoisselle with colleagues prepared ICG incorporated in liposomes [51]. Expectedly, 
a substantially longer residence time (>60 min) was achieved when administered to 
rodents compared to the free dye.

The use of ICG was restricted to mostly simple formulations or direct injections of the 
dye. Lack of active functionalities precluded the use of ICG for labeling. A. Waggoner 
from Carnegie Mellon University addressed this problem by developing a set of cyanine 
dyes including NIR dye Cy7 with reactive functionalities such as NHS esters and isothio-
cyanate [47, 48]. Cy7 commercialized by Amersham (now GE Healthcare) became one 
of the most utilized NIR dyes in the 1990s. In parallel, S. Achilefu (then at Mallinckrodt, 
Inc.) developed cypate, an activatable analog of ICG, with almost identical optical prop-
erties to ICG (molar absorptivity, quantum yield) [49]. Other reactive NIR dyes followed 
[52], and the imaging using the dyes of conjugated to antibodies and small peptides has 
been demonstrated in vivo in mouse models [53]. These functionalizable NIR dyes have 
later become the dyes of choice for labeling many types of nanoparticles.

1.6.2  QDs

The term “quantum dots” was coined by Mark Reed (then at Texas Instruments) in 
his paper published in 1988 [54]. The introduction of QDs started with the realization 
that the optical properties of semiconductor particles were strongly dependent on 
particle size due to the quantum confinement of the charge carriers in small spaces. 
Thus, at a certain small size, the semiconductors could turn into bright emitters. A 
theoretical framework for these size-dependent properties was first described by 
brothers Alexander and Aleksei Efros from Ioffe Institute in the USSR in 1982 [55]. 
Shortly after their publication, publications describing synthesis of QDs emerged 
from several researchers. Among them, L. Brus (from Bell Labs) was awarded with 
the first Kavli Prize in Nanoscience in 2008 for his pioneering efforts in this field 
[56]. (The prize was actually shared with Sumio Iijima, of Meijo University in Japan, 
for his discovery of carbon nanotubes—another prominent imaging agent—of which 
its potential in imaging became recognized in the 2000s.)

For almost a decade, QDs with their low quantum yield and instability remained a 
subject of interest chiefly among physicists and material scientists. Three steps toward 
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bioimaging applications have been made in following years. The first step was to 
increase the brightness and stability of QDs with a protective layer. The synthesis 
of  such protected CdSe/ZnS QTs with tunable emission was developed by the 
M. Bawendi group [57] and is shown in Figure 1.10. The produced QDs were highly 
fluorescent but only soluble in organic solvents such as toluene. Hence, another criti-
cal step toward biomedical applications was making the QDs hydrophilic. In 1998, 
two groups led by P. Alivisatos at UC, Berkeley, and S. Nie at Indiana University, 
Bloomington, independently demonstrated that QDs could be made water soluble and 
could be conjugated with biological molecules [58, 59]. The final step toward in vivo 
imaging was the development of QDs emitting above 700 nm. This step was intro-
duced only in 2004 in a joint publication from Bawendi and Frangioni [60] and is part 
of the new history of imaging nanoparticles.

1.6.3  Nanoparticles as Photoacoustics Contrast Agents

One of the promising applications of optical nanoparticles is their utility as contrast 
agents in photoacoustics. Although the effect of photoacoustics or (optoacoustics) has 
been demonstrated long time ago in 1880 with the pioneering work of Alexander Graham 
Bell, photoacoustics became an imaging modality only recently. The early works by 
Oraevsky et al. [61] and Kruger et al. [62] demonstrated the value of photoacoustic signal 
in imaging of deep tissue in the early 1990s. Several years later, prolated metal nanoparti-
cles absorbing at 1064 nm were suggested as contrast agents by Oraevsky’s group [63, 64].

1.7  Ultrasound Microbubble Contrast Agents (1970s–2000)

Technically, microbubbles are vehicles that exceed the size of nanoparticles with a 
diameter in the 1–10 µm range. However, the recent trend of minimizing their size to 
nanosized scales prompts us to cover microbubbles in this chapter.

TOP-Se

TOPO-Cd

Nucleation
T= 320°C

Growth
T= 290°C

Shell growth
T= 220°C

Figure 1.10  High-temperature synthesis of colloidal CdSe quantum dots. A Cd precursor 
is dissolved in the tri-n-octylphosphine oxide (TOPO)-coordinating solvent. Under continuous 
stirring at high temperature (∼320°C), a Se precursor dissolved in tri-n-octylphosphine (TOP) 
is injected into the flask, initiating nucleation of CdSe nanoparticles. The growth phase occurs 
at lower temperature (to ∼ 290°C). When the desired size has been obtained, the solution is 
cooled (∼220°C) to prevent further particle growth. A passivating layer of ZnS is deposited by 
injection of zinc and sulfur precursors dissolved in TOP. Upon cooling to room temperature, 
these core–shell QDs are isolated via precipitation. (Based on Ref. [57].)
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Ultrasound was primarily developed for military applications for detecting 
submarines in World War I. In the late 1940s, several enthusiasts recognized the 
potential of this technique in medical imaging. Among them was a radiologist  
D. Howry. In his basement in Denver, Howry, later together with the nephrologist  
J. Holmes, built his first ultrasound scanner to image soft tissue [65]. The principle 
of imaging was based on the reflection of an ultrasound signal generated by a piezo-
electric transducer at some fundamental frequency. This ultrasound signal travels 
through the biological tissue, gets reflected off a structure, and travels back to the 
transducer to produce an image. After a decade of development, the technique under-
went significant modifications, and by the mid-1960s, the first commercial system, 
Vidoson® by Siemens, Inc., for ultrasound imaging was released.

However, due to poor reflection of signal against biological tissue, measured 
signal intensity was low, producing images of poor quality. By serendipity, Raymond 
Gramiak, a radiologist at the University of Rochester, while examining a patient for 
cardiac output with indocyanine green—a standard method at that time—observed 
an intense contrast improvement at the site of injection [66]. In the following paper, 
the authors identified a small amount of foam formed upon dissolution of ICG with 
water responsible for the intracardiac contrast effect produced by ICG. “It is our 
belief that the contrast effect represents the ultrasonic detection of miniature bubbles 
within the heart produced by gaseous cavitation, which occurs when the contrast 
agent is injected rapidly, or by miniature bubbles injected in the foam of indocya-
nine-green solutions [67].” This discovery paved the way to an era of numerous 
designs of micro- and, later, nanobubbles in the following decades that are covered 
in many reviews and books [68–70].

The clinical use of early contrast agents that were made on site by agitation of 
saline solutions filled with air were unsuccessful due to the low stability of air-filled 
microbubbles and rapid disappearance of the contrast signal in vivo. The early agents 
also suffered from large and heterogeneous sizes and low permeability through the 
pulmonary system. Subsequent efforts showed that the stability of the microbubbles 
could be enhanced via a sonication technique instead of agitation and could be further 
improved by stabilizing agents such as sorbitol and dextrose [71]. Among the new 
techniques, a patent filed by Feinstein in 1985 [72] introduced a new class of stabi-
lized microbubbles. These microbubbles were formed by sonication of an albumin 
solution that led to the formation of a protective coating of serum albumin on the 
surface of the bubbles [68] (Fig. 1.11). This discovery headed to the development of 
the first generation of the commercial contrast agent Albunex® (Mallinckrodt, Inc.) 
with a thin layer of cross-linked albumin (<15 nm) around an air bubble. The 
advantage of this contrast agent was that Albunex could be purchased in a standard-
ized prepackaged form, minimizing handling complications and errors with dosage.

Despite the presence of protective layers, the microbubbles were still suffering 
from short lifetimes in circulation. Due to their relatively large size, they were unable 
to cross the lung barrier, thus limiting the imaging to the right side of the heart. 
Addressing these problems, the second-generation contrast agents were filled with a 
heavy gas such as perfluoropropane. The use of the high-density gas as a filling 
material was a breakthrough since it drastically reduced the diffusion of the gas from 
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the bubble due to the low solubility of perfluorinated molecules in the blood. The 
high stability of the microbubbles allowed imaging at much lower dosages and with 
longer imaging time. In addition, these new-generation microbubbles such as Optison 
(Mallinckrodt, Inc.) were approved by the FDA in 1997 and were much smaller with 
diameters less than 4 µm, allowing for the imaging of the whole heart.

1.8  Maturity: Nanoparticles Surface Modifications  
(Late 1980s–early 2000s)

By the middle of 1980s, several imaging techniques became suitable for the identifica
tion of internal organ pathologies. The ability to perform diagnostics noninvasively 
had a profound effect on the practice of medicine. New contrast agents became com-
mercialized and rapidly adopted by clinics, which further accelerated the search for 
new contrast agents including nanoparticles. However, the available methods and 
contrast agents to highlight pathological changes could not be utilized for early 
diagnostics, where the change in signal was often below the resolution of the instru-
mentation. Furthermore, practically all types of nanoparticles were removed rapidly 
from circulation by phagocytic cells of the reticuloendothelial system (RES). As a 
result, nanoparticles mostly resided in the liver and the spleen. The effect of the 
RES could have been hypothetically evaded by using large doses of nanoparticles or 
pharmacological interventions to inactivate macrophages, but such strategies could 
compromise the immune system of patients [73]. Thus, a realization emerged that 
nanoparticles should be modified to alter their clearance pathway and directed 
(targeted) to specific tissues.

1.8.1  Targeting of Nanoparticles

By the middle of the 1970s, liposomes have been the most advanced type of nanopar-
ticles and presented an excellent scaffold for the incorporation of different types of 
molecules including multiple targeting moieties from small molecules to antibodies. 

Targeting group

Crossed-linked
protein

Lipids

Polymer

1–200 nm

Filling gas

Protecting shell

0.5–10 µm

Figure 1.11  Schematic of a microbubble with a protecting shell and targeting groups. 
(Based on Ref. [68].)
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Multiple ligands were sought to provide additional benefits increasing the specificity 
of the probe due to many interactions with cell receptors overexpressed at the site of 
interest. The first effort to modify the surface of the nanoparticles with antibodies 
appeared in the mid-1970s with the pioneering work of Gregoriadis. He demon-
strated that 111In-labeled liposomes carrying “homing probes” such as IgG and desi-
alylated fetuin improved the selectivity of internalization in cell studies [33]. Further 
progress was made by V. Torchillin’s group that decorated liposomes with covalently 
conjugated anticanine cardiac myosin antibodies. These targeted liposomes carrying 
111In radiolabels, named “immunoliposomes,” were administered to dogs and were 
shown to localize in acute canine myocardial infarctions, thus providing one of the 
first examples of target imaging in vivo [42]. In addition to antibodies, the surfaces 
of the nanoparticles were also modified with carbohydrates. Exposed 6-aminoman-
nose moieties, through covalent attachments to cholesterol imbedded in the lipid 
bilayers (see Fig.  1.12), produced a dramatic change in the biodistribution of 
nanoparticles labeled with radiolabels and significantly reduced the uptake by the 
RES [74].

Following liposomes, the development of targeted microbubbles was initiated 
during the late 1990s by F. Villanueva et al. from the University of Pittsburgh. A 
40-fold increase in the extent of monoclonal antibody-labeled bubble adhesions to 
activated coronary artery endothelium cells compared to nontargeted contrast agents 
was observed [75].

Similar to other nanoparticles of that time, early magnetite nanoparticles as a 
result of RES sequestration were mostly utilized for imaging of the liver, spleen, and 
bone narrow system. Because of RES, these nanoparticles also suffered a short 
blood lifetime. Hence, a significant effort over the following several years had been 
made to develop new synthetic routes and surface modification techniques to 
increase the lifetime and alter biodistribution and pharmacokinetics of iron oxide 
nanoparticles [41, 76].
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Figure 1.12  Design of targeted liposomes: cholesterol acts as a carrier for the targeting 
group, 111In is complexed by nitrilotriacetic acid, and A21387 acts as a cation ionophore, 
allowing these ions to cross cell membranes. The key modification was a sugar derivative 
of cholesterol, a standard building block that adds fluidity to the liposome. The presence of 
particular surface carbohydrate modifications affected dramatically the stability and tissue 
specificity in mice. (Based on Ref. [74].)
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1.8.2  PEGylation of Nanoparticles

Besides targeting, another important development in nanoparticle design was the 
introduction of polyethylene glycol (PEG). This inert hydrophilic polymer was intro-
duced around 1970 by F. Davis, at Rutgers University, to modify bioactive proteins 
for medical applications to extend blood life and control immunogenicity of the pro-
teins [77]. In 1988, A. Gabizon and D. Papahadjopoulos published a seminal paper 
describing a concept of PEGylated liposomes with increased retention time [78]. In 
this publication, a shell of PEG of up to 5–10 kDa around liposomes largely pre-
vented the uptake by RES rendering liposomes more accessible to other organs 
including implanted tumors. The potential of the PEGylated nanoparticles in imaging 
was further revealed in 1991 by a publication from Torchillin’s group [79]. In this 
report, liposomes labeled with 111In complex were modified with a PEG5000 
derivative of phosphatidylethanolamine (Fig. 1.13). Because of the presence of PEG, 
the liposomes cleared slowly from the blood after intravenous injection and showed 
up to 6–18-fold at the specific localization of the target.

1.9  Concluding Remarks

By the beginning of the twenty-first century, many diagnostic modalities, including 
PET, SPECT, CT, MRI, optical angiography, and ultrasound, became routine clinical 
tools. Emerging modalities such as optical tomography, photoacoustics, and Raman 
and fluorescence imaging have also begun their way into clinics. Hardware 
development, novel and faster algorithms, sophisticated image acquisition, and better 
processing software to further improve the resolution and accelerate the diagnostic 
procedures also emerged. After several decades of research, facing problems such as 
batch-to-batch variation, low in vivo stability, liver clogging, and legal issues that 
required testing of each nanoparticle component, large clinical trials with nanoparti-
cles have finally been completed. Many imaging agents were approved by the FDA 
and other regulatory agencies abroad. The advances in chemistry, material science, 
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Figure 1.13  Immunoliposomes labeled with 111In-EDTA-SA complex incorporated into 
the lipidic bilayer were modified with a PEG5000 derivative of phosphatidylethanolamine in 
combination with a monoclonal antibody to target myosin heavy chain. (Based on Ref. [79].)
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and analytical chemistry along with progress in molecular and cell biology, genome 
decoding, and the unraveling of the molecular pathways with the discovery of many 
disease-specific biomarkers gave rise to a new generation of high affinity contrast 
agents. These targeted agents increasingly in a form of nanoparticles opened up a 
new and exciting field of molecular imaging. This concept defined by R. Weisleder 
in 2001 as “in vivo characterization and measurement of biologic processes at the 
cellular and molecular level” [80] in contrast to the classic imaging techniques relying 
on changes in gross anatomy became the guide for the development of many modern 
imaging modalities. Many of the new advances are further discussed in this book.
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