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PREFACE

Nanotechnology is poised to make potentially revolutionary innovations in areas of
biomedical science such as diagnostics, drug therapy, and imaging. In the future, nan-
otechnology using different biomarkers will be able to diagnose patients in much ear-
lier stages of disease. Microchip-based diagnostic tests using biomarkers conjugated
to nanoparticles or quantum dots can detect abnormalities at molecular levels that po-
tentially can lead to disease progression. Nanotechnology can overcome anatomical
and physiological barriers to deliver drugs more effectively to the target sites to reduce
nonspecific effects. Many drugs, especially modern therapeutics, cannot be successful
unless mechanisms for their effective delivery are developed. Nanotechnology can be
a powerful tool to address delivery-related issues such as poor solubility or stability in
biological environments. Imaging plays an important role in detection of pathologies
such as tumors or vascular pathologies. Magnetic nanoparticles are under extensive in-
vestigation to enhance and improve the magnetic resonance imaging (MRI) capability
for early detection of diseases.

Researchers in this area realize that the field of nanotechnology has matured over
the last two decades of extensive research. We have developed the ability to design new
systems, smart bioresponsive polymers that respond to changes in the bioenvironment
stimulated by disease conditions, and we have a better understanding of their action
mechanisms, interactions with cells and tissue, body distribution, and clearance. Also,
we know how to assemble biomolecules into different nanostructures. We appreciate the
pros and cons of each system and are making every effort to refine them to further enhance
their therapeutic potential. The progress in the field of nanotechnology is evident from the
range of nanotechnologies under various stages of clinical development from diagnostic
to drug delivery applications. The field has certainly galvanized interdisciplinary research
by bringing together polymer science, biology, pharmaceutical sciences, medicine, and
physical science. Collaborative efforts address issues from various angles, and they may
develop more effective solutions.

As we continue exploring nanotechnology for biomedical applications, it is essential
for us to ensure that the nanotechnologies developed are safe. Nanotoxicity is an emerging
field of research that will become an integral part of nanotechnology research; however,
the burden for ensuring the safety of these technologies resides with all of us. We are
pleased to cover some of the above important aspects of nanotechnology in this book.

Cleveland, Ohio VINOD LABHASETWAR

Lincoln, Nebraska DIANDRA L. LESLIE-PELECKY

March 2007
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1
BIOLOGICAL APPLICATIONS

OF MULTIFUNCTIONAL
MAGNETIC NANOWIRES

Edward J. Felton and Daniel H. Reich

1.1 INTRODUCTION

Nanoscale magnetic particles are playing an increasingly important role as tools in
biotechnology and medicine, as well as for studying biological systems. With appropri-
ate surface functionalization, they enable the selective application of magnetic forces to
a wide range of cells, subcellular structures, and biomolecules, and have been applied
to or are being developed for areas including magnetic separation, magnetic biosensing
and bioassays, drug delivery and therapeutics, and probes of the mechanical and rheo-
logical properties of cells [1–10]. Despite these successes, however, the structure of the
magnetic particles in common use limits the range of potential applications. Most bio-
magnetic particles available today are spherical, with either (a) a “core-shell” structure
of concentric magnetic and nonmagnetic layers or (b) magnetic nanoparticles randomly
embedded in a nonmagnetic matrix [2, 11]. These geometries constrain the range of
magnetic properties that can be engineered into these particles, as well as their chem-
ical interactions with their surroundings, because such particles typically carry only a
single surface functionality. A new and more versatile approach is to use asymmetric,
multisegment magnetic nanoparticles, such as the metal nanowires shown in Figure 1.1.

Biomedical Applications of Nanotechnology. Edited by Vinod Labhasetwar and Diandra L. Leslie-Pelecky
Copyright C© 2007 John Wiley & Sons, Inc.

1



chap01 JWBK002-Labhasetwar June 6, 2007 19:27 Char Count=

2 BIOLOGICAL APPLICATIONS OF MULTIFUNCTIONAL MAGNETIC NANOWIRES

(a) (b)

(c) (d)

5 µm

100 nm

Figure 1.1. (a) Schematic illustration of magnetic nanowires, showing single-segment, two-

segment, and two-component multisegment nanowires. (b) SEM image of 15 �m Ni nanowires

(from Ref. 24, reproduced with permission of The Royal Society of Chemistry). (c) EELS image

of Ni–Cu multisegment nanowires (reprinted with permission from Ref. 15, Copyright 2003,

American Institute of Physics). (d) Nanoporous Au–Ag nanowire with Ag etched away.

(Reprinted with permission from Ref. 16. Copyright 2003 American Chemical Society.)

The multisegment architecture of these particles, along with the ability to vary the aspect
ratio and juxtaposition of dissimilar segments, allows the nanowires to be given a wide
range of magnetic, optical, and other physical properties. In addition, differences in
the surface chemistry between segments can be exploited to selectively bind different
ligands to those segments, enabling the development of magnetic nanoparticle carriers
with spatially resolved biochemical functionality that can be programmed to carry out
multiple tasks in an intracellular environment.

This chapter provides an overview of recent results of a research program, centered
at Johns Hopkins University, that is aimed at development of multifunctional magnetic
nanowires for biotechnology applications. Section 1.2 provides a brief introduction
to the fabrication process, and this is followed in Section 1.3 by an overview of the
physical properties of the nanowires that are important in a biotechnological context.
Sections 1.4–1.6 describe our development of the needed “tool-kit” for biological ap-
plications: manipulation of the nanowires in suspension, chemical functionalization,
and self-assembly techniques. Section 1.7 discusses prospects for magnetic biosensing
using nanowires, and Sections 1.8 and 1.9 discuss the major biological applications of
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the nanowires explored to date: novel approaches to magnetic separations, new tools for
cell positioning and patterning, and new carrier particles for drug and gene delivery.

1.2 NANOWIRE FABRICATION

Nanowires are fabricated by electrochemical deposition in nanoporous templates. Orig-
inally developed for fundamental studies of the electrical and magnetic properties of
modulated nanostructures [12], this method offers control of both nanowire size and
composition and thus allows the nanowires’ magnetic and chemical properties to be
tailored for specific biological applications. To make the nanowires, a copper or gold
conductive film is sputtered on one side of the template to create the working electrode
of a three-electrode electrodeposition cell. Metal is then deposited from solution into
the template’s pores to form the wires. The nanowires’ diameter is determined by the
template pore size and can range from 10 nm to approximately 1 �m. The wires’ length
is controlled by monitoring the total charge transferred and is only limited by the thick-
ness of the template. After the nanowire growth is complete, the working electrode film
is etched away and the template is dissolved, releasing the nanowires into suspension.

Ferromagnetic nickel nanowires were commonly used in the work reported here.
Grown in commercially available 50 �m-thick alumina templates, they have a radius
of 175 ± 20 nm and lengths ranging from 5 to 35 �m. An SEM image of 15 �m-long
nickel nanowires is seen in Figure 1.1b. The high pore density of the alumina templates
(3 × 108 cm−2 [13]) enables fabrication of large numbers of nanowires. In addition to
single-component nanowires such as these, nanowires comprised of multiple segments
can be made by changing the deposition solution during growth. This technique has been
used with alumina templates to create two-segment Ni–Au nanowires [14]. Alternatively,
multisegment nanowires of certain materials can be grown from a single solution by
varying the deposition potential. One example is the alternating ferromagnetic and
nonmagnetic layers of the Ni–Cu nanowire shown in Figure 1.1c [15]. Nanowires
incorporating two metals can also be synthesized as alloys. In one example, this technique
has been used to produce high-surface area nanoporous Au wires by selectively etching
away the Ag from Au–Ag alloy nanowires, as shown in Figure 1.1d [16].

1.3 PHYSICAL PROPERTIES

The elongated architecture of the nanowires and the flexibility of the fabrication method
permit the introduction of various magnetic and other physical properties. The mag-
netic properties can be tuned and controlled through the size, shape, and composi-
tion of magnetic segments within the wires. For example, due to their high magnetic
shape anisotropy, single-segment magnetic nanowires form nearly single-domain states
with large remanent magnetizations for a wide range of nanowire lengths. This is il-
lustrated in Figure 1.2, which shows magnetic hysteresis curves for 175 nm-radius
nickel nanowires of different lengths [17]. The shape of the hysteresis curves is



chap01 JWBK002-Labhasetwar June 6, 2007 19:27 Char Count=

4 BIOLOGICAL APPLICATIONS OF MULTIFUNCTIONAL MAGNETIC NANOWIRES

Figure 1.2. Room temperature magnetization versus field curves for 1 to 2 �m beads, 5,

15, and 35 �m nanowires. Inset: Saturation moment versus nanowire size. (Reprinted with

permission from Ref. 17. ľ 2004 IEEE.)

nearly independent of nanowire length, with coercive field HC ∼ 250 Oe and remanent
magnetization MR ∼ 0.8MS, where MS is the saturation magnetization. These large, sta-
ble, and well-aligned moments make such nanowires useful for low-field manipulations
of cells and biomolecules, as discussed in Section 1.8. As seen in the inset, MS scales
linearly with the wire length, and at high fields the nanowires have moment per unit
length �/L = 3.9 × 10−11 emu/�m. For comparison, Figure 1.2 also shows the magnetic
moment of commercially available 1.5 �m-diameter magnetic beads. Note that while the
volume of the longest nanowires shown here is only 1.5 times that of the beads, their high-
field moment is 20 times that of the beads. Thus the nanowires can provide significantly
larger forces per particle in magnetic separations and other high-field applications.

There are, of course, biomagnetic applications in which large magnetic moments
in low field are not desirable. These include situations in which it is important to con-
trol interactions among particles to reduce agglomeration in suspension. The remanent
magnetization of multisegment nanowires such as those shown in Figure 1.1c can be
tuned by controlling the shape of the magnetic segments [15, 18, 19]. If the magnetic
segments within a multisegment nanowire have an aspect ratio greater than unity, shape
anisotropy favors the adoption of a high-remanence state with the segments’ moments
parallel to the wire axis, even if they are short compared to the length of the nanowire,
as shown in Figure 1.3a. In contrast, if the magnetic segments are disk-shaped (aspect
ratio < 1), the shape anisotropy of the individual segments favors alignment of their
moments perpendicular to the nanowire axis. Dipolar interactions between the segments
then favor antiparallel alignment of the moments of neighboring segments, leading to a
low-moment state in zero field, as shown in Figure 1.3b.

In addition to defining the magnetic properties, the segment composition can be
exploited for other purposes. For example, the high-surface-area nanoporous gold seg-
ments previously mentioned (Figure 1.1d) can be used for efficient chemical function-
alization, or for biosensing applications. Optical properties of the nanowires can also



chap01 JWBK002-Labhasetwar June 6, 2007 19:27 Char Count=

PHYSICAL PROPERTIES 5

(a)
1

0

−1

M
/M

s

−5000 0 5000

(b)
1

0

−1

M
/M

s

−5000 0 5000

M
/M

S

M
/M

S
M

/M
S

M
r/M

S

H/

H/

H⊥

H⊥

H⊥

H⊥

H//

H//

0.3

0.2

0.1

0
0 50 100

t(Cu) (nm)

H (Oe)

H (Oe)

Figure 1.3. Room temperature magnetization versus field curves for arrays of Ni–Cu multi-

layer nanowires in the template. (a) Ni–Cu nanowires with rod-shaped Ni segments (aspect
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be controlled. Differences in reflectivity in Au–Ag multisegment nanowires are being
exploited for “nano-barcoding” of molecules and subcellular structures [20], and oxide
segments with intrinsic fluorescence can also be introduced.

1.4 MAGNETIC MANIPULATION OF NANOWIRES

The large and tunable magnetic moments of nanowires allow precise manipulation
of molecules and bound cells, with applications ranging from cell separations to two-
dimensional cell positioning for diagnostics and biosensing, and to the potential creation
of three-dimensional cellular constructs for tissue engineering. The approaches we have
developed for these applications take advantage of nanowire–nanowire interactions,
as well as their interactions with lithographically patterned micromagnet arrays and
external fields. To illustrate these capabilities, we first discuss manipulation of the
nanowires themselves.

In liquid suspensions, the nanowires readily orient with their magnetic moments
parallel to an applied field. Single-segment and multisegment nanowires with long
magnetic segments align with the wire axis parallel to the field, and multisegment wires
with disk-shaped segments align perpendicular to the field [15, 21]. When magnetized,
the nanowires interact through dipole–dipole magnetic forces. Self-assembly of the
nanowires can be achieved, either in suspension or by allowing the wires to settle on
flat substrates. This process can be controlled by an external field. Without an applied
field, the nanowires are randomly oriented in the suspension, and they will assemble
into random collections due to the anisotropy of the dipolar interaction. Application of
a small field suppresses this random aggregation by prealigning the nanowires parallel
to each other. The nanowires then form end-to-end chains as they settle out of solution,
as shown in Figure 1.4 [22]. The addition of descending nanowires to chains settled on
the substrate can yield chains that extend over hundreds of micrometers.

Figure 1.4. Optical micrograph of Ni nanowire chain formation after precipitation from a

water suspension in an 8-G external magnetic field. (Reprinted with permission from Ref. 22.

Copyright 2002, American Institute of Physics.)
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Figure 1.5. Separation versus time for four chain-formation events in a 4-Oe external field.

Events (1) and (2) were in water, and events (3) and (4) were in ethylene glycol. (Reprinted

from J Magn Mater, 249, C. L. Chien et al., Electrodeposited magnetic nanowires: Arrays, field-

induced assembly, and surface functionalization, 146–155. Copyright 2002, with permission

from Elsevier.)

The motion of both bare nanowires and nanowires bound to cells in suspension is
governed by low Reynolds number hydrodynamics, and a nanowire’s velocity is given
by v = F/D, where F is the net force due to external fields, neighboring nanowires, and
gravity, and D is the appropriate viscous drag coefficient. Integrating this equation of
motion allows precise prediction and modeling of the nanowires’ dynamics [21, 23].
For example, Figure 1.5 shows an analysis of a video microscopy study of nanowire
chaining dynamics. For all the events shown in Figure 1.5 the wires or chains are nearly
collinear. In this case, the force between two wires or chains of lengths L1 and L2 is

f (r ) = −Q2
m

(
1

r2
− 1

(r + L1)2
− 1

(r + L2)2
+ 1

(r + L1 + L2)2

)
,

where r is the end-to-end separation. The nanowires are described very accurately in
this and in all subsequent modeling discussed below as extended dipoles with magnetic
charges ±Qm = ± M�a2 separated by L, where M is the wire’s magnetization. The solid
curves are fits to r(t) based on the (somewhat involved) analytic form determined from
the one-dimensional equation of motion dr/dt = D̃f (r), where D̃ = D1D2/(D1 + D2) is
the reduced drag coefficient. Full details are given in Ref. 21. These results demonstrate
that quantitative predictions of the nanowire–nanowire interactions and dynamics can
be made.

Another important manipulation tool involves using the strong local fields generated
by micrometer-size magnetic features patterned by microlithography on substrates to
capture and position nanowires and cells [22, 24, 25]. This “magnetic trapping” process
works because the nanowires are drawn into regions of strong local field gradients
produced by the patterned micromagnets, such as those at the ends of the Ni ellipses
shown in Figure 1.6. The snapshots show video frames from a trapping event, and
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Figure 1.6. Distance from the center of a 10 �m Ni nanowire to the center of the gap be-

tween two elliptical micromagnets versus time. A 10 G external magnetic field is oriented paral-

lel to the long axis of the micromagnets. Points (a)–(e) correspond to the inset videomicroscopy

images. Inset image (f) is a reflected light image taken after the solvent dried. (Reprinted with

permission from Ref. 24. Copyright 2003, American Institute of Physics.)

the trace shows the distance z(t) of the wire from the trap versus time. Analysis of
the force produced on the wire by the micromagnets again yields a simple model that
can be integrated to obtain z(t) (solid curve). A SEM image of a nanowire trapped by
micromagnets is presented in Figure 1.7.

1.5 CHEMICAL FUNCTIONALIZATION

The ability to chemically functionalize nanowires enhances their utility in biological
applications. Selectively binding ligands to the surface of nanowires allows additional
control of interactions between nanowires, between nanowires and surfaces, and between
cells and nanowires, as well as control of the wires’ optical characteristics.

We have built on prior knowledge of surface chemistry on planar metallic films
[26–28] to selectively functionalize both single- and multicomponent nanowires. Func-
tionalization of nickel utilizes binding between carboxylic acids and metal oxides, in

Figure 1.7. SEM image of a nanowire magnetically trapped between two micromanets.

(Reprinted with permission from Ref. 22. Copyright 2002, American Institute of Physics.)
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this case the native oxide layer present on the nanowires’ surface [29], while gold
functionalization makes use of the well-known selective binding of thiols to gold [30].
It is therefore possible to attach various molecules possessing a compatible binding
ligand to a particular metallic surface. This has been demonstrated with single-segment
nickel nanowires that have been functionalized with hematoporphyrin IX dihydrochlo-
ride (HemIX), a fluorescent molecule with two carboxylic acid groups [14, 21, 23], as
well as 11-aminoundecanoic acid and subsequently a fluorescent dye (Alexa Fluor 488
or fluorescein-5-isothiocyanate (FITC)) [14]. Single-segment gold nanowires have been
functionalized with thiols including the thioacetate-terminated thiol P-SAc [24] and
1,9-nonanedithiol with the fluorescent dye Alexa Fluor 546 [14].

Multisegment nanowires are attractive because the differences in surface chemistry
between different segments makes possible spatially resolved chemical functionaliza-
tion with multiple molecules on the same nanowire, with different ligands directed to
different segments. Our work with two-segment Ni–Au nanowires serves as an example
of this spatially resolved functionalization. In one scheme, after exposure to HemIX,
Ni–Au nanowires showed strong fluorescence from the Ni segments, and the Au seg-
ment exhibited weak fluorescence due to nonspecific HemIX adsorption. However, after
simultaneous functionalization with HemIX and Au-specific nonylmercaptan, only the
Ni segments showed fluorescence, indicating that the nonylmercaptan had attached to
the Au segment to prevent nonspecific binding of HemIX [14,24]. Bauer and co-workers
also reacted Ni–Au nanowires with 11-aminoundecanoic acid and nonylmercaptan, and
then subsequently with Alexa Fluor 488, which binds only to the 11-aminoundecanoic
acid. Selective functionalization caused only the Ni segment to fluoresce, as shown in
Figures 1.8a and 1.8b. Conversely, reacting the Ni–Au wires with 1,9-nonanedithiol and
palmitic acid (for specific binding to Ni), and then with Alexa Fluor 546, which binds
only to the 1,9-nonanedithiol, resulted in fluorescence of only the Au segment. Lastly,
exposing Ni–Au nanowires to both 11-aminoundecanoic acid and 1,9-nonanedithiol, and
then adding the fluorescent markers Alexa Fluor 488 and 546, resulted in fluorescence
of both segments.

Selective surface functionalization of nanowires has also been accomplished with
biomolecules. In one study, single-segment nickel and gold nanowires were functional-
ized with palmitic acid and an ethylene glycol-terminated alkanethiol, respectively, to
render the nickel hydrophobic and the gold hydrophilic. Two-segment Ni–Au nanowires
were exposed to both reagents. The nanowires were then exposed to Alexa Fluor 594 goat
anti-mouse IgG protein, an antibody with an attached fluorescent tag. It is known that
proteins are able to attach noncovalently to hydrophobic surfaces, but are prevented from
such binding to hydrophilic surfaces. As seen in Figures 1.8c and 1.8d, only the nickel
surfaces showed fluorescence, confirming that they had been selectively functionalized
with the protein [31].

Other experiments involving functionalization with biomolecules have used two-
segment Ni–Au nanowires as synthetic gene-delivery systems [32]. DNA plasmids
encoding fluorescent proteins were bound to the nickel segment through a carboxylic acid
intermediary, while the cell-targeting protein transferrin was bound to the gold segment
through a thiolate linkage. This application of biomolecule-functionalized nanowires to
gene delivery is detailed in Section 1.9.



chap01 JWBK002-Labhasetwar June 6, 2007 19:27 Char Count=

10 BIOLOGICAL APPLICATIONS OF MULTIFUNCTIONAL MAGNETIC NANOWIRES

Figure 1.8. (a, b) Two-segment Ni-Au nanowire, functionalized with 11-aminoundecanoic

acid and nonylmercaptan, and reacted with Alexa Fluor 488. (Reprinted with permission from

Ref. 14. Copyright 2003 American Chemical Society.) (a) Reflected light image. (b) Fluores-

cent image showing fluorescence from Ni segment only. (c, d) Two-segment Ni–Au nanowire

functionalized with palmitic acid and an ethylene glycol-terminated alkanethiol followed by

exposure to a fluorescent protein. (c) Reflected light image, (d) Fluorescence image of Ni seg-

ment. (Reprinted with permission from Ref. 31. Copyright 2003 American Chemical Society.)

1.6 RECEPTOR-MEDIATED SELF-ASSEMBLY OF NANOWIRES

Chemical functionalization has also been used as a means to position nanowires using
receptor-mediated binding to tether nanowires to specific regions of a substrate. This
technique again has many potential biological applications, ranging from cell positioning
to biosensing. Salem et al. [33] have demonstrated this technique using two-segment
Ni–Au nanowires, with 8 �m Ni segments and 1 �m Au segments. These nanowires
were functionalized by exposure to a solution of palmitic acid and thiol-terminated
biotin. The biotin bound preferentially to the gold segment, and the palmitic acid coated
the nickel segment to prevent nonspecific binding of the biotin to the remainder of the
nanowire. Stripes of avidin were patterned via microfluidics on a silver film that was first
coated with thiol-terminated biotin. Upon introduction of the biotinylated nanowires, the
gold ends of the nanowires were anchored to the patterned regions of the substrate by the
strong linkage between avidin and biotin, resulting in directed assembly of nanowires in
the striped regions, as shown in Figure 1.9. These robust and flexible linkages allowed
the nanowires to be pivoted about their binding points to align with an external magnetic
field.
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Figure 1.9. Optical images and schematic illustrations of receptor-mediated nanowire self-

assembly. Chemically functionalized Ni–Au nanowires are selectively anchored by their gold

ends to patterned stripes of avidin on the substrate. A magnetic field is applied parallel (A)

and perpendicular (B) to the stripes, resulting in pivoting about the nanowire binding points.

(Reprinted with permission from Ref. 33.)

1.7 MAGNETIC SENSING OF NANOWIRES

Detection and identification of biomolecules is becoming a crucial component of many
biotechnological applications, and magnetic biosensing is a rapidly developing and
evolving field [9,10,34–38]. The typical approach to magnetic biosensing uses integrated
arrays of magnetic field sensors, such as GMR devices or magnetic tunnel junctions
[35,36], whose surfaces are functionalized with receptor ligands for analytes of interest.
If an analyte is labeled with a magnetic nanoparticle, its presence can then be detected
by the action of the nanoparticle’s magnetic field on the sensor when the analyte binds
to the surface of the sensor. This thus provides an alternative approach to commonly
used immunofluorescence-based detection techniques, such as ELISA.

Nanowires have shown potential for use in biosensing applications. Many of the
magnetic biosensing schemes currently in development use superparamagnetic beads
as the tagging particles, which requires the use of an external magnetic field to mag-
netize the beads. However, due to their large remanent moment, magnetic detection
of nanowires can be performed in the absence of a large external magnetic field. We
have demonstrated the feasibility of detection of ferromagnetic nanowires, as shown in
Figure 1.10. Using GMR sensors as detectors [39], we find that both the presence and
orientation of single wires are readily detectable, which may make possible a number of
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Figure 1.10. Voltage versus time trace for two 5 �m nanowires detected by a GMR sensor.

(Reprinted with permission from Ref. 39 ľ 2004 IEEE.)

biological applications of GMR devices that complement the coverage assays currently
implemented with beads.

1.8 APPLICATION OF FORCE TO CELLS

The tunable magnetic and chemical properties of nanowires make them an excellent
vehicle for applying forces to cells. Superparamagnetic beads have been in use for
some time as means of force application in biological systems [1–8], but are generally
available only in a spherical geometry and with a single surface chemistry. Nanowires,
however, offer several advantages through the tunability of their magnetic properties.
Ferromagnetic nickel nanowires, for example, feature a large remanent magnetization;
therefore, they can apply large forces in small magnetic fields, as well as a saturation
magnetization that allows for large forces in increased magnetic fields. Furthermore, the
nanowires’ dimensions can be adjusted to span relevant biological length scales. As we
will show, this latter property offers additional versatility in controlling cell–nanowire
interactions.

The binding and internalization of nanowires by cells was investigated by im-
munofluorescent staining of NIH 3T3 mouse fibroblast cells with attached nanowires
for the focal adhesion protein paxillin [40]. The results indicate the presence of focal
adhesions containing paxillin along the length of the nanowires on short timescales, as
seen in Figures 1.11A and 1.11B. The focal adhesions disappear within several hours,
suggesting that the nanowires have been internalized inside the cell membrane. This was
confirmed by coating nanowires with mouse IgG protein and then incubating them with
cells for different durations. After short incubation times, exposure to Alexa Fluor 488
conjugated goat anti-mouse IgG fluorescently labeled nanowires that were attached to
the cell membrane but not internalized (Figures 1.11C and 1.11D), while after longer
incubation times nanowires remained unlabeled, indicating that they had been inter-
nalized and thus protected from the stain. This indicates that the nanowires that were
internalized into the cell through integrin-mediated phagoctytosis.
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Figure 1.11. Binding of cell to nanowire. Top row: (a) Phase contrast image of a cell incu-

bated with a 35 �m nanowire for 30 min and (b) fluorescence image of the same cell indicating

paxillin focal adhesions. Second row: (c) Phase contrast image of a cell after a 30 min incuba-

tion with mouse IgG-coated nanowires and (d) fluorescence image of the same cell showing

immunofluorescent staining of mouse IgG on the nanowire, indicating that the nanowire is

external to the cell. Third row: (e) Phase contrast image of a cell after a 24 hr incubation

with mouse IgG-coated nanowires and (f) fluorescense image of the same cell. The mouse IgG

on the nanowire is unstained, indicating that the nanowire is internalized. (g) TEM image of

a cell incubated with a nanowire for 24 hr. N, nanowire; M, mitochondria. (Reprinted with

permission from Ref. 40. Copyright 2005 American Chemical Society.)

Attaching magnetic nanowires to cells has enabled their use as a tool for performing
magnetic cell separations. In this process, magnetic particles are bound to cells in
a mixture, which is then put in suspension in a magnetic field gradient. The field
gradient creates a force that collects only cells with attached magnetic particles. Due
to their higher magnetic moment, nickel nanowires have been shown to outperform
superparamagnetic beads when separating cells with attached magnetic particles from
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Figure 1.12. Percent yield versus nanowire length for separations using 15 and 23 �m-

diameter cells. Data for superparamagnetic beads provided for reference. (Reprinted with

permission from Ref. 40. Copyright 2005 American Chemical Society.)

those without [13,40]. Further studies have demonstrated that separations with nanowires
become more effective as the length of the nanowires is increased, and they are optimized
when the nanowire length matches the diameter of the cell [17]. This has been confirmed
with 3T3 cells whose average size was increased by exposure to the cell division
inhibitor mitomycin-C. Figure 1.12 shows that the maximum in the separation yield
versus nanowire length tracks the increase in cell diameter.

The manner in which nanowires of different lengths interact with cells was explored
to account for this finding. For nanowires with lengths less than the cell diameter, inter-
nalized nanowires are entirely inside the cell membrane when the cell is in suspension,
as is the case in Figures 1.13A and 1.13B. However, nanowires with lengths greater
than the cell diameter cannot be enclosed by the suspended cells, as seen in Figures
1.13C–E. It is likely that mechanical forces on the nanowire ends protruding from the
cell membrane of suspended cells cause these nanowires to detach from the cells in
some cases, accounting for the reduction in cell separation yield encountered when the
nanowire length exceeds the suspended cell’s diameter [40].

This dependence on nanowire length in nanowire–cell interactions may provide
a new way to select among cells in a heterogeneous population. For example, cell
separations have been performed with cell mixtures, in which half of the cells have
had their diameter increased through exposure to mitomycin-C. Nanowires with lengths
matched to the cells of smaller diameter separated cells of both diameters in equal
proportions, while nanowires matched to the cells of larger diameter separated a higher
proportion of larger cells [40]. This result suggests that it is possible to use magnetic
nanowires to separate heterogeneous cell mixtures based on differences in the physical
size of the cells.

Magnetic nanowires attached to cells can also be used to assemble multicellular
constructs and microarrays of cells. We have used nanowires to direct the self-assembly
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(a)
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(b)
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(e)

Figure 1.13. Optical images of suspended 3T3 cells. Top row: Suspended cell bound to a 9 �m

mouse IgG coated nanowire. (a) Transmitted light and (b) composite fluorescense image of

the same cell showing actin filaments and staining of the mouse IgG on an isolated nanowire

(upper left) but not of the bound nanowire that is in the cell. Second row: Suspended cell bound

to a 22 �m mouse IgG-coated nanowire. (c) Transmitted light and (d) composite fluorescent

image of the same cell showing actin filaments and staining of the mouse IgG on both the

portion of the nanowire that is no lkonger internal to the cell and on the isolated nanowire

(right). (e) SEM image of a cell bound to a 22 �m nanowire. (Reprinted with permission from

Ref. 40. Copyright 2005 American Chemical Society.)

of one-dimensional chains of cells by placing suspended cells with attached nanowires
in a uniform magnetic field [25]. The chaining process is similar to the one previously
described in Section 1.4, the difference being that the viscous drag due to the attached
cells is significantly larger than that of just the nanowires, resulting in reduced motion
during the chaining. Figure 1.14 illustrates the cell chaining process with a schematic,
and shows images of chained 3T3 cells.

Magnetic manipulation has also been demonstrated as a technique for organizing
cells into two-dimensional microarrays [25]. These experiments utilized elliptically
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Figure 1.14. Magnetic cell chaining. (a) Schematic of nanowires bound to suspended cells

and aligned in a magnetic field B. (b) Schematic of chain formation process due to magnetic

dipole–dipole interactions between prealigned nanowires. (c) Cell chains formed on the bot-

tom of a culture dish with B = 2 mT. (d) Close-up of a single-cell chain detailing wire–wire align-

ment. Interactions of North and South poles of adjacent nanowires are indicated schematically

below. (From Ref. 25. Reprinted with permission of The Royal Society of Chemistry.)

shaped permalloy micromagnets that were patterned on substrates. A uniform external
magnetic field applied parallel to the long axis of the micromagnets magnetized them, and
it also co-aligned nanowires with attached cells in suspension in the same direction. The
local magnetic field of the micromagnets attracted nearby nanowires to their poles, where
their field was most intense, while repelling them from the area above them. An example
of cells trapped on the ends of micromagnets in this way is seen in Figure 1.15, along with
a graphical representation of the nanowire–micromagnet interaction energy that indicates
the repulsive region above the micromagnet and the deep, attractive “wells” at each end.

Figure 1.15. (a) Trapping of single cells by ellipsiodal micromagnets. Aligning field B = 2 mT.

(b) Calculated wire–ellipse interaction energy U1 at a wire height z = 3 �m. Ellipse footprint

is shown on the floor of the figure. (From Ref. 25. Reprinted with permission of The Royal

Society of Chemistry.)
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Patterning hundreds or thousands of micromagnets into rectangular arrays enabled
ordered cell trapping in two dimensions, and variation of the spacing between magnets
allowed additional control over the type of cell patterns created. As described above, each
micromagnet created an attractive region on its ends and a repulsive region above. For
isolated micromagnets, as in Figures 1.16a and 1.16d, this resulted in individual points
of attraction, whose interaction energy is seen in Figure 1.16g. Micromagnets with their
long axes close together exhibited a row of such points that merge together to become

Figure 1.16. (a–c) Overview images of cell trapping on magnetic arrays. The direction of the

external field B = 10 mT and the fluid flow Qf = 1.7 �L sec–1 are shown in (a). The array lattice

parameters are (a) a = 125 �m, b = 100 �m; (b) a = 260 �m, b = 17 �m; (c) a = 32 �m, b = 17 �m.

Scale bars in (a–c) = 200 �m. (d–f) Close-up images of panels (a–c). Scale bars in (d–f) = 20 �m.

(g–i) Calculated magnetic energy for a cell with a wire at a height z = 8 �m above the regions

shown in (d–f). The wire is attracted to dark regions and repelled from white regions. Selected

micromagnets are outlined. (j–o) Calculated magnetic energy of wire and cell in vertical planes

above the lines in (d–f). The micromagnets appear as thick black lines at the bottom of (j), (l),

and (n). (From Ref. 25. Reprinted with permission of The Royal Society of Chemistry.)
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an attractive “trough,” trapping cells into lines as seen in Figures 1.16b, 1.16e, and
1.16h. Patterning the micromagnets close together in both dimensions effectively merged
together the troughs of two adjacent columns of micromagnets to create alternating bands
of attractive and repulsive regions. The resultant patterned bands of cells are seen in
Figures 1.16c, 1.16f, and 1.16i. The micromagnets can thus be used to create a variety of
attractive and repulsive regions on a substrate that lead to two-dimensional organization
of cells. Such organization has numerous possible applications, including biosensing,
diagnostics, and techniques for tissue engineering.

1.9 NANOWIRE-ASSISTED GENE DELIVERY

The use of synthetic systems for delivering genetic material into cells has several advan-
tages over viral delivery, including ease of production and reduced risk of cytotoxicity
and immunogenicity [41, 42]. Previously introduced nonviral gene delivery methods,
such as liposomes, polymers, and gold particles, are limited in transfection effective-
ness due to difficulties controlling their properties. Nanowires chemically functionalized
with biomolecules, however, offer degrees of freedom unavailable to these other meth-
ods and indeed have been shown to be an effective tool for nonviral gene delivery
[32, 43].

Gene transfection experiments were conducted by Salem et al. [33] using two-
segment Ni–Au nanowires with diameter 100 nm and length 200 nm (100 nm Ni, 100 nm
Au). DNA plasmids encoding firefly luciferase or green fluorescent protein (GFP) were
conjugated to 3-[(2-aminoethyl)dithio] propionic acid (AEDP) that was selectively at-
tached to the nickel surfaces via a carboxylic acid terminus. A thiolate linkage was
used to attach transferrin to the gold surfaces. Transferrin was chosen as a cell-targeting
protein because all metabolic cells take in iron through receptor-mediated endocytosis of
the transferrin–iron complex [44], and thus it would increase the probability of nanowire
transport through the cell membrane.

In in vitro experiments, functionalized nanowires were incubated with human em-
bryonic kidney cells (HEK293) and were found to be internalized by the cells, as shown
by SEM, TEM, and confocal microscopy. Additionally, the cells exhibited fluores-
cence due to the firefly luciferase or GFP, indicating genetic transfection (Figure 1.17).
Nanowires functionalized with both transferrin and DNA plasmid displayed substan-
tially increased luciferase and GFP expression compared to nanowires functionalized
only with DNA, confirming that the transferrin was effective in promoting transfection
through receptor-mediated endocytosis.

To test the potential utility of multifunctional nanowires for genetic immunization
applications, an in vivo study was done to measure the immune response in mice to
cutaneous delivery via gene gun bombardment of nanowires functionalized with the
model antigen ovalbumin and a DNA plasmid that further stimulates the immune re-
sponse [43]. Both a strong antibody response in the bloodstream and a strong CD8+
T-cell response in the spleen were observed. A comparison of the antibody response
for the nanowires with that obtained using 1.6 �m gold particles as the carriers is
shown in Figure 1.18. These gold particles are the state of the art in inorganic carriers
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Figure 1.17. Drug delivery using multisegment nanowires, showing HEK cell expressing GFP

after transfection by two-segment nanowires carrying GFP plasmid, and the cell-targeting

agent transferring. (Reprinted by permission from Macmillan Publishers Ltd, Nature Materials

[32], copyright 2003.)

for gene gun bombardment, and delivery methods using them have been optimized over
a number of years. It is thus quite encouraging that the nanowires generate compara-
ble antibody responses in these initial experiments. In the CD8+ T-cell studies, DNA
bound to the nanowires alone generated very low or no response. However, nanowires
with both DNA and the ovalbumin produced an eightfold increase in the CD8+
response compared to nanowires carrying only the ovalbumin. These results suggest
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Figure 1.18. Ovalbumin-specific antibody responses in C57BL/6 mice immunized with func-

tionalized Ni–Au nanowires gold particles: Nanowire formulations included ovalbumin protein

only (OVA Protein), DNA plasmid encoding ovalbumin only (pcDNA3-OVA), ovalbumin protein

and control plasmid (not encoding ovalbumin) (OVA Protein–pcDNA3), and control plasmid

only (pcDNA3). Gold particle formulations included ovalbumin protein (OVA Protein) and DNA

plasmid encoding ovalbumin protein (pcDNA3-OVA). (Reprinted with permission from Ref. 43.)
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that with further optimization, the ability of the nanowires to deliver multiple immunos-
timulants to the same cell in controlled doses may prove highly effective for genetic
immunization.

1.10 SUMMARY

This chapter has presented an overview of recent work on the development and appli-
cations of multifunctional magnetic nanowires for biotechnology, including areas such
as cell separations, cell positioning and manipulation, and intracellular drug and gene
delivery. A wide range of other applications are envisioned or under development, in ar-
eas such as tissue engineering, biomagnetic control of cellular function, and subcellular
force transduction. It is also important to note that the concept of asymmetric mag-
netic nanoparticles with spatially resolved chemical functionality need not be limited to
electrodeposited nanowires; many other architectures are possible, and indeed some are
already under exploration [45]. Thus it seems likely that there will be continued inno-
vation and development of new applications of multifunctional magnetic nanoparticles
in biotechnology in the foreseeable future.
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NUCLEIC ACID DELIVERY AND

LOCALIZING DELIVERY WITH
MAGNETIC NANOPARTICLES

Christian Plank, Ulrike Schillinger, Dialekti Vlaskou,
and Olga Mykhaylyk

2.1 INTRODUCTION

This book focuses on biomedical applications of nanotechnology. The shuttles developed
for nucleic acid delivery, the so-called vectors, are nanoparticles themselves and are
either genetically modified viruses or virus-like synthetic constructs. Efficient delivery
is one of the major bottlenecks in nucleic acid based therapy. Localized delivery is an
important objective for pharmaceuticals in general, including viral and nonviral shuttles
for nucleic acid delivery. We and others have found that magnetic nanoparticles can be
advantageously combined with gene vectors, which thus become amenable to guidance
by magnetic fields. Before discussing magnetically targeted nucleic acid delivery, we
will give an overview of nucleic acid delivery and localized delivery in general with a
focus on synthetic vectors. The synthesis of magnetic nanoparticles suitable for gene
delivery will be discussed briefly, followed by an overview of magnetic targeting. Finally,
we will describe recent developments in the field and present some of our own latest
research.

It is our intent to highlight the importance of localization of delivery and the eminent
role that evolving physical techniques play in this context.

Biomedical Applications of Nanotechnology. Edited by Vinod Labhasetwar and Diandra L. Leslie-Pelecky
Copyright C© 2007 John Wiley & Sons, Inc.
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2.2 NUCLEIC ACID DELIVERY—WHAT FOR?

Nucleic acids carry the building plans of living systems. Nucleic acid sequences are
translated into structures and functions of cellular molecules, which, together with the
biochemical reactions in which they participate, constitute the material aspect of life.
Located at the head of this cellular information flow, nucleic acids occupy a distinguished
position among biological molecules. As the original information carriers, they partic-
ipate, in an indirect manner, in any cellular process. Beyond their role as carriers and
transmitters of information, nucleic acids also participate in a direct manner in cellular
reactions. They have been known for a long time as structural and functional elements of
multienzyme complexes such as ribosomes. In splicing reactions, for example, nucleic
acids themselves carry some of the active ingredients of their own processing. In recent
years it has become evident that nucleic acids participate directly in a multitude of cel-
lular processes and thus contribute, maybe to an extent equal to that of proteins, to the
coordinated and regulated network of cellular chemical reactions. RNA species (micro
RNAs, short hairpin RNAs, small interfering RNAs) in particular have been recognized
as natural regulators of cellular processes [1, 2].

Given the distinguished role of nucleic acids in living systems, it is justified to
conclude that any cellular process may be influenced to some particular purpose by the
introduction of nucleic acids into cells from outside. During the past almost 40 years, very
efficient tools for nucleic acid delivery into cells have been developed. Nowadays, the
introduction of nucleic acids into cells is a well-established and widely used research
tool. The other major field of nucleic acid application is nucleic acid therapy. The
objectives of nucleic acid delivery for therapeutic purposes are (1) complementation and
overexpression of genes, (2) on/off regulation of genes, and (3) repair of genes. These
objectives were formulated in 1966, the year that the deciphering of the genetic code
was concluded [3]. Despite almost 40 years of research, formidable challenges remain
in the field of gene therapy. Magnetic drug targeting applied with nucleic acids or gene
vectors can overcome some of the remaining obstacles.

2.3 NUCLEIC ACID DELIVERY----HOW?

It was believed for a long time that cells do not incorporate nucleic acids voluntarily,
at least not in a manner that would result in the expression of an engulfed gene. Only
relatively recently have we learned that, in certain cases, “naked” nucleic acids are
efficiently taken up into cells in functional form [4]. Before, there was agreement
that shuttles for nucleic acid delivery would be required, because these polyelectrolyte
macromolecules are unable to cross cellular membranes by passive mechanisms such as
diffusion. Nature itself has provided the ideal solution for this delivery problem in the
form of viruses, which are nanoparticles composed of biomolecules. These obligatorily
parasitic entities need to cross cellular membranes and ultimately need to shuttle their
genetic information into cell nuclei in order to propagate. Consequently, genetically
engineered viruses were among the earliest shuttles used for nucleic acid delivery and in
many respects are still the most efficient. In the meantime, a multitude of viral vectors
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Figure 2.1. Viral entry into cells, schematic overview. Viruses bind to cell surfaces via

receptor–ligand interactions. Many virus species are taken up into cells by endocytosis, like ade-

novirus (A) or membrane-coated viruses such as influenza virus (C). Other membrane-coated

viruses such as retroviruses (B) directly fuse their membranes with the plasma membrane. En-

docytosis proceeds via segregation of membrane-surrounded vesicles (endosomes) from the

plasma membrane. A proton pump in the endosomal membrane mediates the acidification

of the endosomal lumen. This pH change triggers conformational rearrangements of viral

proteins, which then by interaction with the endosomal membrane can lead to the disrup-

tion of endosomes (like in the case of adenoviruses) or to the fusion of endosomal and viral

membranes (like in the case of influenza virus). These membrane disruption/fusion events are

essential parts of viral entry into cells, which ultimately leads to uptake/transport of viral ge-

netic information into the cell nucleus. Details can be found in textbooks of virology. See insert

of color representation of this figure.

have been described, such as recombinant retro-, lenti-, adeno-, adeno-associated, or
vaccinia viruses, each of them having their specific advantages and shortcomings. For
nonviral vector engineers, it has been highly instructive to take a closer look at the major
features of the naturally evolved solution to the nucleic acid delivery problem. The major
functions of viral infectivity are as follows (see also Figure 2.1):

1. Viral Genomes Are Packaged. Nucleic acids are compacted, such that the sizes of
these macromolecules are compatible with the requirements of natural transport
mechanisms. Packaging also protects the genome from degradation.

2. Receptor–Ligand Interactions. Viruses bind specifically to cell surface
molecules, thereby gaining specificity in terms of host tropisms.
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3. Exploitation of Natural Cellular Uptake Mechanisms Such as Endocytosis and
Mechanisms of Escaping Intracellular Degradation. Many virus species enter
cells via receptor-mediated endocytosis. The endosomal acidification process
is exploited to trigger escape mechanisms, resulting in the release of the viral
capsid from these internal vesicles.

4. Nuclear Transport. Active transport across the nuclear membrane is exploited to
localize viral genetic elements in the cell nucleus.

5. Genome Organization. Viral genomes are organized in a manner as to exploit
the information storage capacity of nucleic acids in the most efficient ways
(overlapping reading frames, bidirectional coding, differential splicing, etc.).
Furthermore, viral genomes are organized to exploit host functions, thereby
minimizing the payload to be packaged in the viral particle.

6. Biocompatibility. Viruses are built from natural materials. Although immuno-
genic, their constituents are biocompatible enough to warrant sufficient stability
in the host during the extracellular phase of delivery to secure target cell infection.

Nonviral vector engineers have mimicked these functions in creating synthetic modules
that can be chemically or physically (self-) assembled to result in synthetic virus-like
nanoparticles (often also referred to as artificial viruses; Figure 2.2).

Nucleic acid compaction is quite easily achieved by simple mixing with cationic
molecules in solution. Early examples are the DEAE dextrane and calcium phosphate
precipitation methods [5,6]. Examining chromosome structure and function, it has been
realized early on that DNA compaction is brought about by cationic sequences in histones
and that such compaction can be achieved with synthetic oligo- and polycations [7–14].
Wu and Wu [15, 16] and later on Wagner et al. [17] reported about nonviral vector
nanoparticles prepared from polylysine and plasmid DNA capable of transfecting cells
in vitro and in vivo. DNA packaging for delivery purposes has also been attempted
by incorporation in the aqueous lumen of liposomes [18]. The liposomal approach
experienced a breakthrough when cationic lipids were first introduced as DNA binding
and compacting agents [19, 20]. Today, the literature discriminates between lipoplexes,
when referring to cationic lipid–DNA complexes, and polyplexes, when referring to
polycation–DNA complexes [21]. Important results of early nonviral vector research
are that it is a natural property of nucleic acids as polyelectrolytes to “condense” to
nanostructures upon mixing with polyelectrolytes of opposite charge (for further reading
and review see [22–24]) and that the resulting complexes are able to transfect cells. As we
know now, the potency in transfecting cells is not strictly dependent on DNA compaction.
One important function of the cationic modules for DNA binding is that they mediate in
a nonspecific manner the binding of vector particles to cell surfaces.

Receptor–Ligand Interactions. Wu and Wu first introduced nonviral receptor-
mediated gene delivery [15, 16, 25]. By coupling asialoorosomucoid, a natural lig-
and of the asialoglycoprotein receptor on liver cells, to the DNA compacting moiety
polylysine, they generated vectors with increased target cell specificity that are taken
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Figure 2.2. Nonviral vectors for nucleic acid delivery (sometimes called artificial viruses) are

prepared by self-assembly of synthetic modules that mimic essential viral functions that allow

them to infect cells. The self-assembly process is mostly based on noncovalent interactions of

the individual modules such as electrostatic and hydrophobic interactions. The most important

interaction is the one between the nucleic acid and a polycation or a cationic lipid, which can

lead to the formation of a charged nanoparticle that is able to transfect cells. The functionali-

ties of receptor binding, membrane destabilization (such as endosome lysis), nuclear targeting,

and biocompatibility can be covalently coupled to a DNA binding/compacting moiety or can be

incorporated into the complex as individual molecules by noncovalent interactions. The center

of the figure shows toroidal nanoparticles that are typically formed upon mixing of plasmid

DNA and polycations. See insert of color representation of this figure.

up into cells by receptor-mediated endocytosis. Following a similar concept, Wagner
et al. established transferrinfection, based on bioconjugates of transferrin and polyca-
tions that enter cells by transferrin receptor mediated endocytosis [17, 26, 27]. In the
meantime a multitude of suitable receptor ligands attached to nucleic acid binding moi-
eties have been described. These include synthetic carbohydrates, synthetic peptides,
recombinant proteins, immunoglobulins (antibodies), and other molecules such as folate.
For recent reviews see Refs. 28–30.

Endocytosis and Endosomal Escape. Both the unspecific binding of vector
particles to cell surfaces by electrostatic interaction and the specific receptor-ligand
type binding lead to uptake into cells by a natural transport process called endocytosis.
Membrane-surrounded vesicles, the so-called endosomes, containing the cell bound ma-
terial are segregated from the plasma membrane and internalized. This pathway subjects
the internalized material to the cellular breakdown machinery within endosomes and
lysosomes unless specific measures are taken to trigger endosomal escape. For synthetic
virus-like delivery systems, the required module has been provided in biological and
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chemical ways. Wagner and co-workers have first described and later refined the use
of pH-specific membrane-disrupting peptides for endosomal escape [31, 32]. Synthetic
peptides with sequence analogy to the N-terminal sequence of the influenza virus hemag-
glutinin subunit 2 (HA-2) were chemically or noncovalently coupled to polylysine or
other DNA compacting modules [31]. This peptide sequence, capable of adopting an
amphipathic �-helix as its active conformation at acidic pH, is responsible for inducing
the fusion of the influenza virus and the endosomal membranes in the natural context,
triggered by the acidic pH within endosomes. It is important to note that this sequence
does not interfere with membrane integrity at neutral pH. Synthetic influenza peptides
trigger endosomal release when endocytosed together with gene vectors [33,34]. In this
manner, greatly improved transfection efficiencies compared with vectors not containing
an endosomolytic module are achieved. Also the bee venom peptide melittin has been
used for endosomal release [35]. Because this peptide displays membrane disrupting
activity also at neutral pH, suitable gene vector formulations and coupling strategies are
required to minimize membrane disturbance by the vector as a whole at neutral pH and
maximize it at acidic pH [36]. A breakthrough in terms of transfection efficiency was
achieved when chemically inactivated adenovirus particles were coupled to polylysine-
DNA complexes [37–39]. The genome of the virus was inactivated by psoralen treatment
which leaves the virus capsid and its endosome disruptive function intact [40]. Coupled
to an otherwise nonviral vector, this function mediates highly efficiently the release of
the vector from endosomes.

Synthetic polymers on polyacrylic acid derivative basis with pH-specific membrane
disruptive properties have been described [41,42] and are useful in promoting drug and
nucleic acid delivery across endosomal membranes [43–46].

Boussif et al. [47] achieved endosomal escape based on the chemical structure of the
DNA compacting cationic moiety. Polyethylenimine (PEI), a cationic chemical produced
on industrial scale, binds and compacts DNA and, by virtue of its secondary and tertiary
amines, has buffering capacity at physiological pH. In consequence, if a PEI–DNA
particle is internalized into cells by endocytosis, it will buffer the acidification process
within endosomes. This means that the endosomal proton pump needs to pump way more
protons into the endosome until the natural endosomal pH of about 5.5 to 6.5 is reached.
The so-called “proton sponge hypothesis” postulates enhanced gene delivery due to
the buffering capacity of polymers with structural features like PEI through enhanced
endosomal chloride accumulation and consequent osmotic swelling/lysis. Sonawane
et al. [48] have provided experimental evidence supporting this hypothesis. They directly
measured the previously postulated chloride accumulation and swelling of endosomes
with elegant fluorescence techniques in living cells.

Earlier than PEI, polyamidoamine dendrimers were described as useful agents
mediating gene delivery [49, 50]. Similar mechanisms probably account for the ac-
tivity of these polymers as is the case for PEI. A variety of other cationic polymers
with protonatable amino groups have been described for nucleic acid delivery [51–60].
Some of them display reduced toxicity compared to PEI. Interesting alternatives to PEI
also include poly(2-(dimethylamino)ethyl methacrylate) [61] and biodegradable poly(2-
(dimethylaminoethylamino phosphazene) [62]. In terms of gene transfer efficiency, no
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single polymer outperforms the others to a degree such that it can be considered the
polymer or lead structure of choice.

The endosomal escape of nucleic acids formulated as lipoplexes is thought to
be mediated by lipid exchange reactions between the endosomal membrane and the
lipoplex; that is, anionic lipids from the endosomal membrane compete with the nu-
cleic acid for binding to the cationic lipid moieties and thereby release the nucleic
acid from the complex. Through this process, the endosomal membrane is destabilized
[63–65]. It is generally accepted that endocytosis is the major cellular uptake mecha-
nism for lipoplexes. However, depending on the biophysical properties of lipoplexes,
direct fusion with the cytoplasmic membrane can occur as well [66,67]. Recent work by
Safinya’s group has led to an improved understanding of structure–function relationships
in lipoplex-mediated nucleic acid delivery [67, 68]. The charge densities of lipid–DNA
complexes are essential factors governing transfection efficiencies, at least if the lipids
in the DNA complex are in lamellar configuration.

Nuclear Transport. It is still not well understood how and in which form nonviral
vectors gain access to the nucleus. In any case, it is clear that the nuclear membrane
represents a major barrier and bottleneck to gene delivery. In many cases, the breakdown
of the nuclear membrane during cell division is a prerequisite for access to the nucleus.
Nevertheless, the coupling of nuclear localization peptides directly to nucleic acids or
the incorporation of such peptides into vector formulations has generated improvements
to the delivery process [69, 70]. Background and recent progress in targeting to the cell
nucleus are discussed in more detail elsewhere [71].

Genome Organization. No major efforts have been invested in directly mim-
icking viral genome organization. Nevertheless, researchers have used viral genomic ele-
ments in order to enhance the persistence of transfected gene expression. Viral promoters
such as the CMV promoter are widely used to drive the expression of a transfected gene.
Plasmids have been constructed that contain elements of Epstein–Barr virus in order
to achieve extrachromosomal plasmid replication in eukaryotic cells (reviewed in Refs.
[72] and [73]). Elements from adeno-associated virus responsible for the site-specific
genomic integration of the virus have been used to generate a hybrid AAV-adenovirus
vector carrying a double-reporter gene integration cassette flanked by AAV ITRs and
a tightly regulated, drug-inducible Rep expression cassette [74]. Similar constructs can
be delivered with nonviral technology. Site-specific genomic integration has also been
achieved with the øC31 integrase system. This is a recombinase found in a Strepto-
myces phage that mediates stable chromosomal integration of genes into host genomes
without any additional co-factors [75]. The genomic integration is unidirectional and
sequence-specific [76]. The øC31 integrase mediates the integration of attB attachment
sites of the transgenic DNA into attP attachment sites in the host genome, which occur
as pseudo-attP attachment sites in mammalian genomes [76].

Biocompatibility. Viruses are recognized as foreign by their host organism.
Nevertheless, their constituents are biologic materials and viruses are biocompatible
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enough to secure their replication in the host even though they may kill the host in doing
so. In a biomaterial scientist’s view, viruses are nanoparticles that are stable enough (bio-
compatible) during the delivery phase, yet their constituents are assembled in a manner
labile enough to allow disassembly and biological processing once they have reached
their target. It is not surprising that synthetic constructs for nucleic acid delivery are also
recognized as foreign by the host organism. This recognition takes place on a systemic
level during the extracellular delivery phase but also at the target cell level. First-
generation nonviral vectors undergo strong interactions with blood components and
are strong activators of the complement system [77]. These vector particles are mostly
cleared from the systemic circulation by the reticuloendothelial system. At the target
cell level, the nucleic acid components of nonviral vectors can be recognized as foreign.
One example is the interaction of unmethylated CpG sequences with toll-like receptor 9
(TLR9) in intracellular compartments initiating a signaling cascade leading to the pro-
duction of proinflammatory cytokines [78]. Another example is the induction of innate
immune pathways by long double-stranded RNA leading to a generalized repression of
protein synthesis [79].

Although no entirely satisfying solutions concerning the biocompatibility limita-
tions to nonviral vectors are available, partial solutions have been provided. Inactivating
interactions of vector particles with blood components can be reduced or even eliminated
by appropriate surface modifications. These include the attachment of PEG chains either
covalently [80, 81] or noncovalently [82] or surface modifications by poly(acrylic acid)
derivatives [41, 42] that are useful in promoting drug and nucleic acid delivery across
endosomal membranes [43–46] or N-(2-hydroxypropyl)methacrylamide [83]. The re-
sulting vector nanoparticles are sterically stabilized, meaning that their interactions with
each other and third components are minimized by limiting the accessibility of their
surfaces. Such surface modifications reduce the acute toxicities of vector particles that
can be lethal (in animal experiments [84]).

In summary, considerable progress has been made toward the construction of ar-
tificial virus-like systems for nucleic acid delivery. Nonviral transfection has become
an important tool in biological research and promises great potential in nucleic acid
therapies. Reagents for vector construction which approach the efficiency of viral vec-
tors are commercially available to anyone. Since the concepts of gene therapy were
first formulated almost 40 years ago, this field has experienced scientific breakthroughs,
enthusiastic expectations, and serious setbacks. The validity and feasibility of the con-
cepts have been demonstrated in thousands of animal experiments and in human clinical
studies. Given the tremendous potential of nucleic acid-based therapies, the obvious
question is why such therapies have not developed into widely practiced, state-of-the-art
treatments, at least in specialized hospitals, all over the world. The answer is that most
current tools for the genetic modification of cells are still neither efficient enough or
safe enough, nor are they affordable enough, simple to practice, or well understood. In
consequence, similar limitations hold true for envisaged therapeutic strategies involving
such tools. Nucleic acid delivery for therapeutic purposes is a highly complex challenge
where multiple parameters can have a major impact on the therapeutic outcome. One
such parameter is the ability to localize nucleic delivery.
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2.4 WHY IS LOCALIZATION OF DRUG AND NUCLEIC ACID
DELIVERY IMPORTANT?

The maximum drug dose a patient can be given is that which he/she can ultimately
tolerate, not the one that may be required to cure his/her disease. An instructive example
is chemotherapy of cancer. Cytostatics have well-defined potentials to kill cells in culture:
A given dose will eradicate a given percentage of a cell population under consideration. In
the patient, however, complex biodistribution patterns, drug metabolism, drug resistance,
and the pharmacokinetics of a drug can limit its bioavailability at a target site. The patient
is systemically “flooded” with a drug in order to achieve its threshold of action at the
site of disease. Drugs are designed to act preferentially on selected biological processes
in target cells, but absolute specificity in terms of target cell and target process is
virtually impossible to achieve. Therefore, in the case of systemic administration of a
drug, the threshold dose for target site action is often close to the threshold dose for
undesired action at nontarget sites. In other words, the target-specific full dose–response
range of a drug cannot be exploited to the level of saturation of the biologic process
at which the drug is designed to act (Figure 2.3) [85]. Put yet another way, therapeutic
windows of drugs are often narrow and undesired side effects are frequent. Therefore,
localization (targeting) of drug delivery is an important objective and mainly serves
three related purposes: first, to exceed the local threshold of drug action at the target
site while remaining below this threshold at nontarget sites; second, to avoid side effects
in this manner; and third, to enlarge the therapeutic window (i.e., to exploit the full
dose–response range of a drug locally).

A closer look at nucleic acid delivery highlights the importance of vector targeting.
The probability of vector success (functional delivery of a nucleic acid to the desired
subcellular localization) is the product of the probabilities of overcoming the individual
barriers to delivery. These barriers may weigh differently on the final probability, de-
pending on vector type, but if the probability of vector–target cell contact is low to start
with, the efficacy of the overall delivery process will be low as well, independent of vec-
tor type. Nonviral plasmid delivery with lipoplexes has been reported to be a mass action
process [86], a statement that certainly also applies to other vector types (and drugs in
general) if the frequency (or probability) of vector-target cell contact is a limiting barrier.
For polyethylenimine(PEI)–DNA vectors it has been estimated that of about 700,000
plasmid copies applied per cell in a standard transfection, roughly 50,000 copies per
cell will be present in the cell after 7 hr of incubation [87]. In another publication, it was
estimated that one out of 100 microinjected cytoplasmic pDNA copies in a PEI–DNA
formulation reaches the nucleus [88]. These two estimates together would predict that
at least 1400 plasmid copies in PEI formulation per cell would be required in order to
have one copy reach the nucleus. Because it cannot be assumed that each cell-associated
copy is located in the cytoplasm, a more realistic estimate would predict rather that
10,000 or more copies in PEI formulation per cell would be required for this purpose.
These estimates apply for one particular vector type in cell culture, where rapid vector
inactivation, degradation, or clearance before it has a chance of target cell contact do not
represent the major limiting barrier (although nonviral in vitro transfections are often
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Figure 2.3. Toxic side effects often restrict the possibility of exploiting the full dose–response

range of a drug up to (local) saturation levels. One objective of targeting is to achieve target

site saturation levels while pushing the non-target-site toxicity threshold to higher doses. In

this manner the therapeutic window widens enough to achieve a maximum local effect. Shown

is a hypothetic dose–response relationship with arbitrary toxicity and saturation levels just to

illustrate the potential of drug targeting. Reproduced from Ref. 85.

carried out in serum-free medium to reduce vector inactivation). It is obvious that in
vivo, where stability during the extracellular delivery phase represents a limiting factor,
the required nucleic acid copy number per cell will be much higher than in cell culture.
This applies to viral vectors as well.

In summary, the threshold of action for nucleic acid delivery in terms of required
copynumber per target cell can be quite high. Thresholds of action are related to (a) the
dynamics of delivery processes, (b) residence times in individual compartments along
the delivery pathway, (c) the physiological characteristics of such compartments, and (d)
the boundaries between them. Methods for accumulating or holding an applied vector
dose at a target site can be expected to improve the overall efficacy of nucleic acid drugs.

2.5 METHODS OF LOCALIZATION AND OF LOCAL CONTROL

Many authors discriminate between active and passive targeting. The latter refers to
the preferred accumulation of a drug formulation or a gene vector in a particular tissue
based on the biophysical properties of the formulation. Traditionally, active targeting is
characterized as involving some form of molecular recognition that allows a formulation
to specifically interact with target cells. This definition would mostly be limited to the
biological methods of drug localization listed in Table 2.1. In a more comprehensive
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Table 2.1. Biological Methods of Localization

Biological
Selected
Referencesa Physical

Selected
Referencesa

Localization of Delivery

Receptor–ligand
interaction

28, 30, 89 Passive targeting via biophysical
properties of vector

90

Localization sequences 73, 91–94 Physical force used for vector
accumulation:

95

Site-specific genomic
integration

72, 74, 96 Gravitational force

Precipitate formation 5, 6, 97, 98
Centrifugation 99–102

Magnetic fields 85, 103
Hydrodynamic force (vector flow

towards target cells, direct
injection into target tissue)

104–109

Aerosolization 110, 111
Ballistic methods 95 and references

therein; 112
Carrier-mediated (implants) 113, 114
Injectable implants 115, 116
Solid implants 114, 117–129
Electric fields 95, 130, 131

Local Control of
Delivery and
Expression

Tissue-specific and
inducible promoters
(“transcriptional
targeting”)

132–134 Tissue-specific and inducible
promoters (“transcriptional
targeting” by electromagnetic
radiation)

135–139

Controlled release depots 115, 140
Controlled release by

electromagnetic radiation
(heat)

140

Ultrasound 141–144

aPreferably, review papers and not the primary literature are cited here.

definition, modalities of active targeting comprise not only providing a formulation
with a molecular recognition element but also any active procedure exerted on a
formulation that will lead to localized drug action. This would also include techniques
for local control of delivery and nucleic acid expression, although such techniques do
not qualifiy as methods of delivery in a strict sense. At least for nucleic acid delivery, it
is useful to discriminate between biological and physical methods of localization. Both
comprise various subtypes that often can be combined in a flexible manner including the
combination of biological and physical subtypes. Most of the physical localization and
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drug activation methods listed in Table 2.1 would qualify as active targeting and would
primarily serve accumulating a formulation in a target tissue and establishing target cell
contact.

2.6 ESTABLISHING TARGET CELL CONTACT

Equally important as overcoming cellular barriers to delivery is establishing
vector–target cell contact in the first place. All downstream events are dependent on
the frequency of this first step. Passive targeting based on the biophysical properties of
vectors can be sufficient to achieve preferred transfection of certain tissues [90]. This
is observed, for example, upon intravenous administration of PEI polyplexes [145] or
of lipoplexes [146], resulting in high transfection levels in the lungs in mice. Interest-
ingly, the pattern of transfection levels in the various organs does not match the actual
biodistribution of the administered vectors. The major fraction of the applied vector dose
is rapidly cleared by the reticuloendothelial system [147], highlighting the importance
of unspecific interactions in vivo. Providing vectors with targeting ligands can greatly
improve transfection efficiencies and specificities if at the same time nonspecific inter-
actions can be reduced. This has been demonstrated in vitro and in vivo, particularly
in tumor targeting upon intravenous adminstration. Vectors were shielded from non-
specific interactions by PEGylation while epidermal growth factor (EGF) or transferrin
provided targeting specificity [81, 148, 149]. Another example is a particular class of
lipid-based nanoparticles with bound nucleic acids, provided with an �v�3-targeting
ligand that mediated efficient and therapeutically relevant gene delivery to tumor
endothelium [150].

Despite the encouraging success with targeted nucleic acid delivery in animal mod-
els, it is worth reconsidering the basic physics of the extracellular delivery phase from an
administration site to the target cell surface. Cell culture serves as an instructive model
from which conclusions for in vivo applications can be drawn. Luo and Saltzman [98]
have pointed out that DNA transfection efficiency is limited by a simple physical barrier:
low DNA concentration at the cell surface. Generalizing this observation, one can state
that for a drug added to cell culture supernatants, drug–cell contact is driven by diffusion,
no matter whether or not the drug carries a targeting ligand. As a first approximation, dif-
fusion toward the target equals diffusion away from the target in the absence of binding
or uptake events. The probability of cell–drug contact increases with drug concentration,
incubation time, and temperature (which cannot be chosen arbitrarily). This explains
why standard transfection protocols suggest more than one hour of transfection time. In
the presence of binding and uptake, the internalized drug amount will be proportional
to some order of the drug concentration in the vicinity of the cell surface over a con-
centration range up to the saturation of the uptake process. The obvious predicition is
that below the saturation limit, any measure that increases the drug concentration at the
target cell surface at a given drug dose will increase the response to the drug. Luo and
Saltzman have verified this prediction for gene delivery and have substantiated it with
theoretical analysis by associating vectors with dense silica particles that sedimented
vectors on the cell surfaces. Generalizing their observations, one can state that physical
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force acting on vectors directed in a manner to overcome motion away from the target
enhances the delivery process. Suitable physical forces and delivery methods are listed in
Table 2.1. The most convenient force for in vitro experiments is gravitation as exploited
by Luo and Saltzman and almost three decades earlier by Graham and van der Eb [6]
in establishing the calcium phosphate precipitation method. For PEI–DNA vectors, it
has been found that large DNA complexes transfect more efficiently than smaller ones
[97]. In fact, gravitation is exploited unwittingly by most researchers performing in vitro
transfections with commercially available reagents. Most cationic lipids and polycations
form precipitates with nucleic acids in salt-containing solution. Not surprisingly, also
centrifugal force enhances nucleic acid delivery by accelerating vectors toward the cells
to be transfected [99–102].

The options for drug administration in vivo are oral and parenteral. For obvious
reasons, gravitation and centrifugation are not suitable for targeting in this case. Oral
administration of gene vectors localizes delivery to the gastrointestinal tract and promises
great potential for genetic vaccination. Bacterial vectors [151–155], viral vectors [156,
157], chitosan–DNA complexes [158–160], and microencapsulated nucleic acids or
viruses [161–167] are used for this purpose. For details, the reader is referred to the cited
literature. A complete review volume has been dedicated recently to microencapsulated
DNA formulations for vaccination purposes [168].

In parenteral administration, the choice is between local (orthotopic) and systemic
routes. Success with biological vector targeting exploiting receptor–ligand-type inter-
actions upon systemic administration has been discussed briefly before. However, the
above considerations for cell culture, where diffusion has been defined as a limiting
barrier, suggest that the probability of vector–target-cell contact upon systemic admin-
istration will be even orders of magnitude lower than in vitro. Depending on the target
tissue, the accessibility of target cells can be limited, diffusion may be restricted, and
hydrodynamic forces (e.g. blood flow) can carry vectors away from the target site. In this
respect it is particularly encouraging that even without further provisions for retention
at the target, site-specific transfection is possible. Nevertheless (with restrictions), the
prediction holds that any measure that increases the vector concentration at the tar-
get cell surface at a given administered dose will increase the response (e.g., level of
transfected gene expression). The restrictions are that the applied measure must not
interfere with vector integrity, uptake, and intracellular processing. Our own work with
magnetic-field-guided delivery confirms this prediction.

2.7 VECTOR LOCALIZATION BY MAGNETIC FORCE
(MAGNETOFECTION)

We define magnetofection as nucleic acid delivery guided and mediated by magnetic
force acting on associates of magnetic particles and nucleic acids (Figure 2.4). This com-
prises “naked” nucleic acids as well as “packaged” nucleic acids where the packaging
can be in the form of a synthetic nucleic acid vector but also in the form of a virus.

We developed magnetofection [169] after learning about the concept of magnetic
drug targeting. In contrast to applying gravitational or centrifugal force, this concept is
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Figure 2.4. Principle of magnetofection in cell culture. Polyelectrolyte-coated magnetic

nanoparticles are mixed with naked nucleic acids or synthetic or viral nucleic acid vectors

in salt-containing buffer. The particles associate with nucleic acids and vectors by electro-

static interaction and/or salt-induced colloid aggregation. The mixtures are added to cells in

culture. The cell culture plate is positioned on a magnetic plate during 5–30 min of incuba-

tion. The magnetic field(s) rapidly sediment vectors on the cells to be transfected/transduced.

The result is rapid kinetics and high-efficiency nucleic acid delivery. Shown is a cell culture

plate and a magnetic plate in 96-well format. The magnetic plate consists of 96 individual

neodymium–iron–boron magnets (IBS Magnets, Berlin, Germany) inserted in drill holes in an

acrylic glass or PVC plate in strictly alternating polarization. The plate was designed for ap-

plication with 96-well cell culture plates but is also applicable for 24-, 12- and 6-well layouts,

petri dishes of various diameters, and culture flasks of various sizes. Detailed protocols can be

found at www.ozbiosciences.com. Reproduced from Ref. 209.

applicable in vivo for increasing the concentration of a drug formulation at the target
cell surface. Drugs are associated with magnetically responsive materials in the nano-
to micrometer-size range and in that manner can be “navigated” by magnetic force. By
the mid-1960s, researchers had already attempted the first steps to produce magnetically
localized thrombi in intracranial aneurisms in both animals and humans [170–173] using
carbonyl iron. Pioneering work by Widder et al. [174] has inspired research into mag-
netically accumulating drugs mostly in tumors upon administration into the circulation.
The magnetic carrier materials are mostly iron oxides of various compositions which
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can be of natural or synthetic origin [85,175–177]. Magnetic albumin microspheres with
entrapped doxorubicin were magnetically accumulated in a Yoshida sarcoma in a rat
model. A 100-fold-higher dose of free doxorubicin was required to achieve the same
drug level in the tumor as with the magnetically targeted drug [178]. The treatment was
therapeutically effective in that it resulted in total tumor remission in a high percentage
of experimental animals. In contrast, animals treated with free doxorubicin, placebo mi-
crospheres, or nonlocalized doxorubicin microspheres exhibited a significant increase in
tumor size with metastases and subsequent death in 90–100% of the animals [179,180].
Other researchers obtained similar results [181–187]. After extensive preclinical exami-
nations, Lübbe et al. applied magnetic drug targeting in cancer patients [188–191]. Retar-
dation of tumor growth and even local remissions were observed [191]. A different type
of magnetic particles (MTCs, magnetic targeted carriers) [192–195] are used in another
clinical study with magnetically targeted doxorubicin where reportedly 32 patients have
been enrolled [196]. However, in the meantime a phase II/III clinical trial involving this
technology has been discontinued as the clinical endpoints could not be met with statis-
tical significance (http://freshnews.com/news/biotech-biomedical/article 17775.html).

This highlights the difficulties encountered when proceeding from animal to clinical
studies, and hopefully a thorough failure analysis will be published at some point.
Nevertheless, at least in animal models it has been clearly demonstrated that (i) magnetic
drug targeting is feasible even if the drug administration site is remote from the target
site under magnetic field influence [189,197], (ii) the magnetic particles can extravasate
under the influence of the magnetic field [183, 193, 198], and (iii) the magnetic carriers
are well-tolerated.

Magnetic targeting of nucleic acid pharmaceuticals is in an early preclinical phase. It
was required to associate nucleic acids or vectors with magnetic particles in a manner that
is compatible with cellular uptake and the desired intracellular processing. Surprisingly,
this has been a relatively simple task. We have used magnetic iron oxide nanoparticles
for this purpose which are coated with cationic or anionic polyelectrolytes [85,103,169].

Core/shell-type magnetic nanomaterials for magnetically targeted nucleic acid de-
livery (which we call magnetofection) can be easily synthesized using precipitation of
the iron hydroxides from aqueous iron salt solution and transformation into magnetite in
an oxygen-free atmosphere with immediate spontaneous adsorption of the appropriate
stabilizer/modifier. An example protocol is as follows: Typically, 200 ml of a 0.2-�m
filtered aqueous solution of 50 mmol ferric chloride hexahydrate and 25 mmol ferrous
chloride tetrahydrate is cooled to 2–4◦C in a 2000-ml four-neck flask. Argon is bubbled
continuously through the solution. While being rapidly stirred, 25 ml of 28–30% am-
monium hydroxide solution and a solution of coating compound (for example, severals
grams of 12-kD dextran in 100 ml of deionized water kept under argon) are quickly
added. A primary precipitate forms which is not magnetic yet. The material is heated to
90◦C over a 15-min interval and stirred at this temperature for the next 30 min. Magnetic
material forms. The mixture is then cooled and incubated at 25◦C for 2 h with continu-
ous stirring. No more inert gas bubbling is needed. The product is sonicated for 5 min
using 35 mW and a resonance frequency of about 20 kHz, and it is dialyzed extensively
against water using Spectrapor 12- to 14-kD MW cutoff membrane to remove excess
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Figure 2.5. Electron micrograph of a representative example of magnetic iron oxide

nanoparticles synthesized according to the general protocol outlined in the text.

unbound stabilizer. A large variety of particles can be generated using this basic protocol
with different stabilizers such as derivatized dextrans or starch or polycations such as
polyethylenimine or polylysine, citrate, polyaspartic acid, and other compounds. Figure
2.5 shows an electron micrograph of a nanomaterial synthesized in this manner. Apart
from electron microscopy, the materials are characterized by X-ray diffraction, dynamic
light scattering, zeta potential determination, determination of composition (iron content,
weight fraction of coating compound), determination of magnetization curves, determi-
nation of nucleic acid or gene vector binding isotherms, and finally characterization of
their suitability in magnetofection.

The natural tendency of charged colloidal particles to aggregate in salt-containing
solution is usually considered to be an annoying characteristic because it limits the
stability of colloidal suspensions under physiolgical conditions. The same problem
prevails for nonviral nucleic acid vectors which are charged nanoparticles as well.
However, we used the otherwise undesired salt-induced aggregation to associate vec-
tors with magnetic nanoparticles. Simple mixing of the vector components (polycation
and/or lipid, nucleic acid or viruses) with polyelectrolyte-coated magnetic nanoparti-
cles in salt-containing solution (such as cell culture media or physiological buffers) is
sufficient to obtain the desired magnetic vectors. In our own work we have used pre-
dominantly polyethylenimine-coated iron oxide nanoparticles, but we have also shown
that other polycationic and polyanionic surface coatings are suitable for magnetofection
[85]. Most recently, Haim et al. [199] have used negatively charged magnetic nanopar-
ticles coated with derivatized starch to associate these with lentivirus preparations in
a noncovalent manner. This is achieved, as the authors argue, by colloidal clustering
facilitated by positively charged ions in solution [200]. Other researchers have used
colloidally stable streptavidin-coated magnetic particles and biotinylated vectors for the
same purpose [201–205]. In cell culture, these magnetic vectors can be sedimented on
the cells to be transfected by magnetic fields within a few minutes. For this purpose,
commercially available neodymium–iron–boron magnets are attached to the downside
of cell culture dishes. Also, magnetic plates which we have designed for this pur-
pose are commercially available (see also Figure 2.4). The magnetic attraction has the
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Figure 2.6. Standard transfection and magnetofection of B16F10 mouse melanoma cells. The

figure shows typical dose–response relationships observed when comparing magnetofection

and standard transfection. In this case, the cells were seeded in a 96-well plate at a density

of 6.000 cells per well the day prior to transfection. For the standard transfection, plasmid

DNA coding for luciferase was mixed with DOTAP–cholesterol liposomes (1:0.9 mol/mol) to

result in a charge ratio of 1.25 (positive charges of DOTAP over negative charges of DNA).

For magnetofection, DOTAP–cholesterol liposomes were mixed with DEAE dextran-coated

magnetic iron oxide nanoparticles (obtained from chemicell, Berlin, Germany) followed by

mixing with plasmid DNA. The w/w ratio of magnetic particles to DNA was 2, and the charge

ratio of DOTAP–cholesterol to DNA was 1.25. After addition of the DNA complexes to the cells,

the culture plate was positioned on a magnetic plate for 20 min (see Figure 2.4). Luciferase

expression was determined 24 hr after transfection. The figure shows that saturation levels

of transfection are achieved with Magnetofection while the standard reagent at the same

dosage remains considerably below this level. For achieving the same effect with the standard

reagent, high doses are required which would lead to toxictiy (compare to Figure 2.3).

consequence that the full vector dose rapidly gets in contact with the target cells (the
diffusion limitation is overcome). As predicted, this greatly improves the dose–response
profiles of most examined gene vectors (an example is shown in Figure 2.6). Incu-
bation times thus can be limited to minutes instead of hours. We have shown that at
least in the case of antisense oligonucleotide delivery, the rapid transfection kinetics
helps reduce transfection-associated toxicity to the cells [206]. Another consequence
of magnetically guided nucleic acid delivery is that it can be confined to cells under
the influence of the magnetic field within one cell culture dish. We have discussed
the details and benefits of the magnetofection method in several reviews and research
papers [85, 102, 103, 169, 206–209]. Briefly summarized: The linkage between mag-
netic particles and vectors can be established in a reversible manner. Therefore, cells can
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obviously dissociate the components, and the association is compatible with the required
intracellular processing steps. Magnetofection appears to be universally applicable to
viral and nonviral vectors and, among the latter, to the delivery of large (plasmid DNA)
and small synthetic nucleic acids (antisense oligonucleotides and siRNA [85,206,209]).
The uptake into cells proceeds via endocytotic processes similar to those for the parent
vectors, and the applied magnetic force appears to have no further effect than localiz-
ing vectors at the target cell surface [102]. The only mechanistic differences between
standard transfection and magnetofection observed so far were with adenoviral vectors
and with siRNA delivery [85, 169, 209]. The association of adenovirus with cationic
magnetic particles allows the vector to infect cells that do not express the coxsackie
and adenovirus receptor (CAR). Synthetic siRNA molecules cannot be delivered in a
functional manner with linear PEI. However, if combined with cationic magnetic par-
ticles and magnetofected, otherwise inactive linear PEI–siRNA complexes efficiently
knock down target gene expression [85,209]. The mechanistic basis for this has not been
elucidated so far. We have used magnetofection very successfully for the transfection of
primary cells including lung epithelial cells [208], blood vessel endothelial cells [207],
keratinocytes, chondrocytes, osteoblasts, and amniocytes (unpublished results) as well
as with whole tissue specimens of airways [208] and with blood vessels ([169,206] and
unpublished results). In the meantime, magnetofection reagents are commercially avail-
able from OZ Biosciences (Marseille, France; www.ozbiosciences.com) and chemicell
(Berlin, Germany; www.chemicell.com). Accordingly, more publications involving the
method can be expected in the near future.

An important question is whether magnetic nucleic acid targeting is feasible in vivo
and whether magnetofection is useful beyond research applications in nucleic acid based
therapies. We have provided proof of principle in demonstrating magnetically localized
transfections in segments of blood vessels and in the gastrointestinal tract [169]. We
have also demonstrated therapeutic potential in an ongoing veterinary clinical study of
immuno gene therapy of feline fibrosarcoma [209]. This is one of the most common
feline tumors with a relapse rate of 75% within 6 months upon surgical resection,
which is the standard therapy (for more details on feline fibrosarcoma see Ref. 210).
We inject a plasmid construct with the human GM-CSF gene under the control of the
CMV promoter associated with magnetic particles directly into the tumor twice with
a one-week interval starting two weeks prior surgical resection of the tumor. During
the application, a neodymium–iron–boron magnet is placed on the tumor adjacent to
the injection site in order to retain the injected dose within the tumor tissue. So in
this case, magnetic field guidance is not used to direct the vector to the target tissue
upon remote administration but rather to keep a locally applied dose in the target
tissue. The interim result of this study is that tumor-free survival of the cats is raised
from only 23% at the one-year time point in the case of standard therapy (surgery
only) to 52% with presurgical magnetofection of the human GM-CSF gene (20 patients
treated).

One can conclude that magnetically guided nucleic acid delivery has potential in
vivo. At the same time, limitations are clearly evident, some of which may be over-
come by appropriate formulations and novel magnetic field technologies. Magnetic



chap02 JWBK002-Labhasetwar June 14, 2007 15:35 Char Count=

VECTOR LOCALIZATION BY MAGNETIC FORCE (MAGNETOFECTION) 41

nanoparticles in a magnetic field move in a preferred direction of space only if they
experience a magnetic field gradient. The magnetic force acting on a particle is propor-
tional to the magnetic flux density, to the volume (and thus the third power of the radius)
of the particle, and to the field gradient. During in vivo applications, hydrodynamic
forces counteract magnetic retention. An example is the viscous drag force according to
Stoke’s law in the bloodstream which is proportional to the first power of the particle ra-
dius. Detailed theoretical considerations substantiated with experimental evidence have
been published [211–214]. The study by Nagel [214] shows that magnetic particles with
diameters in the lower nanometer range (around 50 nm) are not suitable for magnetic
drug targeting. In agreement with theoretical predictions, only a minor percentage of
magnetic particles could be trapped using rare earth permanent magnets even at low
flow rates of up to 4 mm/sec, which is prevalent in small capillaries. Increasing particle
diameters helps, but upper limits are set by the anatomy of blood vessels (capillary di-
ameter of about 5 �m). Magnetic drug targeting appears impossible at flow rates around
20 cm/sec, like in the human aorta. Another limitation is that magnetic flux density and
field gradients decrease rapidly with increasing distance from a magnetic pole shoe.
Gradients cannot be generated arbitrarily in space. Hence, for the moment, magnetic
drug targeting is limited to superficial or surgically accessible areas of an organism. Nev-
ertheless, even with the given constraints, numerous applications of magnetic targeting
can be envisaged. Blood flow rates can be reduced locally and temporarily, the vascula-
ture of major organs is accessible to catheters, strong electromagnets with tailored field
gradients are constructed, and suitable formulations containing magnetic particles are
developed. The study by Nagel suggests that magnetic deposition of magnetic particles
against hydrodynamic force is a cooperative process. Particles, once deposited, gener-
ate additional local field gradients in an external field that facilitate the deposition of
further particles. Babincova et al. [215] have suggested the positioning of ferromagnetic
materials close to a target site. In a strong external homogeneous field like the one
present in magnetic resonance imaging equipment, such material will generate strong
local gradients that may be exploited for magnetic drug targeting.

It can be concluded that important developments in the field of magnetic drug
targeting can be expected from a collaboration of experts in magnetic field physics,
electrical engineering, magnetic particle synthesis, drug formulation, and medical sci-
ences. Such an interdisciplinary network has been installed in Germany in the federal
government funded program Nanobiotechnology (www.nanobio.de). Engineers from
Siemens Corporate Technology currently develop electromagnets that are tailor-made
for magnetic drug targeting under clinical settings [216]. These magnets are designed
to provide high and scalable magnetic force in an application volume around and inside
a tumor and are designed to have low mass, small size, and be easy to handle. A cross
section of a prototype for preclinical experiments is shown in Figure 2.7. This particular
magnet produces a field gradient ranging from 100 T/m at the pole tip to 10 T/m in a
prechosen cylindrical application volume of 20 mm in diameter and height. This magnet
is currently under evaluation for magnetic drug targeting in animal tumor models. For
the research field it is highly important that standardized hardware (magnets, magnetic
particles) is available. Until now, most researchers had to rely on permanent magnets
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Figure 2.7. Design of an open-pot-type magnet developed by Siemens Corporate technology

with parameters varied during optimization. The specification was that the magnet ought

to produce a normalized magnetic force at z = 20 mm and r = 10 mm of up to 10 T/m on

magnetic nanoparticles used in our magnetic drug targeting experiments. These particles are

multidomain particles or clusters of single-domain particles with a typical susceptibility � of

0.2 with typical particle sizes of 100–150 nm. Saturation magnetization of these particles is

reached above ≈0.2–0.4 T. The magnetic field near the pole tip easily exceeds this value. Hence

the saturation of the magnetic particle clusters within the application volume can be assumed,

with the particles consequently having a constant magnetic moment. Therefore, the magnet

had to be optimized with respect to the force per magnetic moment only. Details will be

published elsewhere [216]. Parameters that were optimized: wcoil, width of the coil (radial);

lcoil, length of the coil (axial); f , aspect ratio of coil: wcoil/lcoil; r0, radius curvature at pole

tip; rsl, radius of iron–cobalt core piece; rs2, radius of core at pole tip; lgap, length of gap

between core and coil former; lp, length of core outside the coil; L, total coil length including

aluminum side plates; NI, ampere-turns (number of turns times current); N, number of turns for

Al tape winding; F/m, normalized magnetic force at z = 20 mm and r = 10 mm; m, mass of the

magnet. (These data were kindly provided by Dr. Wolfgang Schmidt, Siemens AG, Corporate

Technology, Erlangen, Germany).

with poorly defined characteristics and geometries based on availability rather than on
specific requirements for the given application.

Further improvements in magnetic drug targeting can arise from optimized formu-
lations. The magnetic force acting on a magnetic drug carrier is proportional to the third
power of its radius, while the counteracting viscous drag force is proportional to only the
first power. Hence, a magnetic carrier for drug targeting needs to be of large diameter (or,
in other words must contain a maximum amount of magnetic material) while maintain-
ing enough flexibility to migrate through blood capillaries like blood cells. Liposomes
containing an optimized amount of magnetic nanoparticles in their aqueous lumen ap-
pear to be suitable for this purpose [217, 218]. It is our goal to generate an alternative
magnetic carrier which, in addition to magnetic force, is susceptible to an independent
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second physical force which is also relevant in drug targeting and medical imaging. We
have developed magnetic microbubbles.

2.8 USE OF ULTRASOUND TO TRIGGER LOCALIZED DELIVERY,
MICROBUBBLES, AND MAGNETIC MICROBUBBLES

Microbubbles are gas-filled microspheres that were developed as contrast agents for
medical ultrasound imaging purposes. Micrometer-sized gas bubbles that resonate at
a diagnostic frequency are ideal reflectors for ultrasound [219]. For application in the
systemic circulation, these bubbles should be smaller than 5–7 �m in order not to ob-
struct blood capillaries. In the simplest case, microbubbles are nothing more than air
bubbles [220, 221] or gas emulsions [222] in an aqueous phase. Such bubbles can be
stabilized if the air–liquid interface is provided with a shell. The shell can consist
of renografin, indocyanin green, carbohydrates (such as dextrose), proteins, denatured
proteins, surfactants, lipids, or synthetic polymers (such as polylactides) [223,224]. Var-
ious compositions are discussed in comprehensive reviews [141, 143]. First-generation
microbubbles, which were air-filled, suffered from limited stability. Upon intravenous
infusion, the air dissolves rapidly in the blood, hence the bubbles are lost for imaging
or drug delivery. The physical background for these phenomena has been discussed by
Schutt et al. [219]. Using gases with low Ostwald coefficients greatly improves bubble
stability. Perfluorocarbons have turned out to be ideal gases for microbubble preparation
due to low aqueous solubility and sufficient volatility. More recent compositions are
so-called nanoemulsions consisting of a bubble shell filled with a liquid perfluorocar-
bon. These compositions can be designed such that the fluorocarbon will undergo a
phase transition from liquid to gaseous states at a range of different temperatures [143].
Preparation procedures for microbubbles include simple shaking, emulsion procedures,
application of shear forces, or sonication. Protocols can be found in the scientific and
patent literature.

Microbubbles have been used as drug carriers. Both low-molecular-weight drugs and
high-molecular-weight drugs such as nucleic acids can be associated with microbubbles.
The association can be realized in various ways. The drug can be bound covalently or
noncovalently to the surface of a bubble shell, the drug can be integral part of the shell
itself, or it can reside in the interior of the bubble. In all cases, drug molecules can
optionally interact via chemical bonds or physically (noncovalently) with each other
and/or other components of the shell. For association with microbubbles, a drug may
also be provided in the form of a pro-drug [225, 226]. The various modes of drug
association have been discussed in comprehensive reviews [141, 143, 227, 228].

Drug-loaded microbubbles hold potential as “magic bullet” agents to deliver drugs
to precise locations in the body; these precise locations are determined by where the
ultrasound energy is focused [143]. The physical basis is that gas-filled microbubbles can
be induced to “pop” using ultrasound of appropriate frequency and energy. Ultrasound
probes operating in the low megahertz range have been found optimal for this purpose
[229]. The interaction of microbubbles and ultrasound leads to cavitation, bubble burst,
and consequent drug release. In addition, cavitation can lead to microvessel rupture
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leading to increased permeability of the endothelial barrier [230]. This effect has been
used to deliver nanoparticles and red blood cells to the interstitium of rat skeletal muscle
[231]. Cavitation nuclei formed by microbubbles have also been used to permeabilize
the blood–brain barrier [232]. It can be envisaged that simple co-delivery of a drug with
microbubbles and local ultrasound irradiation is sufficient to achieve locally enhanced
delivery [143]; that is, the drug to be delivered may not need to be associated with
microbubbles.

Microbubbles have been used successfully in nucleic acid delivery [141, 143, 144].
Interestingly, ultrasound alone has been shown to enhance gene delivery to cell lines
[233, 234], skeletal muscle [235], and tumors [236]. Associating nucleic acids with
microbubbles, applying such compositions in vitro and in vivo under exposure of the
target tissue to ultrasound is a highly effective method for triggering localized delivery of
nucleic acids and drugs in general in a variety of tissues [142,226,237–246]. In addition,
microbubbles can be targeted exploiting receptor–ligand-type interactions (including
antigen–antibody interactions) [141, 143].

Based on this state of the art, we reasoned that microbubbles may be ideal carriers
to incorporate a high quantity of magnetic nanoparticles as well as active agents such
as drugs or nucleic acids. The flexibility of this carrier should be sufficient to “squeeze”
through blood capillaries. Magnetic accumulation of the carrier against hydrodynamic
forces ought to be facilitated compared with “free,” physically uncoupled magnetic
nanoparticles. This should occur because in magnetic microbubbles one carrier object
would comprise a plurality of magnetic particles which would be immobilized in the
bubble shell in close vicinity and thus Brownian relaxation would be greatly reduced.
Active agents, once magnetically accumulated at a target site, would be released locally
by the application of ultrasound which might also improve tissue penetration by the
active agent. Last but not least, magnetic microbubbles might be highly useful con-
trast agents both for ultrasound and magnetic resonance imaging. The only remaining
question was how to prepare magnetic microbubbles. The patent literature provides a
multitude of microbubble compositions and preparation procedures. We chose to focus
on albumin and on lipid microbubbles because for both preparations their suitability as
nucleic acid carrier in gene delivery had been demonstrated previously. We found that
for the preparation of magnetic microbubbles the choice of a suitable magnetic nanopar-
ticles coating is essential. It is obvious that this surface coating must be such that a
strong interaction with other bubble constituents, particularly with the main constituent,
is enabled. We found that the preparation of albumin microbubbles using sonication such
as described in the literature is simple in principle. However, it was difficult to achieve
stable and well-defined magnetic albumin microbubbles. The simplest solution was to
mix a commercially available microbubble preparation such as Optison with magnetic
nanoparticles. In our study, the best quality of magnetic microbubbles was obtained
with lipids and an agitation procedure. The detailed compositions and preparation pro-
cedures will be published in scientific journals. In brief, the major component of our
magnetic microbubbles is soybean oil; a drop of it is provided in a glass vial. Also, a
mixture of nucleic acid, a cationic lipid transfection reagent and magnetic nanoparticles
is added in a buffer containing glycerol and propylene glycol. The gaseous space above
the liquid surface is filled with perfluoropropane. Subsequently the glass vial is sealed
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and vigorously shaken at a defined frequency for a specified period of time. Using
detergent-coated magnetic nanoparticles, we achieved quantitative magnetic nanopar-
ticle incorporation and, due to the cationic lipid comprised in the preparation, also
quantitative nucleic acid incorporation. Plasmid DNA survives the shaking procedure
undamaged as determined by gel electrophoresis. Figures 2.8 and 2.9 show examples
of magnetic microbubbles with incorporated plasmid DNA. We confirmed that indeed
the magnetic accumulation of magnetic nanoparticles against hydrodynamic forces is
greatly superior in microbubble formulation than in the form of free magnetic nanoparti-
cles. Such as has been described for classical microbubbles, also magnetic microbubbles
can be destroyed by ultrasound of 1-MHz frequency (Figure 2.10). These preparations
are suitable to transfect cells in culture (Figure 2.11), which serves as a model for later
in vivo applications. Not surprisingly, similarly as in standard magnetofection, the high-
est impact on transfection efficiency is contributed by the presence of a magnetic field
that warrants microbubble–target cell contact. In the absence of a magnetic field, the
microbubbles float and thus hardly get in contact with adherent cells in culture. The
application of ultrasound and magnetic field in combination yields the highest efficiency
in transfections in cell culture. Currently we are examining magnetically targeted and ul-
trasound triggered delivery of nucleic acids in vivo. In one study, magnetic microbubbles
are injected into the circulation, and magnetic accumulation and ultrasound-triggered
deposition of nucleic acids are observed by intravital microscopy in a mouse dorsal
skin chamber model. The other model, exemplary for topical administration, is a ventral
skin flap model. Magnetic microbubbles carrying the gene of an angiogenic factor are
injected subcutaneously. Later on, a skin flap is excised and repositioned. Without dis-
closing details here (they will be published in scientific journals), the encouraging result
is that only the combination of magnetic field and ultrasound yields a local deposition of
nucleic acids in the circulation model or an improved skinflap survival in the orthotopic
model, respectively. One of our goals is to target endothelial cells in the vasculature of
tumors with the help of magnetic microbubbles and in this manner deposit anti-cancer
agents there, be it classical pharmaceuticals or nucleic acids. The coming months will
show whether this can be achieved.

2.9 CONCLUDING REMARKS

Almost 40 years ago initial concepts of gene therapy have been conceived [3]. The
validity of the concept and therapeutic efficacy has been demonstrated in humans using
viral vectors [247]. However, this success has been overshadowed by severe adverse
events [248]. This and another tragic setback to nucleic acid therapy concepts, the
death of a treated patient [249], highlight how little we understand the complex biology
being the basis of the therapeutic concept we pursue. Despite more than 30 years of
continued efforts, the final breakthrough in nucleic acid-based therapies has not been
achieved yet. However, these decades of research have greatly contributed to an improved
understanding of the involved biology and to an appreciation of the complex challenges
presented by nucleic acid delivery. Nucleic acid delivery has become an important
research tool in the biomedical sciences. Concerning the important major step still to be
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(a) (b)

(c) (d)

Figure 2.8. Stages of magnetic microbubble preparation. The microbubble components are

combined in a Wheaton glass vial. The vial is sealed and the headspace is filled with perfluo-

ropropane. Subsequently, the vial is shaken for 1 min at 2.500 rpm using a Mini BeadBeater

(Biospec Products, Inc., Bartlesville, Oklahoma). (a) Directly after shaking of the components in

the Wheaton vial using the Mini BeadBeater; (b) 1 min after shaking; (c) 5 min after shaking;

(d) after washing with buffer. The sequence parts a–d shows that within 5 min after prepa-

ration, the magnetic microbubbles float on the surface of the preparation, as is typical for

perfluoropropane-filled microbubbles. Parts c and d also demonstrate the efficient incorpo-

ration of magnetic particles into the bubbles by virtue of the brown color floating on the

surface. If the magnetic particles were not incorporated in the bubble preparation, the whole

preparation would be turbid.
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Figure 2.9. Plasmid-loaded magnetic microbubbles in the light microscope. Bright field (a)

and fluorescence microscopy (b) lipid magnetic microbubbles (magnification > 400×) where

the DNA component of the bubbles was fluorescence-labeled with YOYO-1 iodide. The figure

shows that both magnetic particles and DNA are efficiently incorporated into the complex. (a)

The granular appearance of the bubbles shows the incorporation of magnetic particles. This

was further evidenced by a rapid movement of the particles toward a neodymium–iron–boron

permanent magnet positioned in an area close to what is the lower left corner of the photo-

graph. Accordingly, the photograph shows magnetic microbubbles concentrated in the lower

left corner. (b) The fluorescence image demonstrates that all microbubbles seen in the phase

contrast image contain DNA (YOYO-1 only gives significant fluoresencence when intercalated

in the nucleic acid). The bubbles in this figure appear quite heterogeneous. This is due to

bubble fusion under magnetic field influence as occurred here. The original bubble prepara-

tion is relatively homogeneous with bubble diameters of 2–4 �m (determined using a Coulter

Counter).

5 µm

(a) (b)

Figure 2.10. Magnetic microbubble destruction by ultrasound. An aliquot of the bubble

preparation was diluted with phosphate buffered saline in a 6-well cell culture plate and ob-

served under a light microscope. The magnetic microbubbles were magnetically sedimented

to the bottom of the well using a disk-shaped neodymium–iron–boron permanent magnet

(NeoDelta NE 155, IBS Magnet, Berlin, Germany). (a) Photograph taken directly after mag-

netic sedimentation before sonication and (b) after sonication at 2 W/cm2, 20% duty cycle, for

60 sec at room temperature with a 6-mm ultrasound probe of a Sonitron 2000D ultrasound

device operating at 1 MHz (Rich Mar Inc., Inola, Oklahoma). The figure demonstrates that mag-

netic lipid microbubbles can be destroyed efficiently using ultrasound. The granular structures

in part b are magnetic particles.
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Figure 2.11. Transfection with magnetic microbubbles in cell culture. NIH 3T3 cells were

transfected with magnetic microbubbles carrying a luciferase reporter plasmid in the pres-

ence or absence of magnetic field influence and ultrasound. Transfection with ultrasound

application at 1 W/cm2 for 60 sec at 50% duty cycle (left) and without ultrasound application

(right) in the presence and absence of a magnetic field. The numbers above the bars (left part

of the figure) indicate the -fold enhancements achieved by ultrasound application. Highest

transfection efficiency is achieved with a combination of magnetic field and ultrasound with

appropriately chosen ultrasound parameters, although in cell culture experiments the major

enhancing impact on transfection efficiency is contributed by the magnetic field.

taken toward efficient and widely applicable nucleic acid-based therapies, we now
know that it has to be taken by an interdisciplinary effort. Medical, pharmaceutical,
chemical, biological, and importantly also physical aspects need to be considered, and
the respective scientific efforts need to be united in order to generate safe and efficient
nucleic acid pharmaceuticals. The ability to localize delivery is an important step in this
direction, in terms of both efficacy and safety. It is likely that a combination of physical
control of delivery, of localization, and of activation with the corresponding biological
concepts will be the way to success.
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3
MAGNETIC NANOPARTICLES IN

CANCER DIAGNOSIS AND
HYPERTHERMIC TREATMENT

Robert H. Kraus, Jr. and Bradford Wright

3.1 INTRODUCTION

The publication of this book signifies the present and growing importance of nanotech-
nologies in the biosciences in general and medicine in particular. The diagnosis and
treatment of tumors is one field in which an array of nanotechnologies are being ap-
plied. For example, nanoparticles can be targeted to tumors to enhance diagnosis and
localization of tumors by many different imaging modalities [e.g., optical, magnetic res-
onance imaging (MRI), positron emission tomography (PET), single photon emission
computed tomography (SPECT), computed tomography (CT), and X-ray]. Successful
targeting of nanoparticles typically requires long resident times in the circulatory sys-
tem to allow efficient uptake by a desired cell or cell receptor population. The rapid
recognition and collection of most intravenously injected colloidal particles by Kupffer
cells, for example, often impedes efficacy of a given colloidally based diagnostic or
therapeutic. Moghimi et al. [15] have provided an extensive review of the current status
of “stealth” technologies being developed to maximize the resident times of colloidal
preparations.

Gold colloids and gold coatings have been used to study various cellular uptake and
endocytosis [1–3] mechanisms. For example, gold nanoparticles have been conjugated to
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antibodies [1], lipids, and DNA fragments [3] to study a variety of uptake mechanisms. In
the early 1970s Faulk and Taylor [4] invented the immunogold staining procedure; since
that time, researchers have been using gold nanoparticles to label proteins for techniques
such as imaging, blotting, flow cytometry, and hybridization assays [5–7]. The most
common method of coupling inorganic nanoparticles to biomolecules involves forming
either a gold–thiol (Au–Sbiomolecule) or a metal–disulfide (Cd–S–Sbiomolecule) co-
valent bond [8]. These types of metal sulfur bonds have been shown to be stable under
aqueous conditions [8–12].

Gold coatings are particularly important for magnetic nanoparticle technology. The
gold coating enhances the stealthiness of the nanoparticles by preventing macrophage
recognition of the particles, and gold is an ideal surface for biomolecular conjuga-
tion. Of particular importance to many magnetic materials, gold coatings also prevent
oxidation and other chemical attack of the magnetic alloy, thereby reducing toxicity
issues associated with the oxidation products of the magnetic alloy used to produce the
nanoparticles.

A variety of nanotechnologies are used for tumor treatment from directing
chemo-, gene-, or radiotherapeutic agents contained within nanoparticles to tumor sites
to nanoparticles that enhance energy deposition in tissue from external energy sources
(microwaves, light, magnetic, etc.). Mechanisms employed to direct nanoparticles to-
ward tumors include molecular targeting, magnetic targeting, and even direct injection
into the tumor. In this review, we will concentrate specifically on recent advances in the
use of magnetic nanotechnology for diagnosing and treating tumors.

Magnetic nanoparticles in particular are used to diagnose, image, and treat cancer
using different techniques based on a variety of physical mechanisms. We will review
a selection of techniques using a framework of (1) concentrating the nanoparticles at
the desired location, (2) localizing and/or imaging the concentrations of nanoparticles,
and (3) inducing necrosis of the tumor tissue while minimizing damage of healthy
tissue. While the synthesis and properties of the magnetic nanoparticles is an important
and active area of research, it is beyond the scope of this chapter and the reader is
referred to other reviews of the subject [13–15]. The concentration of nanoparticles at
the tumor site is a prerequisite for both the imaging and treatment phases. In general,
diagnostic imaging of the tumor is typically considered separately from the treatment;
however, in recent years there has been a growing body of literature reporting multimodal
and multifunction nanoparticles. Magnetic nanoparticles have been at the forefront of
multifunctional applications by enabling the same materials to be used for both diagnosis
and treatment. We will focus this chapter on the methods and materials used to image and
treat tumors with magnetic nanotechnology. Targeting methods, toxicity, and magnetic
material considerations are discussed in detail elsewhere in this book and will only be
touched on as they relate specifically to the magnetic nanotechnology discussed here.

3.2 CONCENTRATING MAGNETIC MATERIAL AND THERAPY

Virtually all applications of magnetic nanoparticle technology to the diagnosis and
treatment of tumors require the concentration of magnetic material at a site or sites of
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interest while minimizing uptake in healthy tissue and organs. The goal is to maximize the
diagnostic signal-to-noise ratio (SNR) and maximize therapeutic effect while minimizing
systemic or even local damage to healthy tissue. The total dose used for diagnostic
techniques will depend on the limit of detection for any given method (total signal
required) and the background or noise (the SNR). The primary noise source will be
signals arising from the uptake of magnetic nanoparticles in healthy tissue and organs.
The dose needed to treat tumors is determined by the nanoparticle load required in the
affected tissue to attain therapeutic efficacy, while uptake in healthy tissue and organs
may lead to undesirable tissue damage. Thus, as has been the case in cancer treatment
for many years, the total dose needed for treatment depends on a balance between the
quantity of material required for therapeutic efficacy and the deleterious effects of uptake
in healthy tissue and organs.

A major focus of cancer research in recent years has been to target therapies to the
tumors with a high degree of specificity that minimizes affecting healthy tissue. A vari-
ety of approaches that direct therapies to tumors are under active investigation including
molecular targeting, mechanical targeting, and magnetic targeting. We define “mechan-
ical targeting” as physical techniques that localize nanoparticles in the desired location.
Two examples are direct injection or passive targeting [15] that relies on nanoparticle
accumulation in porous vasculature common to many tumors. Direct injection may be
useful for tumors that would not exhibit sufficient specificity or differentiation. In some
cases, multiple targeting modalities may be combined, for example, by injecting a sus-
pension of magnetic nanoparticles that are functionalized with monoclonal antibodies
to target a specific tumor receptor. Many of these approaches are discussed elsewhere in
this volume.

A growing number of therapies couple energy from an external source such as
magnetic fields, microwaves, light (laser), and ultrasound to the tumor mediated by
nanoparticles in the tissue. These approaches allow the nanoparticles to be preferentially
targeted to the tumor in vivo, and the external energy source can be selectively applied
to the nanoparticle concentrations that have been proven to be localized to the tumor.

3.3 LOCALIZING NANOPARTICLE CONCENTRATIONS

After the nanoparticles have been concentrated by means of molecular targeting, mag-
netic targeting, direct injection, and so on, it is important to map the foci of localized
nanoparticle concentrations and the overall nanoparticle density distribution in tissue.
Such a map provides a powerful diagnostic tool by detecting the abnormal localized
presence of receptors expressed by tumor cells through molecular targeting [13,16,17],
magnetic targeting [18, 19], mechanical targeting of compromised vasculature [15, 20],
and new approaches being developed daily. Knowledge of the magnetic material dis-
tribution is also crucial for planning magnetic nanoparticle-mediated thermal energy
deposition for cancer therapy. The distribution in tissue is extremely important for deter-
mining the dose required to realize the desired local temperature increase in the tumor
while minimizing collateral damage. A wide range of techniques for localizing nanopar-
ticles in tissue have been reported including radio-isotope imaging [21], optical methods
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[22, 23], and X-ray [27]. Each of these approaches depends on using nanoparticles
specifically designed for the imaging approach being applied. Imaging magnetic
nanoparticles is most readily carried out by MRI susceptibility contrast approaches
[25, 26]. It has also been suggested that superconducting quantum interference device
(SQUID) sensor arrays could be used to localize concentrations of magnetic nanoparti-
cles in tissue [27, 28]. We will examine these two approaches in the following sections.

3.3.1 Imaging Magnetic Nanoparticles with Magnetic
Resonance Imaging

Magnetic resonance imaging has been shown to be very well suited for diagnostic cancer
imaging as a result of the exceptional anatomical resolution of this modality [29,30]. The
basis of molecular MRI is generally based on the assumption that antibodies, peptides, or
other targeting molecules, tagged with a magnetic contrast agent, binds to the target and
produces a local magnetic field perturbation that results in an increased proton relaxation
rate that is detectable by magnetic resonance techniques. Magnetic nanoparticles are a
form of magnetic contrast agent in MRI. Para- and superparamagnetic agents such as
Gd(III) and various forms of iron oxide in both molecular and nanoparticle form have
been used in a broad range of MRI applications to enhance image contrast. This approach
is only limited by the inherent sensitivity of MRI, and the specific pulse sequence chosen,
to the presence and distribution of the magnetic contrast agent [25, 26, 31, 32].

The limit of detection for these contrast agents is determined by a variety of factors
including the total quantity, local concentration or material distribution, and the mate-
rial form (e.g., molecular, nanoparticle, oxide, etc.). One investigation reported that the
limit of detection for paramagnetic gadolinium is approximately 15 �g Gd/g tissue [25].
Recent studies have used iron oxide nanoparticles conjugated to targeting molecules as
the contrast agent [24, 33–35] both in vitro and in vivo. The larger local field perturba-
tion caused by the nanoparticles, along with newer imaging methods (including image
subtraction), has increased the detection sensitivity to significantly better than 2 �g Fe/g
tissue [22]. The saturation magnetization of the contrast agent in the applied field is an
important factor in maximizing sensitivity threshold [33, 36].

The recent interest in using MRI to directly measure neuronal currents has mo-
tivated developing new pulse sequences for maximizing sensitivity to local magnetic
field perturbations. Bodurka et al. [37] suggested that neuronal currents in the brain
will cause spatially varying magnetic field distributions on a very small scale. Such a
model is very similar to what one would expect for magnetic nanoparticles in tissue. In
an effort to determine the feasibility of detecting spatially varying magnetic fields on
a microscopic scale, they suggested that the magnetic field perturbation resulting from
local neuronal activity could be measured by a phase-shifted MRI technique. Bodurka
originally demonstrated a detection threshold to local field inhomogeneities, using a
gradient-recalled echo-planar imaging (EPI) sequence, of about 1.7 nT, in general agree-
ment with theoretical estimates for an 8-mm3 voxel. In a more recent work, Bodurka
and Bandettini [38] demonstrated a sensitivity limit of ∼200 pT (2 × 10−10 T) using
a single-shot spin-echo (SE) echo-planar sequence. Finally, Konn et al. [80] reported
a detection threshold of 1.1 × 10−10 T in a 2-mm × 3-mm × 3-mm voxel. The most
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important characteristics of the neuronal model that lead to the dephasing of the MRI
signal is the variation of the magnetic field on a microscopic spatial scale. This charac-
teristic is analogous to magnetic nanoparticles distributed in tissue.

We can now estimate the sensitivity of the SE EPI technique to detecting magnetic
nanoparticles in tissue. If we assume a nominal voxel size of 2-mm × 2-mm × 2-mm,
along with a conservative sensitivity limit of 3 × 10–10 T, we find that our detection limit is
approximately 36 pg of � -Fe2O3 magnetic nanoparticles (∼1000–100 nm nanoparticles)
distributed evenly in the 8-mm3 voxel. We assumed a typical saturation magnetization,
Js ≈ 0.54 T for � -Fe2O3, and used an average volume magnetization in the voxel in
keeping with previous MRI phantom studies. The saturation magnetization for such a
material would be realized in virtually any standard MRI instrument. Recent advances
in ultra-low-field (ULF) MRI may provide even greater sensitivity, particularly when
using ferromagnetic nanoparticles. ULF MRI is particularly sensitive because of the
extraordinarily narrow peak width [39–41]. Modeling in our own group has shown that
such an approach would be sensitive to changes of less than 50 pT in a voxel. Given that
nominal voxel size for our work today is about 2 mm × 2 mm × 2 mm, less than 200- to
100-nm nanoparticles could potentially be detected and imaged.

Finally, MR imaging of these localized concentrations of magnetic nanoparticles is
essentially independent of the depth within the tissue (patient). This is readily understood
when one considers that the effect of the nanoparticle magnetic fields is upon the spin
population of the tissue in which the nanoparticles are distributed. MRI measures the
dephasing effect of the nanoparticle fields on this spin population. The nanoparticle
fields are not being directly measured at a distance by the MRI instrument.

3.3.2 Magnetic Nanoparticle Localization with SQUID
Sensor Arrays

SQUIDs are the most sensitive magnetic field sensors known. SQUID sensors nonin-
vasively measure the magnetic fields outside a given volume from which one deduces
the magnetic sources inside the volume, such as in magnetoencephalography (MEG)
[42]. The tremendous sensitivity of SQUID sensors led to the suggestion that they could
be used to localize magnetic nanoparticles in vivo [27]. Indeed, the extraordinary sen-
sitivity to detecting magnetic material in vivo has been demonstrated in a variety of
early investigations of magnetic iron in the liver [43] and magnetic inclusions in the
lungs [44]. Recently, Romanus and co-workers [28] reported on a system they built,
and they demonstrated the detection of magnetic nanoparticles in vitro and in vivo in a
mouse. They reported a detection limit for primarily � -Fe2O3 magnetic nanoparticles
of 2.4 × 10−8 g Fe2O3 (1.7 × 10−8 g Fe) at a distance of 2.2 cm (roughly equivalent
to 7 × 105 100-nm nanoparticles). Unlike MRI, SQUID sensors detect the magnetic
field of the nanoparticles directly. The field from a localized concentration of magnetic
nanoparticles (such as measured by Romanus) falls off roughly with the cube of the
distance between the nanoparticles and the sensor; thus with a constant sensitivity, the
detection limit at 5-cm distance would be 12 times worse than at 2.2 cm.

While the extraordinary sensitivity of SQUIDs is unassailable, the value of using
SQUID sensor arrays for detecting targeted magnetic nanoparticle concentrations in
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Figure 3.1. A plot of the anticipated sensitivity to the magnetization of a 2-mm × 2-mm ×
2-mm volume as a function of distance from the sensor using MRI and direct magnetic field

measurement by SQUID sensors. The high-field MRI (HF MRI, diamonds) sensitivity limit is

200 pT, and the expected ultra-low-field MRI (ULF MRI, squares) limit is 50 pT. Both MRI tech-

niques are independent of sensor-source offset. The sensitivity limit for SQUID sensors with a

nominal 0.1-pT and 0.01-pT noise floors are illustrated by the triangles and dots, respectively.

The SQUID sensitivity curves reflect the 1/r3 dependence of a magnetometer to a dipolar

magnetic field.

vivo over MR contrast methods is questionable for both technical and practical reasons.
The most severe physical limitation is the need, in this approach, to directly measure the
magnetic fields from nanoparticle concentrations at a given standoff. We illustrate this
limitation in Figure 3.1, where we plot the anticipated sensitivity to the magnetization
of a 2-mm × 2-mm × 2-mm voxel using MRI and direct magnetic field measurement by
SQUID sensors. The sensitivities of high-field and ULF MRI are 200 pT and 50 pT,
respectively, and independent of distance from the voxel, as described above. The
sensitivity threshold to the magnetization of a 2-mm cube volume is plotted for two
SQUID sensors with nominal field sensitivities of 0.1 pT (green triangles) and 0.01 pT
(black dots). The curves reflect the 1/r3 dependence of a magnetometer to a dipolar
magnetic field. The superconducting nature of SQUIDs requires that they be contained
in a cryostat which immediately places the SQUID at least 1 cm from the magnetic
source. The sensitivity would be further decreased if a gradiometer were coupled to the
SQUID (commonly required to reduce ambient noise). While SQUIDs may outperform
MRI techniques for surface sources, it appears that new MRI techniques will be more
sensitive to magnetic nanoparticle concentrations localized 1–2 cm below the surface.

The second major technical drawback to direct measurement of magnetic nanopar-
ticle concentrations is the inability to uniquely localize the source within the volume of
interest. While years of work have developed constraints that have led to reliable solutions
in functional brain imaging techniques using SQUID arrays (magnetoencephalography)
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[45], the constraints for mapping localized concentrations of magnetic nanoparticles
have yet to be explored. In contrast, MRI is a tomographic technique that uniquely
images the contrast agent by encoding the signal in space using applied magnetic field
gradients [46, 47].

The chief practical reasons that MR contrast approaches may be preferable to direct
SQUID-based magnetic field measurement are the cost and availability. MRI instruments
are widely available at virtually every hospital in the United States. In recent years, MRI
instruments have been made available to smaller hospitals by installing them in specially
designed trailers that are readily transported between local health care facilities. Finally,
the cost of a new SQUID array is on the order of $1 million or more for an installed
facility.

In conclusion, it is unclear that direct detection of the magnetic fields from in vivo
magnetic nanoparticles with SQUID sensors will be any more sensitive than MRI con-
trast techniques, especially at ultra-low field. In addition, any direct field measurement
approach will suffer from the ill-posed inverse problem as discussed above. Finally, MRI
is extremely sensitive to magnetic inclusions (as we have shown), MR instrumentation
is widely available, and MRI produces tomographic images that will unambiguously
image concentrations of magnetic nanoparticles in vivo. Hence, MRI at high field in the
near term and at ultra-low field in the future will likely provide the best approaches to
image magnetic nanoparticle distributions in vivo.

3.4 ENERGY TRANSFER TO THE TUMOR

Cancer therapies include a broad array of options including surgery, chemotherapy, and
radiotherapy. Another set of mechanisms include those by which energy is transferred
from an external source into tissue, many of which are mediated by nanoparticles.
Techniques such as nanoparticle-mediated laser energy absorption [48, 49], microwave
absorption [50, 51], enhanced radiation absorption [52], and magnetic-field energy ab-
sorption [53] are a few examples of studies demonstrating nanoparticle-mediated energy
transfer. Magnetic field energy absorption approaches use a wide variety of mediator
materials from macroscopic “needles” to nanoparticles [54–56]. This review will focus
on energy transfer mediated by magnetic nanoparticles. Coupling energy in the form of
a time-varying magnetic field into tumors mediated by magnetic nanoparticles has been
an active area of research for more than a decade. These mechanisms are included in
the methodology broadly referred to as hyperthermia, which is used as either a primary
therapy (directly killing tumor cells with heat) or an adjunctive therapy (using heat to
increase the efficacy of chemo- or radiotherapy). More “exotic” therapies, such as the
gamma-knife, can be used to treat inoperable tumors such as those in the brain where
surgical intervention would risk damage to primary functional centers. Hyperthermia
as primary therapy (directly killing cancer cells) requires heating the entire tumor by
at least 10◦C. Ideally, rapid energy deposition increasing the temperature by 25◦C will
minimize damage to nearby healthy tissue by limiting thermal diffusion and dissipation
[57] while completely necroting tumor tissue. Perfusion in tissue has been found to
increase thermal diffusion rates from ∼20% to a factor of 2 near major vasculature [58].
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3.4.1 Energy Transfer as Adjunctive Therapy

Success in using primary hyperthermic methods has been limited because of the inabil-
ity to constrain collateral damage (phased-array microwave systems) or to reach even
moderately deep tumors (laser therapy or microwave methods). Choosing the optimum
therapy depends strongly on the type and location of a cancer. Therapeutic hyperther-
mia can be induced by a variety of methods with varying applications and efficacies.
A comprehensive historical review was presented by Seegenschmiedt and Vernon [59].
Methods varied widely from laser-induced hyperthermia [60–62] to microwave-induced
[63–66] and hysteretic (magnetic) heating using both large implanted “needles” or “rods”
[54–56], or nanoparticles [53, 67, 68].

Hyperthermia, as a primary therapy, has been constrained by a variety of limitations.
In some cases, antenna and emitters produced an extremely limited effective field of
treatment resulting in necrosis. Other approaches (such as external microwave antennae)
induced broader energy deposition that resulted in poorly focused energy deposition and
extensive collateral damage of healthy tissue. Finally, energy transfer effected by mag-
netic materials either implanted or injected into the tissue resulted in thermal energy
deposition insufficient to effect tumor necrosis. Consequently, most hyperthermia ther-
apy, both systemic and targeted, has been reported largely as an adjunctive therapy (in
support of the primary radio- and/or chemotherapies [53,59,66,69]). A novel approach
combining thermal energy deposition from magnetic nanoparticles with dendritic cell
(DC) therapy was also reported recently [70]. DCs have been found to play an important
role in regulating the immune response in cancer. In this novel application, the thermal
energy causes the expression of heat shock proteins which in turn activate the DCs. The
method was tested on mice bearing a melanoma nodule and compared to control groups
that received hyperthermia alone, DCs alone, and no therapy. The authors reported com-
plete regression of the tumors in 60% of the mice receiving the combined therapy and
no regression whatsoever in any of the other groups, an encouraging result indeed.

3.4.2 Energy Transfer as Primary Therapy

A review by Moroz et al. [53] refers to a significant body of work that found that main-
taining elevated temperatures (5–10◦C) for several minutes can induce apoptosis. The
perspective of this review is that magnetically mediated hyperthermia (MMH) has the
potential to address targeting and heat distribution shortcoming of other hyperthermia
modalities. The MMH technique is broadly defined as localizing magnetic particles
within tumor tissue and applying an external alternating magnetic field. The coupling of
the external RF magnetic field to the magnetic particles result in energy being transferred
to the tissue by a variety of well-known physical mechanisms. The greatest challenge to
the efficacy of MMH is the balance between the rate of thermal energy deposition and the
mechanisms responsible for thermal dissipation. The physical mechanisms responsible
for energy transfer to tissue from an external RF magnetic field in all MMH reported
to date are dominated by Neél relaxation and hysteretic heating. At the same time, the
external RF field will cause global heating in all infused tissue by the ohmic (resistive)
heating mechanism. The fastest in vivo energy transfer rates to tissue reported in the
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literature to date have been by Moroz et al. [71], where approximately 6.6 J/(sec−1 gFe
−1)

was realized using 75 mg of � -Fe2O3 magnetic nanoparticles (∼100 nm in size) directly
injected into a hepatic tumor model in rabbits. More recently, Sonvico et al. [72] re-
ported obtaining 13.8 J/(sec−1 gFe

−1), but for an in vitro cell culture containing � -Fe2O3

nanoparticles.
Let us examine whether it is feasible for magnetic nanoparticle-mediated energy

transfer to be sufficiently fast to induce tumor necrosis as a primary therapy while min-
imizing collateral damage to healthy tissue, primarily due to thermal energy diffusion.
There are three primary mechanisms of energy transfer to tissue impregnated with mag-
netic nanoparticles by time-varying magnetic fields. These are: (1) ohmic, caused by
induced currents flowing in conducting media; (2) hysteretic, caused by traversing the
magnetic hysteresis loop of magnetic materials; and (3) viscous, caused by physical mo-
tion of the magnetic nanoparticles in a viscous medium. Dielectric heating is negligible in
the regime of interest here. Let us assume tissue with resistivity, R, containing magnetic
nanoparticles with average magnetization, M, which is subjected to a spatially uniform
(dipolar) magnetic field with strength, B0, that is “switching” or rotating at a frequency,
�. The rate of energy deposition, dQ/dt, by these mechanisms can be simply written as

d Qohmic

dt
≈ R(�B0)2, (3.1)

d Qhyst

dt
≈ a3�B2

0 , (3.2)

d Qvisc

dt
= 8��a3�2, (3.3)

In practice, hysteretic heating can be realized by either switching the external magnetic
field back and forth (Figure 3.2, top row) or angularly rotating the field (Figure 3.2,
bottom row). In contrast, the magnetic field must be varied by angular rotation to most
efficiently transfer energy by the viscous mechanism. The maximum viscous energy
transfer is realized at a critical rotation frequency:

�crit = M B0

6�
, (3.4)

where � is the viscosity of the fluid in which the nanoparticles are suspended. That
maximum viscous energy transfer rate is then given by

d Qvisc

dt
(max) = 4

3
�a3 B0 M�crit, (3.5)

The critical frequency, �crit, represents the maximal rotational frequency attainable for
given nanoparticles magnetization, external field, and fluid viscosity. This occurs when
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Figure 3.2. Vector representation of externally applied magnetic field as a function of �. In

the upper row, the field is switched or flipped (most common for hysteretic heating). In the

bottom row the magnetic field is rotated (required for efficient viscous heating). The length

of the arrows indicates field magnitude.

the drag on the rotating particle is equal to the coupling force between the external
magnetic field and the nanoparticle.

A critical difference between the hysteretic and viscous heating rates is the presence
of the nanoparticle magnetization in the energy transfer equation for viscous heating.
Thus, when the nanoparticle moment exceeds the external drive field, the viscous mech-
anism will be greater (more efficient) than the hysteretic mechanism. In practice, B0 will
be limited to 10−2 to 10−1 T while the average magnetization for many magnetic mate-
rials can easily reach the order of 1 T. This illustrates that for readily attainable values
of M and B0, the viscous mechanism of magnetic nanoparticle-mediated energy transfer
can be one to two orders of magnitude more efficient than the hysteretic mechanism.

Two properties of magnetic materials are particularly relevant to our discussion
of energy deposition mechanisms: remnant magnetization, Br, and coercivity, Hc. Br

is a measure of the magnetization of a given material that remains in the absence of
any external field. Hc is a measure of the external magnetic field required to alter or
reverse the magnetization of a material. One way to think of Hc (though somewhat of an
oversimplification) is how strongly the magnetization vector is locked or pinned to the
physical material.

The equations for energy deposition presented above assume specific properties
of the magnetic materials that mediate the different mechanisms. Hysteretic heating is
realized for generally paramagnetic and superparamagnetic materials where Hc is small
or nonexistent; consequently, varying an external magnetic field (either by flipping or
rotation) causes a portion of the material hysteresis loop to be traced. Viscous energy
deposition is realized for materials where Hc is sufficiently large that it remains pinned to
the lattice of the nanoparticle as the external magnetic field is rotated. If we begin with
a magnetic nanoparticle with appreciable Hc (relative to the externally applied field)
oriented parallel to the external magnetic field and then rotate the external magnetic
field, the nanoparticle will experience a torque that will follow the direction of rotation.
Friction between a nanoparticle and the viscous fluid provides the mechanism for energy
transfer from the external magnetic field to the fluid mediated by the nanoparticle.

If we assume the nanoparticles are delivered to the tumor via a molecular targeting
modality, the nanoparticle will most likely be coupled to a cell receptor by a specific
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molecule. In order for the viscous energy transfer to be successful, we must first break
some molecular bond in order to free the nanoparticle to rotate. The energy associated
with rotating the nanoparticle is given by

Urot = 8�

3
a3 B0 M. (3.6)

For typical values of M and B0 (see example, below), we find that Urot is
9.9 × 10−9 erg(∼ 6 keV) more than sufficient to break any molecular bond.

3.4.3 An Example of Viscous Energy Transfer

In the cgs system of units, the coefficient of viscosity has the dimensions of
mass/(length × time) and is measured in poise (dyne sec/cm2). The corresponding SI
unit is the pascal second. The viscosity of water is close to 0.01 poise = 0.001 pascal
seconds. Consider a spherical particle with diameter 0.5 �m and average magnetization
750 emu rotating in a fluid such as water. Let the amplitude of the rf field be 100 G. Then
we have the following:

Gaussian MKS

M 750 emu 7.5 × 105 A/m
a 0.25 × 10−4 cm 0.25 × 10−6 m
B0 100 G 0.01 T
� 0.01 poise 0.001 Pa · sec

And �crit = 1.25 × 106 sec−1 (f crit ∼ 200 kHz). The maximum heating rate per particle
is dQ/dtvisc(max) = 6.1 × 10−3 erg/sec = 6.1 × 10−10 W. By comparison, we find that
the hysteretic heating, dQ/dthyst = 1.6 × 10−5 erg/sec = 1.6 × 10−12 W, more than two
orders of magnitude less efficient than the viscous heating. The energy associated with
rotating one 500-nm nanoparticle is, as presented above, ∼6 keV. We note that while
nanoparticles down to ∼100 nm will generate sufficient impulse to break molecular
bonds, particles less than ∼50 nm may be unable to break those bonds and thus will not
contribute heating by the viscous mechanism.

3.4.4 A Viscous Energy Transfer Simulation

We developed a simple simulation to analyze the effectiveness of the viscous energy
transfer mechanism. The simulation modeled a 1-cm3 tumor containing 106 500-nm
spherical magnetic nanoparticles. This represents less than one nanoparticle for every
10 cells in typical tissue, a nanoparticle density that one can realize by molecular
targeting. We assumed that the nanoparticles had a net remnant magnetization of 0.9 T
(similar to SmCo5 or FePt magnetic materials). The tumor was centered inside a large
volume with electrical conductivity equal to 0.5% saline to represent tissue. The entire
construct was modeled inside a global rotating magnetic field. The result for one model
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Figure 3.3. A plot of the computed temperature rise in tissue induced by viscous energy

transfer as a function of the strength and rotational frequency of the applied magnetic field.

The specifics of the model are described in the text.

analysis is presented in Figure 3.3, where the temperature increase is shown as white
contours as a function of the amplitude of the applied magnetic field and the frequency
of rotation. The “viscous limit” is where the viscous drag exceeds the force coupling the
external magnetic field to the moment of the nanoparticles, hence the particle does not
rotate fully but “oscillates,” causing the efficiency of energy transfer to drop significantly.
The model calculated both global ohmic and local viscous heating. The simulation was
terminated when the global temperature rise �Tglobal is 3◦C. The temperature contours
in Figure 3.3 represent the temperature increase realized in the tumor volume at the
time the simulation was terminated (e.g., �Tglobal = 3◦C). We see that the simulation
predicts that increases in the tumor temperature, �T tumor of at least 25◦C can be realized,
sufficient to necrote the tumor. Overlaid on the plot is the time required to realize the
computed temperature increase. The short time, a minute or less, needed for the rotating
nanoparticles to deposit sufficient energy in the tumor to raise the temperature to a level
to effectively cause immediate cell necrosis will prevent significant thermal diffusion
and minimize damage to nearby healthy tissue.

In addition to taking global ohmic heating into consideration, we must also examine
the heating caused by the background magnetic nanoparticle concentration in healthy
tissue. Current nanoparticle targeting has demonstrated in vivo specificity of better
than 10:1, which would cause global heating of no more than 10% of the localized
heating of the tumor. While we did not estimate this effect in our model, it is worth
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noting that one can reduce the global heating by using a rotating external magnetic field
whose spatial distribution is peaked at the tumor site and falls off outside the tumor.
Magnetic field engineering is a mature field, and such magnetic field patterns can be
readily designed. Applying such a rotating field distribution to the tissue containing the
magnetic nanoparticles will further localize energy deposition in the desired area.

While this extremely simple treatment of the viscous energy transfer mechanism
assumes spherical nanoparticles in a uniformly viscous medium, the estimates are in-
structive. We have completed a more thorough treatment of (a) the types of particle
motion that can be expected for given rf drive conditions and (b) the heating rates that
can result [73]. We have developed a complete set of scaling principles and dimension-
less parameters that govern magnetic particle behavior. A simple equation of motion was
developed which incorporates a variety of significant factors including elliptical drive
polarization, applied bias fields, particle–particle dipole coupling, finite particle iner-
tia, and the effects of random external forces. Mathematical analysis of limiting cases
provides insight on the classification and stability of various types of motion and estab-
lishes a framework for the interpretation of simulation results. The simulations (both
single- and multi-particle) illustrate the onset of conditions less favorable to heating and
demonstrate the utility of combining radio-frequency drive with a modest bias field. A
significant consequence of this work is the suggestion that “rocker mode” operation,
which combines a bias field with a single rf coil set, promises a simpler, but nearly as
effective, rf drive technique in comparison with one giving full circular rotation.

3.4.5 Measuring the Temperature

Finally, knowledge of the temperature distribution in the treated tissue is crucial to
controlling the therapy, determining the treatment outcome, and minimizing damage
to healthy tissue and organs. The most common technique for thermal monitoring is to
insert temperature probes in the affected region. Fiber-optic probes are commonly used
because of their insensitivity to the time-varying magnetic field [71]. The greatest limi-
tation of temperature probes is that they provide a single-point measurement with very
limited information about the temperature distribution. Various teams have reported the
development of thermochromic films based on thermal fluorescence [74] or thermally
sensitive optical properties [75]. These techniques have demonstrated better than 1◦C
precision in laboratory tests, but the temporal response of these techniques is unclear.
The current state-of-the-art in thermal imaging is tens of milli-Kelvins thermal accuracy
with millisecond temporal resolution [76]. These systems are, however, extraordinarily
expensive and the performance is perhaps more than required for hyperthermia mon-
itoring. A recent development in thermal imaging was inspired by the realization that
magnetic resonance spin relaxation is a temperature-dependent process [77, 78]. The
current state-of-the-art for MRI thermometry is approaching 0.5◦C temperature resolu-
tion [79] (MRI measures temperature change, not absolute temperature) with a temporal
resolution on the order of tens of seconds. Because of the compatibility of MRI with RF
fields, it may provide an ideal modality for providing both the RF fields for hyperthermia
and the thermometry modality during the treatment.



chap03 JWBK002-Labhasetwar May 14, 2007 13:8 Char Count=

78 MAGNETIC NANOPARTICLES IN CANCER DIAGNOSIS AND HYPERTHERMIC TREATMENT

3.5 CONCLUSION

Magnetic nanoparticle technology coupled with molecular targeting has, in recent years,
enabled intriguing approaches to early cancer detection, imaging, and treatment options.
Molecular targeting technology has successfully concentrated nanoparticles at tumor
sites. As a consequence of recent developments in MRI technology, localized concen-
trations of magnetic nanoparticles may now be detected and imaged with extraordinary
sensitivity that may soon enable the detection of submillimeter tumors. For more than
two decades, magnetic nanotechnology has been used in cancer therapy to selectively
deliver chemotherapeutic or radiological agents and induce heating to localized regions.
Hyperthermia has historically been primarily an adjunctive therapy to chemo- or ra-
diation therapy. Recent work suggests the possibility of a new and far more efficient
energy transfer mechanism mediated by hard magnetic materials such as SmCo5 or FePt
nanoparticles. Efficient energy deposition capable of raising tumor tissue temperatures
by �T tumor = 25◦C would provide a new and powerful primary therapy. Fast energy de-
position would limit thermal diffusion and associated damage to healthy tissue. Finally,
MRI is also proving a powerful thermal imaging tool for guiding hyperthermia treatment.
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BROWNIAN MOTION IN
BIOLOGICAL SENSING

Axel Hoffmann, Seok-Hwan Chung, Samuel D. Bader,
Lee Makowski and Liaohai Chen

4.1 INTRODUCTION

Albert Einstein developed a theoretical understanding of Brownian motion a century
ago, during his annus mirabilis, by combining thermodynamics and mechanics [1]. In
this ground-breaking work, Einstein showed that the random lateral motion of particles
suspended in a liquid depends only on particle size, viscosity of the liquid, and temper-
ature. The following year, Einstein generalized his ideas and predicted similar random
rotational motion, which again is solely determined by the same three parameters [2].
The dependence on particle size makes Brownian motion attractive for biological sens-
ing applications. This is because the Brownian motion changes due to an increase in
particle size after particles with a well-defined affinity to a specific target bind with
the target. The main problem that remains is to obtain an easily quantifiable measure-
ment of the Brownian motion. Rotational Brownian motion of magnetic nanoparticles
is particularly well-suited for such detection, since it can be readily measured, as we
will see.

There has recently been an increased interest in fabricating magnetic nanoparticles
with biologically relevant ligand coatings [3]. These particles are used for a variety of
biological and medical applications, such as magnetic separation, targeted drug delivery,
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hypothermal treatments, and contrast enhancement for magnetic resonance imaging. In
addition, there are several approaches that utilize magnetic nanoparticles as labels for
biological sensing. For most of these sensing schemes the basic idea is similar to other
immunoassay techniques, which are based on labeling the targets with enzymes or with
fluorescent or radioactive particles.

The magnetic labels can be fabricated with sizes as small as a few nanometers. This
means that they can be prepared with high surface-to-volume ratios and that their mobility
in solution can be very high. In addition, the magnetic labels have several properties
that make them distinct from other commonly used labels. Most biological systems
do not exhibit ferromagnetism and typically have only small magnetic susceptibilities
due to their dia- or paramagnetism. Therefore, the magnetic properties can be detected
with little noise interference from the biological environment, which is advantageous
in comparison to fluorescence or optical based detection schemes. Furthermore, it is
possible to apply significant forces onto the magnetic nanoparticles using magnetic
field gradients. This can be used to guide their motion or to separate the magnetic
nanoparticles from a liquid [4]. The shelf life of magnetic particles can be long compared
to that for fluorescence, radioactivity, or enzyme-based labels. Also, there is a wide
variety of magnetic materials that are nontoxic and environmentally benign in contrast
to radioactive labels. The absence of toxicity of many magnetic labels means that they
are suitable for both in vitro and in vivo applications. Most importantly, as is the main
focus of this chapter, magnetic labels distinguish themselves by the fact that the binding
itself may modify the dynamic magnetic response. This means that for the sensing
applications described in this chapter there is no need for washing away unbound
labels.

The chapter is organized as follows: In Section 4.2 we discuss general properties of
rotational Brownian motion and present sensing schemes based on this effect, which do
not utilize magnetic particles. Section 4.3 presents the magnetic relaxation of ferrofluids
and how it relates to rotational Brownian motion. Section 4.4 discusses the applica-
tion of ferrofluid magnetic relaxation to biomagnetic sensing schemes and compares
them to alternative nonrelaxation-based biomagnetic sensing approaches. Section 4.5
provides an outlook to future developments, and Section 4.6 concludes with a brief
summary.

4.2 SENSING APPLICATIONS UTILIZING ROTATIONAL
BROWNIAN MOTION

Translational Brownian motion is readily accessible even through optical imaging pro-
vided that the particles suspended in liquid solution are large enough [5]. However,
in order to have an appreciable change of the Brownian motion for sensing purposes,
the particle size should be comparable to the target size, since the relative size change
upon binding determines the sensitivity. This means that if the targets have sizes of a
few nanometers, such as molecules or proteins, the particle size should be, at most,
in the submicron range. However, the detection of translational Brownian motion for
such small particles is very challenging [6–8]. Hence, an alternative approach is to use
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rotational Brownian motion for the signal transduction of biochemical binding events. In
one of the earliest measurements, the random rotational motion of a wire in a liquid was
detected by light reflected from a mirror attached to the wire [9]. Obviously, the detection
of rotational Brownian motion for spherical particles is more complicated and requires
an anisotropy to break the spherical symmetry. Examples of symmetry-breaking are
permanent electric dipole moments, whose motion can be detected with inelastic light
scattering [10], or anisotropic optical properties, which leave a distinct signature of the
rotational motion in dynamical light-scattering experiments [11]. Clearly, a permanent
magnetic moment will also break the spherical symmetry; its use for the detection of
rotational Brownian motion is discussed in Section 4.3.2. An alternative approach for
the detection of Brownian relaxation is nuclear magnetic resonance, since the relaxation
time for nuclear spins is modified by the rotational motion of the particles [12].

In addition to using intrinsic anisotropies, it is also possible to add anisotropy
artificially. For example, fluorescent particles can be coated on one side with an optically
opaque medium such as gold, so that the fluorescence can only be observed from one
side [13, 14]. The rotational motion of these half-coated fluorescent particles gives rise
to a characteristic “blinking.” The intensity of the fluorescent signal can be analyzed in
terms of an autocorrelation function [14], which decays exponentially in time with the
Brownian relaxation time 	 B [15] given by [16, 17]:

	B = 
VH �

2kB T
, (4.1)

where VH is the hydrodynamic volume of the particle, � is the viscosity of the liquid,
kB = 1.38 × 10−23 J/K is Boltzmann’s constant, T is temperature, and 
 is a shape factor,
which is for spherical particles 
 is equal to 6 [15].

Values of 	 B are tabulated in Table 4.1 for different solvents and sphere diameters.
As can be seen, the relaxation times can vary over a large timescale ranging from mi-
croseconds to days. The dependence of 	 B on viscosity has been employed to determine

Table 4.1. Calculatd Relaxation Time for Rotational Brownian Motion for Spherical Particles
in Pure Water and 98% Glycerol Solution

Sphere Diameter
(�m)

Water 37◦C
(0.7 mPa·sec)

Water 20◦C
(1.0 mPa·sec)

Glycerol 20◦C
(957 mPa·sec)

13. 9.8 min 14 min 9.3 day
4.4 22 sec 32 sec 8.7 hr
2. 2.1 sec 3.1 sec 48 min
1. 270 msec 380 msec 6.1 min
0.3 7.2 msec 10 msec 9.9 sec
0.1 270 �sec 380 �sec 370 msec
0.05 34 �sec 48 �sec 46 msec

Adapted from Ref. 18.
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local rheological properties in biological systems using half-coated fluorescent particles
[14].

The simple expression of Eq. (4.1) describes most of the experimentally observed
relaxation times reasonably well and independent of the particle concentration, since
interactions between particles due to hydrodynamic forces are typically very weak.
However, at sufficiently high particle concentrations, small deviations from Eq. (4.1)
have been observed [11]. The interactions give rise to a rescaling of the temperature in
Eq. (4.1) with a concentration-dependent effective temperature. That means that even
at high concentrations, precise relative measurements of viscosities or particle sizes are
possible as long as the concentration stays constant.

As mentioned above, there are several fluorescence and optical approaches for
the detection of rotational Brownian motion. Using a magnetism-based approach, as
discussed in the following section, has several distinct advantages. While biological
systems may have sizable fluorescence of their own, they generally present only a very
low background for the detection of magnetic properties. More importantly, the motion
of magnetic particles can be directly driven by externally applied magnetic fields. This
allows measurements of Brownian motion directly in the frequency domain (see Section
4.3.2.), which in turn makes it easier to detect the motion of smaller particles with short
relaxation times.

4.3 MAGNETIC RELAXATION IN FERROFLUIDS

Ferromagnetic particles suspended in a liquid carrier are generally referred to as ferroflu-
ids [19]. The dynamic behavior of these ferrofluids is governed by two very different
magnetization relaxation pathways. Either the magnetization can change within each
magnetic particle (Néel relaxation) or the whole particle can rotate in the liquid (Brow-
nian relaxation). We will first discuss each mechanism individually and then turn to
systems with size dispersions, where both relaxation mechanisms can be present simul-
taneously.

4.3.1 Internal Magnetic Relaxation

In the following we will neglect magnetic interactions between magnetic particles, which
may arise from dipolar coupling. This assumption is nontrivial, but in the case of bi-
ologically functionalized magnetic nanoparticles, the ligand coating helps to separate
the individual particles independent of their concentration. The important parameter for
assessing the importance of interactions is the ratio of interaction to thermal energies
� = Eint/kBT . Eint depends on both the saturation magnetization, particle volume, and in-
terparticle distance (concentration of suspension). As an example, for magnetite (Fe3O4)
particles with 10-nm diameter, � becomes negligibly small (� < 0.1) for ligand coatings
with a thickness exceeding 8 nm [20]. In any case, interactions are more important for
Néel (internal) relaxation and less so for Brownian relaxation [21].

The magnetization in each particle is coupled to the orientation of the parti-
cle through magnetic anisotropies, which may arise from the crystal structure or the
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overall shape of the particles. In nanoparticles the magnetic anisotropy is typically in-
creased compared to bulk materials due to additional surface contributions [22]. These
anisotropies create energy barriers �E between different orientations of the magnetiza-
tion relative to the particle. In the simplest case of a uniaxial anisotropy (characterized
by an anisotropy constant K) this energy barrier is given by �E = KVm, where Vm is
the magnetic volume of the particle. In this case the Néel relaxation follows a simple
Arrhenius law [23]:

	N = 	0eK Vm/kB T . (4.2)

The pre-exponential factor 	 0 is generally assumed to be between 10−8 and 10−12, see
Ref. 24. Since the Néel relaxation only depends on parameters specific for the given
magnetic materials (K, Vm, and 	 0), it is not modified by targets bound to the ligand
coating of the magnetic particles.

4.3.2 Magnetic Relaxation Through Mechanical Motion

When magnetic particles are suspended in a liquid, the magnetization can also relax
via rotational Brownian motion in addition to Néel relaxation [19]. The relaxation time
associated with rotational motion is identical with the Brownian relaxation time 	 B in
Eq. (4.1) and thus is independent of magnetic properties. As is shown in Figure 4.1, the
two relaxation times 	 N and 	 B depend very differently on particle size. Notice that the
particle diameter d in Figure 4.1 refers in one case (	 N) to the magnetic diameter, while
in the other case (	 B) it indicates the hydrodynamic diameter. In general the two are not
the same due to the surfactant coating of the magnetic particles.

Since for most particle diameters the timescales for the two relaxation mechanisms
are very different, the two processes are generally independent of each other [25, 26].

10
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Figure 4.1. Néel 	N (dashed line) and Brownian 	B (solid line) relaxation time as a function

of particle diameter D. D indicates the magnetic diameter for 	N, while it indicates the hy-

drodynamic diameter for 	B. For the calculations based on Eqs. (4.1) and (4.2) we used bulk

magnetic properties of magnetite (Fe3O4) and the viscosity of water at room temperature.
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In this case, one can define an effective relaxation time 	−1 = 	 N
−1 + 	 B

−1. From this
expression it is clear that the shorter of the two relaxation times determines the dominant
relaxation mechanism. As can be verified from Figure 4.1, below a critical particle size
(determined by 	 N = 	 B) the relaxation is mainly Néel type, while above a critical particle
size, it is mainly Brownian. Magnetic particles that are small enough, such that their
relaxation is dominated by Néel relaxation, are also referred to as superparamagnetic or
unblocked particles.

In principle the relaxation time can be determined directly by measuring the time-
dependent response of the magnetization to a change in magnetic fields [27]. However, it
is difficult to measure the time-dependent magnetization of ferrofluids with a time reso-
lution below 1 msec. This means that the Brownian relaxation of submicron ferromagnet
particles in aqueous solution cannot be determined by time-resolved measurements (see
Table 4.1).

In order to get information about the relaxation mechanisms in ferrofluids it is often
more convenient to determine the frequency-dependent susceptibility, instead of mea-
suring the direct time dependence of the magnetization [28]. The complex susceptibility
as a function of frequency � can be expressed as

� (�) = � ′(�) − i� ′′(�), (4.3)

� ′(�) = �0

1 + (�	 )2
, (4.4)

� ′′(�) = �0�	

1 + (�	 )2
, (4.5)

where 	 is the effective relaxation time and � 0 is the static susceptibility. As a function of
frequency, the real part � ′ decreases monotonically with a step at the inverse relaxation
time, while the imaginary part � ′′ has a peak with its maximum at the inverse relaxation
time [29]. Generally, the peak in � ′′ occurs at low frequencies (up to 100 kHz) for
Brownian relaxation [see Eq. (4.1)], while Néel relaxation (see Eq. (4.2) typically gives
rise to a peak at higher frequencies (i.e., megahertz to gigahertz range).

In order to determine pure Brownian motion from magnetic susceptibility mea-
surements, we have seen from Figure 4.1 that the particles need to have a minimum
size to avoid Néel relaxation. However, if the magnetic particles become too large, the
magnetization in each particle ceases to be homogeneous (single domain) and an inho-
mogeneous magnetization structure, such as multiple magnetic domains, can develop
[30]. In this case the magnetic response of each particle may no longer be dominated by
Brownian relaxation, but instead the magnetization can change internally—that is, via
domain-wall motion. Therefore, besides a lower limit there is also an upper limit for the
suitable size of ferromagnetic particles for which their Brownian rotational motion can
readily be detected via susceptibility measurements [31]. The maximum single-domain
size depends on materials-specific parameters, such as exchange stiffness, magnetic
anisotropy, and saturation magnetization [30]. We show in Figure 4.2 suitable particle
sizes for stable single-domain magnetic particles (large enough to avoid Néel relaxation,
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Figure 4.2. Particle diameters for stable single domain magnetic nanoparticles. (Adapted

from Ref. 31.)

small enough to avoid multiple domains) for various magnetic materials. For almost all
materials the useful particle size is of the order of tens of nanometers.

The frequency dependence of the complex magnetic susceptibility can be experi-
mentally determined several ways. A small ac magnetic field applied to the sample results
in a time-varying magnetic moment in accordance with Eq. (4.4) (� = dM/dH, where H
is the applied magnetic field and M is the magnetic moment). By placing the sample into
a pick-up coil, the time-dependent moment induces a current in the pick-up coil, thus
allowing measurement of � without sample motion. Alternatively, the pick-up coil itself
can be used as the source of the alternating magnetic field and the susceptibility can
be determined directly from the impedance of the coil. For measurements at very high
frequencies (>0.1 GHz) a transmission line can be used instead of a pick-up coil [32].

In Figure 4.3 we show an example of Brownian rotational relaxation measured via
the frequency dependence � ′′. The solid symbols show � ′′ at 300 K for avidin-coated
Fe3O4 particles suspended in a phosphate buffered saline (PBS, pH = 7) solution with
a concentration ≈ 2 × 1015 particles/ml. For these particles, the magnetic diameter is
≈10 nm and the hydrodynamic diameter is ≈ 50 nm. A peak is observed at 210 Hz. The
measurement was repeated at 250 K (open symbols in Figure 4.3), which is below the
freezing point of the PBS solution. In this case the peak in � ′′ disappears, verifying that
the peak at 210 Hz in the 300 K data is indeed due to rotational Brownian motion [31].
The solid line in Figure 4.3 shows a fit of the data to Eqs. (4.1) (4.6) and (4.7) using a
size dispersion of ±12% (see also Section 4.3.3).

4.3.3 Systems with Size Distributions

Any real ferrofluid system will generally have a distribution of sizes for the ferromagnetic
particles, which may influence the experimentally observed susceptibility. In fact, it has
been shown that in some cases the Néel relaxation peak cannot be understood completely
in terms of a size distribution alone, but a distribution of effective magnetic anisotropies
is also required [33]. However, since in this review we are mostly concerned with
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Figure 4.3. Imaginary part � ′′ of the ac magnetic susceptibility as a function of frequency

for avidin-coated magnetite nanoparticles suspended in a PBS buffer solution. Solid symbols

are measured at 300 K, open symbols at 250 K, which is below the freezing point of the liquid.

Solid line is a fit using Eqs. (4.1), (4.6), and (4.7) and utilizing the 250 K data as background.

The inset shows the log-normal size distribution [Eq. (4.7)] used for the best fit, with D being

the hydrodynamic diameter of the particles. (Adapted from Ref. 20).

Brownian relaxation, we can ignore any dispersion in the anisotropy. In this case the
measurable susceptibility can be represented as an integral of Eq. (4.5) over the particle
size distributions [20]:

� ′′(�) = 1

3
�̂0

∫ ∞

0
drm

∫ ∞

0
drh P(rm)P(rh)

r6
m

4

�	 (rm, rh)

1 + [�	 (rm, rh)]2
, (4.6)

where P(rm) is the size distribution of the magnetic radius, and P(rh) is the size distribu-
tion of the hydrodynamic radius. Both size distributions are required, since the effective
relaxation time 	 depends through 	 N and 	 B on rm and rh, respectively.

Typically the size distribution will follow a log-normal distribution [34] given by

P(r ) = 1

�
√

2�
exp

[
− (ln r − ln r̄ )2

2�2

]
, (4.7)

where r is the median size and � is the logarithm of the standard deviation. A typical
log-normal size distribution is shown in the inset of Figure 4.3, which is the distribution
we used in Figure 4.3 for fitting � ′′. We will base our discussion of size distributions
on Eq. (4.7) even though other distributions are possible. In order to understand a given
system, it is generally best to directly determine the size distribution or to obtain it from
magnetization measurements [35, 36].

In Figure 4.4 we show susceptibilities obtained by using a size distribution of the
magnetic core [according to Eq. (4.7)] and a fixed shell thickness. The calculations in
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Ref. 20.)

Figure 4.4 were based on magnetite (Fe3O4) nanoparticles with 10-nm median magnetic
core diameter and 20-nm shell thickness suspended in aqueous solution [20]. As can be
seen, depending on the width of the size distribution, given by �, there can be one or two
peaks in � ′′ at low and/or high frequencies. This indicates that due to the well-separated
	 N and 	 B as a function of size (see Figure 4.1) the size distribution becomes effectively
bisected at a size given by 	 N = 	 B, such that the particles show either only pure
Néel or Brownian relaxation. As a consequence the positions of the Néel and Brownian
relaxation peaks become dependent on the distribution width.

An important question is how size dispersion of the magnetic core affects the
detectability of an increase in the hydrodynamic radius, which serves as a basis for some
of the Brownian sensing scheme under discussion (see Section 4.4.2). For a vanishing
size dispersion one expects from Eqs. (4.1) and (4.5) that the peak frequency changes
as �B ∝ 1/r3

h. However, as is shown in Figure 4.5, this dependence becomes slower with
increased size distribution. This means that with increased size dispersion a modified
hydrodynamic radius will be detected with reduced sensitivity [20].

Furthermore, as can be seen from Figures 4.4 and 4.5, the Brownian relaxation
peak shifts to lower frequencies with increased size distribution. This is a disadvantage
for dynamic susceptibility measurements, since for most detection methods the signal
amplitude is proportional to the frequency, and thus the shift to lower frequencies requires
a larger number of magnetic particles for successful detection [37].

4.4 SENSING BASED ON MAGNETIC RELAXATION

As discussed in the previous section rotational Brownian motion of magnetic nanopar-
ticles can be easily detected via measurements of the complex magnetic susceptibil-
ity. There are two approaches: one where biological targets are detected via complete
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Figure 4.5. Evolution of the low-frequency peak position of the imaginary part � ′′ of the

dynamical susceptibility as a function of shell thickness. (Adapted from Ref. 20).

suppression of the Brownian relaxation (Section 4.4.1), and the other based on a modi-
fication of the Brownian relaxation (Section 4.4.2). After presenting each approach, we
will compare them to other magnetic-biomedical sensing schemes in Section 4.4.3.

4.4.1 Suppression of Brownian Relaxation

When magnetic particles in a ferrofluid are immobilized, their magnetization can only
relax via Néel relaxation. For sufficiently large particles that implies that the relaxation
time will be significantly increased compared to the Brownian relaxation time (see
Figure 4.1). One example from Grossman et al. [38] is shown in Figure 4.6, where 50-
nm-diameter � -Fe2O3 particles coated with antibodies against Listeria monocytogenes
are used. Using a superconducting quantum interference device (SQUID) magnetometer,
the magnetization is measured after applying a 0.4-mT magnetic field for 1 sec. As can
be seen in Figure 4.6 when L. monocytogenes is added to the magnetic nanoparticles,
their relaxation is slowed compared to the free particles. Also by using Escherichia
coli as a control, it is shown that, indeed, nonspecific binding can be avoided. Using
this approach, Grossman et al. [38] demonstrated the detection of (1.1 ± 0.2) × 105 L.
monocytogenes bacteria in a 20-�l sample volume.

If the targets are large enough, such as bacteria (see the above example) or cells,
then binding to the targets directly leads to immobilization of the magnetic particles. For
smaller targets, where the binding event itself does not completely suppress Brownian
relaxation, there are two alternative approaches to sensing via immobilization [39]. One
possibility is a sandwich detection, where the target is first labeled by the magnetic
nanoparticle and the target is then subsequently immobilized—that is, by binding to a
substrate. Alternatively, one can use a competitive detection, where the nonferromagnetic
analyte and the label compete for the same binding to a substrate. In this case the presence
of the target material is indicated by continued Brownian relaxation. It should also be
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mentioned that in the rare case when the target itself is ferromagnetic, direct detection
is possible by immobilizing the target, without the need for additional labels.

Most sensing schemes based on suppression of Brownian relaxation proceed by first
applying a magnetic field to saturate the magnetization of the magnetic nanoparticles, and
then, after the field is removed, the remanent magnetization and its time-dependent decay
is measured with high-sensitivity magnetic field sensors, such as a SQUID [38, 40–43].
The distinct advantage of this approach is that the actual magnetization measurements
are performed without the presence of an applied magnetic field. Therefore any magnetic
background from para- or diamagnetism of the environment is minimized.

The amount of reacted magnetic nanoparticles can be quantified via either an
increase in remanence [40, 42, 43] or an increase in the relaxation time [41, 42]. Using
the later approach, a lower detection limit of (5 ± 2) × 104 30-nm diameter magnetite
particles has been demonstrated [42]. This compares favorably to the well-established
enzyme linked immunosorbent assay (ELISA) technique, which typically has a lower
limit of ≈105 labeled antigens. It is also possible to determine binding rates with
successive relaxation measurements since there is no need to wash away unbound labels
[38]. Furthermore, magnetic relaxation measurements can potentially be used for in vivo
diagnostics [44].

4.4.2 Modification of Brownian Relaxation

An alternative approach to biomedical sensing monitoring the relaxation time 	 B for
rotational Brownian motion provides for. Valberg et al. [45] used the dependence of 	 B

on viscosity � [see Eq. (4.1)] in order to determine cytoplasmic viscosities. Connolly
and St. Pierre were the the first to suggest that the increase in hydrodynamic size, due
to the binding of the target materials to the magnetic nanoparticles, would also give
rise to a detectable change in the magnetic susceptibility [46]. This latter approach is
particularly well-suited to smaller targets—that is, individual molecules or proteins.
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An example of this approach is shown in Figure 4.7, were the imaginary part of
the magnetic susceptibility was measured for 10-nm magnetite (Fe3O4) nanoparticles
coated with avidin and suspended in a PBS solution [31]. The hydrodynamic diameter
of these samples is approximately 50 nm due to the avidin coating. We used biotinylated
S-protein as a target, since the interaction between biotin and avidin has been well
characterized in the literature with a large affinity constant on the order of a femtomole
[47]. As can be seen in Figure 4.7, the relaxation peak is at 210 Hz for the particles
without the target, and it shifts to 120 Hz after the target is added to the solution.
We expect that the peak frequency changes as �B ∝ 1/r3

h from Eqs. (4.1) and (4.5).
Using the initial diameter of the avidin-coated magnetite particles of about 50 nm, this
relation implies that the particle diameter after S-protein binding is about 60 nm. This
increase corresponds well to the known size of S-protein (4 nm, estimated from the
crystal structure of its "parent" protein, ribonuclease A). In the measurements shown in
Figure 4.7 the sensor is overdosed, which means that there is more target material than
binding sites on the magnetic nanoparticles. This is indicated by the fact that further
addition of S-protein does not continue to change the peak frequency. Since the sample
gets more diluted with the addition of more analyte, the fixed peak in � ′′ also shows that
the result is concentration independent. This indicates that interparticle interactions are
negligible and that the peak shift is not caused by changes of the viscosity, which could
be concentration-dependent. It should also be pointed out that viscosity changes due to
changes in temperature can be ignored, since the estimated frequency shift is only ≈0.1
Hz for a 1◦C temperature change of an aqueous solution near room temperature [46].

Besides biotinylated S-protein, we also added biotinylated T7 bacteriophage to the
avidin-coated magnetite particles. In this case the relaxation peak was completely sup-
pressed, indicating that the binding to the T7 bacteriophage immobilized the magnetite
particles, similar to the measurements discussed in Section 4.4.1. In our example, each
T7 bacteriophage had 415 copies of biotin, which permits an effective cross-linking
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of the avidin-coated magnetite particles. This result indicates that the sensing scheme
based on modification of the Brownian motion can discriminate between different tar-
gets, even when the biochemical affinity is the same. The reason for this is that while
chemical affinity is a first step to detect the desired target, the frequency shift contains
additional information about the size of the detected targets. Another advantage is that
since the detection is in a solution medium, changing the activity of the biomolecules
can be readily achieved. Furthermore, the magnetic particles remain in solution during
the detection. Thus, after detection, the magnetic particles, together with the targets, can
be removed from solution using high-gradient magnetic filters [4].

In the example shown in Figure 4.7 the magnetic nanoparticles were overdosed.
Astalan et al. [37] investigated how the Brownian relaxation peak in � ′′ changes in
the case of a partial dosage. This study used magnetite dextran composite particles
coated with antiPSA, which can be used to detect binding to prostate-specific antigen
(PSA). Depending on the target concentration, the maximum in � ′′ shifted from 255
Hz (without target) to 195 Hz (saturation), such that �� ∝ 1/c, where �� is the
frequency shift relative to the frequency at saturation and c is the relative coverage of
the nanoparticles by the target. This shows that the modified Brownian motion approach
can yield quantitative information. A lower limit of 0.3-pmol sensitivity can be obtained
from the concentration-dependent data, which are comparable to conventional ELISA.
It should be noted that this sensitivity can be expected to increase significantly by
narrowing the size distribution of the magnetic nanoparticles (see Section 4.3.3) and by
miniaturizing the ac susceptibility measurement system.

4.4.3 Alternative Biomagnetic Sensing Schemes

The main distinction of the biological sensing approaches discussed in the previous
two sections is that the binding of the target to the magnetic nanoparticles changes the
time-dependent magnetic properties via either suppressing or modifying the Brownian
relaxation. This means that these approaches can be used in a substrate-free mode (mix-
and-measure), where the analyte is simply combined with the magnetic nanoparticles and
no additional steps are required, such as washing away unbound particles. Furthermore,
in the case of modified Brownian motion, there is a useful magnetic signature from the
nanoparticles both with and without the target present. This inherent integrity check
makes this approach especially suitable for continuous monitoring.

There has also been much work recently on biological sensors which emulate
more traditional immunoassay techniques by using magnetic nanoparticles as a label
with a readily detectable, magnetic moment. One of the earliest examples is the bead
array counter (BARC). BARC uses a magnetic field sensor to detect the stray field of
a magnetic particle bound to the target that is also bound to the sensor. The latter is
accomplished via affinity selective binding, such as with DNA–DNA, antibody–antigen,
or ligand–receptor interactions [48, 49]. The magnetic field sensor can be based on a
variety of detection methods, such as via giant magnetoresistance [48–51], spin valves
[52, 53], anisotropic magnetoresistance [54], Hall effect [55], planar Hall effect [56],
or SQUIDs made of either low transition temperature (Tc) [41, 57] or high Tc [42, 43]
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superconductors. Interestingly, in spite of the variety of techniques, the sensitivity for
detecting biologically functionalized magnetic particles is fairly comparable. Using giant
magnetoresistive sensors, Schotter et al. [51] demonstrated the possibility to detect about
200 labels, based on 0.86-�m-diameter magnetic particles. This sensitivity is about two
orders of magnitude higher than for assays based on fluorescent labels. Note that the
size of the magnetic particles is substantially larger than in the Brownian motion case.
This is because the magnetic particles have to be large enough to produce a significant
magnetic field. For example, while it has been demonstrated that with spin valve sensors
a single 2.8-�m-diameter magnetic bead can be detected [53], there is an insufficient
signal-to-noise ratio for smaller particles, such that even for a larger number of beads the
smallest detectable bead size has a diameter of 0.25 �m [52]. Similarly, for sensors based
on Hall and planar Hall effects, single 2-�m beads have been detected [55,56], but there
are no comparable data available for smaller particles. However, SQUID-based sensors
have a better sensitivity and for the best available sensing systems a detection limit of
≈4000 35-nm-diameter particles has been demonstrated [58]. But one of the drawbacks
of SQUID-based sensors is that they require a cryogenic operating environment.

Besides high sensitivity, there are other advantages of using a substrate-based stray-
field detection technique for biomedical sensing. In comparison to fluorescent-based
approaches, the shelf-life of magnetic markers is virtually unlimited. Also, the electronic
sensor-based detection of the magnetic stray field permits a direct electrical read-out of
the binding information. Furthermore, substrate-based sensors can be integrated with
microfluidic devices for delivering the analyte and the magnetic markers to the active
sensing area [50]. In addition, the location of magnetic beads can be manipulated by
field gradients of current lines integrated in the substrate [59]. This can be utilized for
moving and concentrating the magnetic beads near the field sensors. However, one of the
distinct disadvantages is that two binding events are always required (magnetic marker
to target and target to field sensor) and that unbound labels need to be removed in order
to avoid false positive signals. In Table 4.2 we present a brief comparison between the

Table 4.2. Comparison Between Sensing Schemes Based on Detection of Stray Magnetic
Fields After Magnetically Tagging the Target and Based on Either Suppression or
Modification of Brownian Relaxation

Detection via

Stray Field

Suppression of
Brownian
Relaxation

Modification of
Brownian
Relaxation

Binding events required 2 1 or 2 1
Magnetic particle size ≈1 �m 10 nm to 1 �m 10–100 nm
Signal present without target No Maybe Yes
Sensitivity to size of target No No Yes
Separation of target No Maybe Yes
In vivo application No Maybe Maybe
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different requirements and possibilities of stray-field-based and Brownian-relaxation-
based sensing techniques.

4.5 OUTLOOK

4.5.1 Open Questions

The development of Brownian relaxation approaches for biomedical sensing applica-
tions is experiencing a promising start. In order to harness the full potential of this
method, there are still many open questions that need to be addressed. Most of the
measurements—in particular, ones based on modified Brownian relaxation—are proof-
of-concepts [20,31] and therefore have not optimized the apparatus in order to determine
the ultimate achievable sensitivity. There are two major pathways to increase the sen-
sitivity of the detection based on modified Brownian relaxation. Narrowing the size
distribution of the magnetic particles used will result in better resolution for detecting
changes of the relaxation time, and it will also provide for a better signal, since the
Brownian relaxation signal can be detected at higher frequencies. At the same time, a
miniaturization of the susceptibility measurement system will allow us to investigate
smaller sample volumes.

For the modification of Brownian motion there are first results indicating the possi-
bility to quantify concentration levels [37]. However, it is unclear if there is a universal
relation between the relative target-to-nanoparticle concentration and the shift of the
relaxation peak. It might be necessary to analyze the full shape of the relaxation peak.
For example, with a partial dosage of targets to the magnetic nanoparticles, one expects
that the peak width would increase due to a broadening of the particle size distribution.

Since the modification of Brownian motion approach permits one to infer infor-
mation about the target size, it has been shown that it can discriminate between targets
with similar biochemical affinity [31]. Another question is: can this discrimination still
be possible in heterogeneous mixtures of potential targets? If it is possible, what are the
limiting factors? That is, what is the smallest detectable size difference?

One of the unique opportunities for relaxational detection of magnetic nanoparticle
is its potential for in vivo applications. Magnetic nanoparticles can have low toxicity,
and measurements are, in principle, possible within a living body. There is no need for
optical access. In fact, Néel relaxation of magnetic nanoparticles injected into mice has
been observed [44]. But an open question that remains is whether useful information
can also be obtained from the Brownian relaxation. Are the hydrodynamic properties
in the living body (i.e., in the bloodstream) homogeneous enough to allow conclusions
to be drawn from the Brownian relaxation time? If not, is it still possible to use the
suppression of Brownian motion for detection purposes?

Clearly, many questions remain before biomedical sensing based on Brownian rota-
tion of magnetic nanoparticles achieves its full potential. There are many opportunities
for interdisciplinary approaches to realize the promises of early laboratory tests. Finally,
we will outline below one such opportunity, which might significantly enhance the
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usefulness of the sensing approaches discussed in this chapter. It is based on magnetic
viruses.

4.5.2 Magnetic Viruses

In Section 4.3.3 we showed that the sensing scheme based on modification of Brownian
relaxation can tolerate a broad size distribution. However, a narrow size distribution
is desirable, since it increases the sensitivity to small targets. Also, functionalizing the
magnetic nanoparticles for the desired affinity can be challenging. Both issues can be
addressed by our recent development of a magnetic virus [60].

Combining biological self-organization with inorganic materials is a promising way
to create a wide variety of new functional materials [61]. In particular, several biological
systems have been used as templates to fabricate inorganic nanoparticles with well-
defined sizes. An example is ferritin, which is composed of 24 nearly identical subunits.
Ferritin encapsulates iron(III) oxy-hydroxide, ferrihydrite, whose biological function is
to store iron [62]. Apoferritin is the same protein without the native iron core; its 8-nm
cavity can be used for templating different magnetic particles [63].

Viruses are particularly interesting as templates for inorganic materials synthesis.
Viruses are systems in which nucleic acid strands are confined within a nano-sized
(≈10–500 nm) compartment, which is referred to as the virus capsid shell. Virus capsids
come in a variety of sizes and shapes that are suitable for templating [64]. Virus capsids
are also mechanically stable [65] and give rise to a narrow size distribution. For example,
synthetic virus capsids have been used to template (4.1 ± 1.1)-nm-diameter � -Fe2O3

nanoparticles [66].
Using a natural virus instead of synthetic virus capsids has the advantage that their

biochemical functionality can be readily selected through phage display libraries. Phage
display technology permits the display of suitable ligands on the virus capsid for any
desired target [67, 68]. In addition, the recombinant viral particles are highly stable and
can be amplified (grown).

We demonstrated the feasibility to fabricate biofunctionalized magnetic nanopar-
ticles using viruses selected through phage display with T7 bacteriophage. T7 offers a
capsid with about a 40-nm inner diameter [69]. This size is ideally suited for sensing
applications based on the modification of Brownian relaxation (see Figure 4.2).

As shown in Figure 4.8 the basic idea of the magnetic virus is first to remove the
DNA from the intact virus (see Figure 4.9a for a transmission electron microscopy image
of T7 bacteriophage) and then to replace it with a suitable magnetic material. The first
step of removing the DNA generates an empty virus capsid or ghost virus. Treating
T7 phage with an alkali buffer produced ghost viruses with a high yield (>98%), as
shown in Figure 4.9b. Finally, using biomineralization, the inorganic material can be
synthesized inside the empty virus capsids with a narrow size distribution (42 ± 2 nm).
This is shown in Figure 4.9c for iron oxide particles. The preparation of ferromagnetic
Co-filled T7 bacteriophage has also been demonstrated [60].

Most importantly, we also demonstrated that the magnetic viruses maintained the
original biological recognition functionality of the original viruses selected by phage
display. Thus, besides uniform magnetic properties due to well-controlled size, these
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Replace with 
ferromagnetic material

Remove DNA

Capsid Shell

Figure 4.8. Schematic of a magnetic virus. The DNA is removed from the virus interior, which

results in a rigid empty protein shell. This shell can be used as a template for ferromagnetic

nanoparticles [Ref. 60].

novel hybrid inorganic/biological particles also have uniformity of their biofunctionality.
For example, in our case each magnetic virus had 415 copies of 15 amino acid (aa) S-tag
displayed on its capsid.

4.6 SUMMARY

A century after the first theoretical explanation of Brownian motion by Einstein there
are now several approaches to utilize this information for biomedical sensing appli-
cations. The dependence of Brownian motion on particle size is a powerful tool for
signal transduction when it is combined with the determination of rotational Brownian
motion enabled by the use of magnetic nanoparticles. We have reviewed the recent ap-
proaches to these applications and have shown how they compare to other biomagnetic
sensing schemes. In particular, the simplicity of mix-and-measure, the ability to obtain
information beyond the biochemical affinity, and the potential for in vivo measurements
indicate that further development for actual practical applications of these ideas are
highly desirable. We are thus confident that ultimately this research will lead to useful
technologies.

Figure 4.9. TEM images of T7 bacteriophage. (a) Normal phage, (b) ghost particles after

osmotic shock, and (c) phage particles with iron oxide nanoparticles at their center.
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23. Néel L. Théorie du traı̂nage magnétique des ferromagnétiques en grains fins avec applications
aux terres cuites. Ann Géophys 1949;5:99–136.
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5
DENDRIMERS AND

HYPERBRANCHED POLYMERS
FOR DRUG DELIVERY

Rangaramanujam M. Kannan, Omathanu P. Perumal and
Sujatha Kannan

5.1 INTRODUCTION

Significant breakthroughs in molecular biology and material science have led to new
possibilities of delivering therapeutic agents at an appropriate length scale to the bio-
logical system (Figure 5.1). In this process, drug delivery systems have metamorphosed
from “macro” (delivery to an organ) to “micro” (to tissues) to “nano” scale lengths (to
cells). One of the key challenges in the design of a drug delivery system is to deliver the
drug effectively and efficiently to the target site with minimal systemic exposure. Al-
though conventional polymers can achieve spatial and temporal control of drug release,
they are somewhat limited by their ability to carry a high payload. Recent advances in
supramolecular chemistry have resulted in the emergence of new architectures including
dendritic polymers [1]. Dendritic polymers are tree-like polymers that can be classified
into two main types based on their branching architecture as “perfectly branched”
(dendrimers) and “imperfectly branched” (hyperbranched polymers or HBP). The tree-
like architecture of these polymers is probably one of the most pervasive topologies
observed universally throughout the biological system [2]. The concept of dendrimers
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Figure 5.1. Progress of drug delivery from “macro” systems that interact at the organ level

to “micro” systems that interact at the cellular level to “nano” systems that interact at the

cellular level. Length scale has a significant influence on drug delivery in terms of reaching the

target site, modifying the biodistribution of the drug, and enhancing the efficacy of the drug.

See insert for color representation of this figure.

was first introduced by Tomalia in the 1980s with the poly(amidoamine) (PAMAM)
family of dendrimers [3].

The dendritic polymers are characterized by a multifunctional central core, branch-
ing units (generation or “G”), and multiple functionalities at the periphery (nanoscale
container or nanoscaffold). One of the distinct aspect of dendritic polymers is their
nanoscale dimension varying in size from 2 to 15 nm, mimicking a diverse class of
biopolymers from the smallest protein insulin (G3 dendrimer) to large proteins like
histone (G7 dendrimer) [2]. Dendritic polymers are unique compared to linear polymers
in a number of ways: (i) Dendrimers have controlled structures with discrete number of
functionalities in a single molecule; (ii) they are a uniform and monodisperse system;
(iii) they have a high density of functional groups and are water-soluble; (iv) functional
groups are placed in close proximity without any chain entanglements; (v) they allow
easy accessibility of functional groups that can result in cooperative substrate binding to
receptors; (vi) the globular structure is amenable to host–guest entrapment and affords
better stability to the encapsulated drug molecules; (vii) drugs can be loaded in multiple
ways such as encapsulation, complexation, and conjugation, as well as in a matrix or
a nanogel structure; (viii) dendrimers exhibit ease of modifying the size, charge, type,
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and number of functional groups. Most importantly, dendrimers can carry a number of
drug molecules, targeting ligands, solubilizing agents, and imaging agents in one single
molecule to perform multiple functions in the biological system.

This chapter discusses the design of novel dendritic nanodevices for various thera-
peutic areas, interfaced with material science and biology, using suitable examples. Since
there is a large body of work, an attempt is made to illustrate specific applications with
examples. After a brief introduction to the synthesis of dendrimers and hyperbranched
polymers, their applications for intracellular drug delivery, their biodistribution, and
future prospects are discussed. PAMAM and polypropyleneimine dendrimers are com-
mercially available and have been studied extensively for drug delivery applications.
Therefore, most of the applications covered in this chapter would deal with these two
classes of dendrimers.

5.2 SYNTHESIS OF DENDRIMERS AND
HYPERBRANCHED POLYMERS

The well-defined architecture of dendrimers arises from the stepwise synthetic proce-
dure consisting of a series of coupling and activation steps. The synthesis of dendrimers
follow either a “divergent” or a “convergent” growth strategy [4–7]. In the “divergent”
approach (Figure 5.2a), the dendrimer grows outwards from the core, each generation
at a time. Divergent growth is useful for the production of large quantities of den-
drimers, since the molar mass is doubled after each generation. However, incomplete
growth and side reactions may lead to somewhat imperfect samples, where purification
of the end products could be tedious. Tomalia [3] used this approach to synthesize
“star-burst” polyamidoamine (PAMAM) dendrimers starting from an ammonia core.
The PAMAM dendrimers are commercially available. On the other hand, “convergent”
approach (Figure 5.2b) growth begins with what will be the end-surface groups, and it
works inward by attaching more monomer units. When the growing wedges are large
enough, they are brought together using a suitable core. Even though the purification
steps are simple, the yields of the reactions are low for larger dendrimers. To improve
the synthesis methodology, “hypercores” and “branched monomers” have been used as
starting points, and improved growth strategies such as “double exponential” and “mixed
growth” have been explored. Because of the meticulous stepwise synthesis, dendrimers
are nearly monodisperse, as opposed to the typically used linear polymers. Since the
building blocks for the dendritic polymers are covalent bonds (as opposed to “specific
interactions” in the cases of liposomes and micelles), the structure is stable and is not
dependent on thermodynamic factors, as in the case of liposomes.

In contrast to the “structurally perfect” dendrimers prepared by multi-step synthesis,
somewhat less-perfect “hyperbranched” polymers (Figure 5.3a, b) can be synthesized
in one-step reactions. These are being considered as possible, inexpensive alternatives
for applications where a well-defined structure is not a prerequisite. Typically, hyper-
branched polymers are prepared by condensation of AB2-type monomers. Since there
is no specific focus point for the growth of the molecule (as in the case of a dendrimer
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(a) Divergent synthesis

(b) Convergent synthesis

Terminal group Branching unit Core

Figure 5.2. Schematic representation of synthesis of dendrimers using (a) divergent growth

approach and (b) convergent growth approach. The details are described in the text, and

further information can be gained from Refs. 3 and 7.

core), the polydispersities are high (∼3–8) [8]. The polydispersity of hyperbranched
polymers have been significantly reduced recently, using controlled polymerization re-
actions starting from AB2-type monomers, where the B monomers become reactive
only after the reaction of A groups. This has been improved further through the use of
anionic polymerization and slow monomer addition conditions [9, 10]. Hyperbranched
polyglycerols prepared using such methods have improved polydispersities [10] and are
significantly less expensive, making them amenable for large-scale in vivo trials and
bringing highly branched polymers as candidates for drug delivery of even common
drugs such as ibuprofen.

5.3 INTRACELLULAR DRUG DELIVERY

Most of the therapeutic targets exist at the cellular level either at the cell membrane,
in the cytoplasm, or in the nucleus [11]. Transport of drug molecules across the cell
membrane occurs by a variety of processes such as passive diffusion, endocytosis, or
active transport mechanisms, depending on the physicochemical properties of the drug
and/or the carrier. The cell entry dynamics of dendritic polymers is influenced by size,
charge, and the surface functionality. Using fluorescent (fluoroisothiocyanate; FITC)-
labeled dendrimers, the cellular uptake and fate of dendrimers have been understood
with a variety of techniques including flow cytometry, UV–visible spectroscopy, confocal
microscopy, electron microscopy, and atomic force microscopy.

Typically, dendrimers appear to enter the cells rapidly within a few minutes to
hours. In lung epithelial cell lines [12], it was found that most of the PAMAM G4
NH2 dendrimers entered the cells within 1 hr and is suggested by the decrease in flu-
orescence intensity of the cell supernatant and corresponding increase in the intracellular
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Figure 5.3. Schematic representation of (a) perfectly branched dendrimer structure and (b)

imperfectly branched hyperbranched polymer. A and B represent the different monomer units

in the polymer. The functional groups at the periphery A can be used to link drug molecules

or targeting or imaging ligands by covalent or noncovalent bonds, while the interior of the

dendritic polymer can be used for encapsulating drug molecules.
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Figure 5.4. Flow cytometry of the cell entry dynamics of pure PAMAM-G4-NH2 in A549 lung

epithelial cell line. The log of FITC absorption intensity (FL1-H x-axis) is plotted against the

number of cells (counts). The exponential increase in the cellular uptake of polymers within

few minutes is evident.

fluorescence intensity (Figures 5.4 and 5.5). The cationic dendrimers enter the cells
faster than the uncharged dendrimers followed by the anionic dendrimers [12,13]. Based
on their size and molecular weight, dendrimers are expected to be transported by endo-
cytosis, by nonspecific adsorptive endocytosis, fluid-phase endocytosis, or electrostatic
interactions with the negative charge of the cell membrane [14]. If the dendrimers carry
targeting ligands, they can be transported by specific receptor-mediated endocytosis [15].
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Figure 5.5. The normalized absorbance (A) values versus time (t). For the supernatant [A(t)−
A(final)]/[A(initial) − A(final)] is used. For the cell lysate, [A(t)/A(final)] is used. It can be seen

that the increase in the normalized absorbance of the cell lysate correlates very well with the

decrease in the absorbance of cell supernatant.



chap05 JWBK002-Labhasetwar June 24, 2007 17:32 Char Count=

INTRACELLULAR DRUG DELIVERY 111

The cationic (amine terminated) dendrimers are transported by electrostatic interac-
tion with the negatively charged cell membrane. Studies using supported lipid bilayers
and atomic force microscopy have shown that the amine-terminated PAMAM den-
drimers form holes of 15–40 nm in diameter by interacting with the lipid bilayer [16].
However, upon variation of the surface functionality by acetylating the amine group,
the dendrimer did not form any holes in the lipid bilayer, but adsorbed to the periphery
of the existing defects in the bilayer. In another study with an endothelial cell line,
it was found that the cationic dendrimers are transported into the cell by interacting
with the cholesterol in the cell membrane [17]. Cholesterol is involved in the cellular
trafficking including signaling and endocytosis processes. Uncharged dendrimers such
as PAMAM hydroxyl-terminated dendrimers are transported by nonspecific adsorptive
and fluid-phase endocytosis [18]. When the temperature of the cell culture medium was
reduced from 37◦C to 10◦C, the cellular uptake of FITC-labeled PAMAM G4OH den-
drimer decreased significantly (80% reduction in comparison to the control). Similarly,
when a high concentration of sucrose was used in the cell culture medium, the uptake
was reduced to 65% of the control [19]. The results imply that the dendrimers enter
the cell by energy-dependent process such as adsorptive and fluid-phase endocytosis.
In addition to the surface functionality, the rate of cellular uptake of dendrimers is also
dependent on the generation number, concentration, and incubation time. Generally, the
lower-generation dendrimers are transported somewhat faster than the higher-generation
ones. Cellular transport of dendrimer increases linearly with the increase in concentra-
tion of the dendrimer and incubation time. The linear increase in transport as a function
of concentration is consistent with the endocytosis uptake process [20].

Once endocytosed, the dendrimers are transported through endosomes to the lyso-
somes and then released into the cytoplasm. Using confocal microscopy, it was observed
that the dendrimer localized in the cytosol (Figure 5.6a, b). Since most of the therapeutic
targets are located in the cytoplasm dendrimers can be suitable vehicles to deliver a high
drug payload to the cytosol. The presence of dendrimer in the lysosome can be visual-
ized using a lysosomal marker (lysotracker dye), where co-treatment of FITC-labeled
dendrimer with the lysostracker dye results in co-localization in the lysosomes (Figure
5.6c, d). Although hyperbranched polymers (HBP) are imperfectly branched, they are
also transported by a mechanism similar to that of dendrimers [21]. Polyol-a hyper-
branched polymer and PAMAM G4 OH showed similar cell entry dynamics [12, 21].
Cationic dendrimers can interact with the lysosomes or endosomes by increasing the
pH of the lysosome and escape by permeabilizing the lysosomal membrane [17]. This
assumes importance in gene delivery, where the dendrimer–gene complex can bypass
the lysosomal breakdown and deliver the intact DNA into the cytoplasm for further
transport into the nucleus.

5.3.1 Anti-Inflammatory Drugs

Inflammation is a cell-mediated response occurring through the synthesis of pro-
inflammatory mediators such as prostaglandins in the cytoplasm. Anti-inflammatory
agents act by inhibiting the cyclooxygenase enzyme involved in the synthesis of
prostaglandins [22]. The anti-inflammatory drugs generally enter the cell by passive
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(a) (b)

(c) (d)

Figure 5.6. Confocal images showing lung epithelial cells. (a) Under phase contrast. (b) Local-

ization of FITC-labeled PAMAM G4 hydroxyl terminated dendrimer in the cytoplasm. (c) Local-

ization of lysosomal marker (lysotracker) in the lysosomes. (d) Co-localization of FITC-labeled

dendrimer and lysostracker in the lysosomes. Images were captured 30 min after treatment.

See insert for color representation of this figure.

diffusion and are transported in and out of the cell as a function of concentration gra-
dient inside and outside of the cell membrane. This would result in a reduction in the
effective drug concentration at the target site inside the cell, which prolongs the time
required to produce a pharmacological response. Since passive diffusion is nonspecific,
the free drug gives rise to a number of side effects due to the systemic drug exposure.
When the drug is loaded on a dendrimer, the drug is transported by a more specific
endocytosis process, resulting in a high drug concentration locally at the target site.

When conjugated to PAMAM-G4-OH dendrimer, ibuprofen, a nonsteroidal anti-
inflammatory drug was found to be transported into the cell by endocytosis rapidly within
a few hours and was localized in the cytoplasm (Figure 5.7a, b). The drug released from
the dendrimer conjugate inhibited the prostaglandin synthesis as early as 30 min, while
there was no inhibition for the free drug. However, at later time points, there was no
difference in the activity of free and dendrimer-conjugated drug [23]. Similarly the HBP
conjugate showed activity within 30 min (Figure 5.8). Among the HBP, polyglycerol
(Mw ≈ 5 kDa) showed higher activity than the polyol (Mw ≈ 15 kDa) conjugate. The
difference can be attributed to the difference in the rate of cell entry and drug release
from the conjugate due to the difference in their molecular weights [21]. As the polymer
conjugates carry a high drug payload (42–70% w/w), they produce a high local drug
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Figure 5.7. (a) Flow cytometry analysis of lung epithelial cells treated with FITC-labeled

ibuprofen–PAMAM G4 OH dendrimer conjugate at different time points. The shift in intra-

cellular fluorescence intensity indicates the rapid cellular uptake of the conjugate. Key: Red,

0 min; green, 5 min; black, 30 min; blue, 60 min; brown, 240 min (b) Confocal image showing

the localization of FITC-labeled ibuprofen–dendrimer conjugate in the cytoplasm after 2 hr of

treatment. See insert for color representation of this figure.

concentration resulting in a rapid pharmacological response. Under in vivo conditions,
this would translate into reduced dose and decrease in frequency of dosing, since high
drug concentration can be sustained for longer time periods at the target site in the
cell.

The skin permeation of indomethacin, a hydrophobic drug, was enhanced on
complexing with NH2-terminated PAMAM dendrimer. Increase in permeation of in-
domethacin was due to the increase in drug solubility in the presence of the dendrimer,
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Figure 5.8. Anti-inflammatory activity of ibuprofen–polymer conjugates in lung epithelial

cells with different treatment time. Percent inhibition of prostaglandin synthesis compared

to control with no treatment is shown on the y-axis. Ibuprofen–polymer conjugates are com-

pared against free ibuprofen. The concentration of ibuprofen was 10 �g/ml both for the free

ibuprofen and the ibuprofen–polymer conjugates.

and this resulted in higher blood levels and pharmacodynamic response in vivo in a
rat model [24]. When the same complexes were administered intravenously to arthritic
rats, the dendrimer complex was passively targeted to the inflamed tissue and high con-
centrations of indomethacin were found at the inflammation site as opposed to the free
drug [25].

The absorption of PAMAM dendrimer is low when given orally, and this provides
an opportunity to use them as a colon-specific drug delivery system for topical anti-
inflammatory agents such as 5-acetyl salicylic acid (ASA). The drug was linked to the
dendrimer through two different spacers (p-amino hippuric acid and p-amino benzoic
acid) through an azo bond [26]. The azo bond can be specifically cleaved by the bacterial
flora in the colon to release the free drug at the target site in the colon. Release of the
drug from the dendrimer was found to be dependent on the spacer, and it was slower
than the commercially available prodrug of 5-ASA [26]. Hence dendrimer can be used
for sustained delivery of drugs specifically to the colon.

Steroidal drugs such as methylprednisolone are used for lung inflammation, but
are rapidly cleared when given by conventional formulations. In an effort to achieve
sustained intracellular delivery, PAMAM-G4-OH dendrimer or polyol was conjugated
to methylprednisolone through a spacer (glutaric acid or succinic acid) and the con-
jugates showed comparable activity to the free drug [18, 27]. Release of free methyl-
prednisolone from the conjugate was dependent on the branching architecture and the
spacer. Dendrimer conjugate prepared with succinic acid showed higher activity than
the one containing glutaric acid as a spacer due to a higher rate of drug release from



chap05 JWBK002-Labhasetwar June 24, 2007 17:32 Char Count=

INTRACELLULAR DRUG DELIVERY 115

0

20

40

60

80

100

120

5ng 5000 ng

Concentration of MP

%
 P

G
E

2 
in

hi
bi

tio
n 

of
 c

on
tr

ol

MP MPGD

MPSD MPGPO

Figure 5.9. Anti-inflammatory activity of methylprednisolone–polymer conjugates in lung

epithelial cells after treatment for 4 hr. Percent inhibition of prostaglandin synthesis com-

pared to control with no treatment is shown on y-axis. Methylprednisolone-PAMAM G4 OH

conjugate linked using either glutaric acid or succinic acid spacer and the methylprednisolone-

polyol conjugate was linked using glutaric acid spacer. Key: MP, methyl prednisolone; MPGD,

methylprednisolone–glutaricacid–PAMAMG4 OH dendrimer conjugate; MPSD, methylpred-

nisolone–succinicacid–PAMAMG4 OH dendrimer conjugate; MPGPO, methylprednisolone–

glutaric acid–polyol conjugate.

the former in the lysosomes [28]. On the other hand, with the glutaric acid spacer, the
imperfectly branched polyol conjugates showed a higher activity than the dendrimer
conjugate (Figure 5.9). From the results it can be inferred that the imperfect architec-
ture provides an easy access for the lysosomal enzymes to release the drug, while the
dendrimer conjugate can sustain the release for longer time periods [29]. Therefore it
is possible to modulate the intracellular drug release by suitable choice of branching
architecture and spacer.

5.3.2 Cancer Chemotherapy

Selective intracellular drug delivery assumes great importance in cancer chemotherapy,
because most of the anti-cancer drugs are cytotoxic to normal cells. To achieve selective
drug targeting, drug delivery scientists have been exploiting the differences in cell physi-
ology of normal and cancerous cells [30]. Various approaches based on these differences
include (i) the use of high-molecular-weight polymer–drug conjugates that preferentially
accumulate in solid tumor tissue by enhanced permeability and retention (EPR) effect
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[31], (ii) the use of drug delivery systems that can release the drug in the “altered”
cellular environment of the cancer tissue such as acidic pH and higher temperature, (iii)
particulate systems (<50 nm) that permeate through the leaky vasculature of the cancer-
ous tissue, and (iv) active targeting methods using ligands that can specifically bind to
the overexpressed receptors or antigens on the surface of the cancerous cells. An ideal
drug delivery system is expected to perform or more of the above-mentioned functions
for improving the efficacy and reducing the systemic toxicity of cancer chemotherapeu-
tics. Furthermore, the vehicle should be water-soluble to carry the highly hydrophobic
anti-cancer drugs to the target site. Dendrimers offer unique advantages over linear
polymers due to their high drug-carrying capacity, good water-solubility, stability, and
reduced systemic drug toxicity by achieving a high local drug concentration inside the
cells [32]. One of the significant advantages of polymer-based drug delivery systems
is their ability to bypass the multi-drug-resistant (MDR)-mediated efflux mechanisms
as they are taken up by selective endocytosis process, unlike the nonspecific passive
diffusion of free drug [33]. Table 5.1 gives a list of various anti-cancer agents delivered
using dendritic polymers. Various dendritic architectures have been used to encapsulate
highly hydrophobic drugs such as etopside [34], 5-fluoruracil [35], and taxol [36] to
improve their solubility and achieve sustained delivery.

Table 5.1. Dendritic Polymer-Based Drug Delivery Systems For Anti-Cancer Agents

Anti-Cancer Agent Dendritic Polymer Remarks Ref.

Methotrexate
(MTX)

Conjugated with
PAMAM-G5-NH2, COOH,
OH, NH2COCH3.

FA and FITC attached for targeting
and imaging cells, respectively,
which overexpress folate
receptors. Acetamide conjugate
showed 10 to 100-fold activity
than free drug.

15

Conjugated with polyether
dedrimer (G1 and G2)
through hydrazide bond

Water-soluble conjugate with 12.6
folate residues and 4.7 MTX per
G2 dendrimer.

37

PAMAM-(G2-G4)-NH2

dendrimer encapsulated in
liposomes.

Entrapment of MTX in the
liposomes improved in the
presence of dendrimer.

44

5-Fluorouracil
(5-FU)

PAMAM-(G4)-NH2

dendrimer and PEG were
attached.

PEGylated dendrimer increased
drug encapsulation, reduced
hemolytic toxicity, and increased
drug circulation time.

35

Doxorubicin
(DOX)

Polyester dendritic scaffold
used for linking DOX
through hydrazone bond.

The drug release was higher in
acidic pH, improved drug
circulation time and reduced
cytotoxicity.

33
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Anti-Cancer Agent Dendritic Polymer Remarks Ref.

Cisplatin PAMAM-(G3.5)-NH2

dendrimer was conjugated
to the drug.

The drug payload was 25% w/w of
the conjugate, and the conjugate
was water-soluble. The conjugate
preferentially accumulated in the
tumor and showed improved
efficacy and reduced toxicity in
comparison to free drug.

32

Etopside PAMAM core was used and
inner block arm was
lipophilic
(polycaprolactone) and the
outer block was hydrophilic
(PEG).

Drug loading was 22% and the
encapsulated drug was nontoxic
in in vitro cell culture studies.

34

Taxol Polylgylcerol dendrimer was
used for complexation and
encapsulation.

Increased water solubility of taxol
by 10,000-fold and also can
achieve controlled release. The
polymer was biodegradable.

36

5-aminolevulinic
acid (ALA)

ALA dendrons conjugated to
periphery by ester linkages
of G1 and G2 dendrimers of
di- or tripodent aromatic or
tripodent aliphatic core.

High concentration of ALA inside
the tumorigenic keratinocyte
cells and showed greater potency
than free ALA.

43

Boron (10B) PAMAM-(G3)-NH2

dendrimer used for
conjugation and boron was
attached through PEG.

FA residues attached for targeting
to folate receptors on cancer
cells. Showed selective tumor
uptake in vitro and in vio in mice.

41

PAMAM-(G5)-NH2

dendrimer used for
conjugation and monoclonal
antibody Cetuximab was
attached.

Targeted to EGFR of brain tumor
in rats compared to normal brain

42

J591 anti-PSMA PAMAM-(G5)-NH2

dendrimer used for
conjugation and FITC or
6-TAMRA was used as an
imaging agent.

A high-payload antibody conjugate
that specifically targeted to PC3
cell line with overexpressed
PSMA on its surface.

40

60B PAMAM-(G5)-NH2

dendrimer used for
conjugation and FITC were
used as an imaging agent.

A high-payload antibody conjugate
which specifically bound to
CD14 expressed on human
myeloblastic leukemia cell lines.

39

Key: PAMAM, poly(amido amine); PEG, polyethylene glycol; FITC, fluoroisothiocyanate; FA, folic acid;
PSMA, prostate-specific membrane antigen; 6-TAMRA, carboxytetramethyl rhodamine succinimidyl ester;
EGFR, endothelial growth factor receptor.
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Malik and Duncan [32] have shown superior anti-tumor efficacy of cisplatin–
dendrimer conjugate by achieving a high drug payload (25% w/w). The conjugate
showed preferential accumulation in a tumor mice model by EPR effect (size of the
conjugate was 40 nm) and showed good water-solubility, reduced cytotoxicity (3.5
times less toxicity than cisplatin), and improved efficacy compared to the free drug. A
polyester dendritic system was developed for the delivery of doxorubicin, where the
drug was conjugated to the dendrimer through acid-labile hydrazone linkage [33]. The
drug showed higher release at an acidic pH (pH < 6) in vitro, which is consistent with
the acidic environment of the tumor. An additional advantage of the pH-sensitive linker
is that the release of the drug attached by acid-labile linkage is less affected by the type
of the drug than in the case of enzyme cleavable linkages [33]. The polymer conjugate
was water-soluble, while showing longer circulation time. Moreover, the cytotoxicity of
doxorubicin was reduced significantly (compared to 80–98% of the free drug) and also
did not accumulate in any of the vital organs.

More specific and selective targeting of anti-tumor agents can be accomplished by
attaching folic acid (FA) molecules to the dendrimer for binding with the overexpressed
folate receptors on the surface of the tumor cell. By using a combination of molec-
ular modeling techniques and in vitro cell uptake studies, a multifunctional PAMAM
dendrimer-based nanodevice was designed [15] containing the drug (methotrexate),
targeting ligand (FA), and an imaging agent (FITC). Studies with folate-containing
amine-terminated PAMAM dendrimer showed poor cellular uptake in KB cells ex-
pressing high-affinity folate receptors. There was also nonspecific uptake into cells that
lacked high-affinity folate receptors by nonspecific electrostatic interaction of the amine
groups with the negatively charged cell membrane. Computer modeling of three different
surface modifications (carboxyl, hydroxyl, and acetamide) revealed that the folic acid
molecules were better accessible for receptor interaction from an acetamide surface.
When tested in vitro using KB cells and monitored using confocal microscopy, the cel-
lular uptake was rapid for acetamide surface and continued to accumulate upto 4–6 hr of
incubation in contrast to other surface modifications. Methotrexate (MTX) was linked to
the dendrimer through an ester or amide bond. The ester-linked conjugate was cytotoxic
similar to the free drug in cancer cells, while the amide linked conjugate did not show
any activity. Folate-targeted MTX dendrimer conjugate was significantly more active
than the free drug. Other dendritic polymers such as polyarylethers and poly(L -glutamic
acid) have also been studied for targeting using folic acid molecules [37, 38].

Alternatively, dendrimers can be designed to carry other targeting ligands such as
monoclonal antibodies that bind to specific surface antigens expressed on the specific
tumors including prostate-specific membrane antigen (expressed on prostate cancer
cells) and CD14 (expressed on myeloblastic leukemia cell lines) [39, 40] for selective
drug delivery and imaging. The dendrimer-based immunoconjugates overcome some of
the limitations of linear polymeric immunoconjugaes including decreased solubility and
reduced binding efficacy [40].

Dendritic polymers can serve as high payload vehicles for carrying radioiso-
topes for radiation therapy like boron nuclear capture therapy. The therapeutic ef-
fectiveness of radiation therapy can be further enhanced by targeting to specific tu-
mor cells in different organs using folate residues (for lung and other sarcomas)
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or antibodies (for brain glioma cells) on the dendrimer surface [41, 42]. Similarly,
dendrimers have been used as high-payload water-soluble vehicles in photodynamic
therapy for delivering high concentrations of 5-aminolevulinic acid to tumirogenic
keratinocytes [43].

5.3.3 Gene Therapy

The success of gene therapy is governed by the efficiency of the delivery vehicle to protect
the gene expression system from premature degradation in the extracellular biological
milieu and to achieve delivery to a target cell (Figure 5.10). Several cationic lipids and
polymers have been used for transfecting cells in vitro. However, their use is limited by
low water-solubility, low transfection efficiency, and cytotoxicity [45]. Cationic amine-
terminated PAMAM dendrimers have the inherent ability to associate, condense, and
efficiently transport DNA into a wide variety of cell types without significant cytotoxicity
[46]. Such complexes are termed “dendriplexes,” and the electrostatic interaction takes
place between the positive amino groups of the dendrimer and the negatively charged
phosphate groups of the nucleic acid.

Stable complex formation and transfection efficiency are influenced by a num-
ber of factors including dendrimer/DNA molar ratio, size of the complex, generation,

DNA + Vehicle

Cell Membrane 

Endosome Lysosome

Nucleus

Stability in
external milieu 

Endocytosis Endo-lysosomal
escape

Nuclear Transport

Figure 5.10. Schematic representation of various barriers involved in gene delivery to the

nucleus using polymeric vehicles. The polymer–gene complex is taken up by cells through

endocytosis and is transported to endosomes and lysosomes. Cationic polymers can escape

from the lysosomes, thus preventing the degradation of DNA inside the lysosomes. The DNA

has to be transported into the nucleus using specific signals to transfect at the target site in

the nucleus.



chap05 JWBK002-Labhasetwar June 24, 2007 17:32 Char Count=

120 DENDRIMERS AND HYPERBRANCHED POLYMERS FOR DRUG DELIVERY

and concentration of the dendrimer [45, 47]. Complexes of PAMAM dendrimer have
been reported with various forms of nucleic acids including short single-stranded
oligonucelotides, circular plasmid DNA, linear RNA, and various sizes of double-
stranded DNA [45–48]. In general, the larger the nucleic acid the lower the den-
drimer concentration required to generate high-density complexes. Mean size of
DMA–dendrimer complexes has been shown to below 200 nm and monodisperse at
various ratios of dendrimer to DNA [45]. Uniform particles of dendriplexes are formed
when very low DNA concentration (1–10 ng/ml) are used [46]. As the ratio of den-
drimer is increased, the size of the condensed particles decreases, while the transfection
efficiency significantly increases [45].

In a recent study by Braun et al. [47], they demonstrated that for dendriplexes within
an optimal size/charge ratio, a small size complex (<150 nm in diameter) and a positively
charged surface are important for cell association and endocytosis process. After being
entrapped within the endosome, release of the complex into the cytosol is essential
before acidic or enzymatic degradation of DNA within the endosomal–lysosomal cavity
(Figure 5.10). Cationic dendrimers promote the complex release from the endosomes
by buffering the acid pH in the endosome and disrupting the membrane barrier of the
organelle [49]. Once in the cytosol, the DNA translocates into the nucleus within 30 min
of post-transfection. It has been suggested that the dendriplex may directly translocate
into the nucleus, although the exact mechanism is not clearly known [46]. Hence, the
endosomal release of the complex and translocation into the nucleus are the rate-limiting
processes rather than the cellular uptake of dendriplexes (Figure 5.10).

The dendriplexes have been shown to be effective transfecting agents in a variety of
cell systems [46], and the transfection efficiency has been further improved by attaching
cyclodextrins, hydrophobic fluorophor, or glutamic acid on the surface of the dendrimer
[50–52]. In this regard, Tang et al. [53] have observed that the transfection activity
of dendrimer was dramatically enhanced by 50-fold upon heat treatment in a variety
of solvents. The enhanced transfection of fractured dendrimers was attributed to the
increased flexibility, enabling the dendrimer to be compact when complexed and to
swell when released from DNA. On the other hand, Wang et al. [54] enhanced gene
transfer and transfection of DNA–dendrimer complex into murine cardiac implants using
electroporation.

Antisense oligonucleotides (ODN) for endothelial growth factor receptor (EGFR)
was conjugated with a novel pentaerythritol-based anionic dendrimer [55]. The conjugate
showed four-fold higher cellular uptake and 80% cell growth inhibition in comparison to
the free ODN. Greater activity of the dendrimer conjugate is due to the protection of ODN
from exo- and endonucleases. In addition, the anionic dendrimers are less cytotoxic than
the cationic dendrimers. Recently, Marano et al. [56] have designed a novel lipid–lysine
dendrimer for delivery of sense ODN for inhibition vascular endothelial growth factor
(VEGF) expression in the eye. The lipid–lysine dendrimer facilitates transmembrane
transportation, acts as lipid solubilizer, and protects the labile ODN from nuclease
digestion. Time course studies in a rat model showed that the dendrimer–ODN complex
remain active for up to 2 months, indicating that the dendrimer provides protection
against the effects of nuclease.
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5.4 BIODISTRIBUTION AND SAFETY

It is essential that the polymeric carrier is nontoxic, biocompatible, and nonimmunogenic
for in vivo applications. The biodistribution and toxicity profile of dendritic polymers is
influenced by a number of factors including dose, generation, and surface charge. Malik
et al. [57] have carried out a systematic study on the in vitro toxicity and in vivo biodistri-
bution of PAMAM and poly(propylene imine) dendrimers. Cationic dendrimers bearing
amine functionality were found to display concentration- and generation-dependent
toxicity. These dendrimers showed an increased hemolytic effect with increase in the
generation of dendrimer, even at low concentrations for higher generations (10 �g/ml).
On the other hand, anionic dendrimers were neither hemolytic nor cytotoxic toward a va-
riety of cell lines in vitro at concentrations up to 1 mg/ml. In general, cationic dendrimers
were more cytotoxic and their IC50 values varied from 5 to 300 �g/ml depending on the
cell type and generation of the dendrimer. Kannan et al. [12] have shown that the amine-
terminated dendrimer (G4) showed significant cytotoxicity at concentrations ∼1 mg/ml,
while the neutral hydroxyl terminated dendrimer and polyol were not cytotoxic even up
to 1 mg/ml in A549 lung epithelial cells (Figure 5.11).

On IV administration, radiolabeled cationic dendrimers were rapidly cleared
from the circulation, but the anionic dendrimers circulated for a longer time [57].
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Figure 5.11. Comparative cytotoxicity profile of various dendritic polymers as a function
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Figure 5.12. Lung disposition of free and PAMAM (G4 NH2) dendrimer-conjugated FITC af-

ter intranasal administration in mice. Values are mean of three measurements. The square

represents free FITC, while the closed circles represent FITC- labeled dendrimer.

Lower-generation dendrimers circulate longer than the higher generation dendrimers.
For both classes of dendrimers, the blood levels correlated with the extent of liver up-
take. In a tumor mice model, Nigavekar et al. [58] observed that the cationic and neutral
dendrimers localized in major organs and tumor. The deposition peaked at 1 hr in most
organs and stabilized from 24 hr to 7 days post injection. Within 24 hr post injection,
the excretion was maximal and neither of the dendrimers showed any acute toxicity.
Higher levels were found in the lungs, liver and kidney followed by those in the tumor,
heart, pancreas and spleen, while the lowest levels were found in the brain. Although,
the biodistribution trend was similar for both cationic and neutral charged dendrimers,
higher disposition was observed for the former in comparison to the latter.

Using FITC as a fluorescent probe, Khandare et al. [59] have demonstrated that
the PAMAM G4 amine terminated dendrimer can be used as a sustained lung deliv-
ery vehicle. On intranasal administration, FITC-labeled PAMAM dendrimer is retained
in the lung until 14 days as opposed to the rapid clearance of free FITC within a
few hours (Figure 5.12). The potential of PAMAM dendrimer as a oral drug deliv-
ery vehicle was investigated in vitro using everted rat intestine by Wiwattanapatapee
et al. [60]. Anionic dendrimers showed a linear serosal transfer rate over the dendrimer
concentration range of 10–100 �g/ml. Both the tissue and serosal accumulation increased
linearly with incubation time irrespective of the generation number. Higher-generation
dendrimer (G5.5) showed a higher tissue uptake, although the serosal transfer rates were
quite similar to the lower-generation dendrimers (G2.5 and G3.5). Overall, the serosal
transfer rate was higher than the tissue uptake. In sharp contrast, for cationic dendrimers
the tissue uptake was higher than the serosal transfer rate, probably due to the nonspecific
adsorption of cationic dendrimers to the mucosal surface.

Furthermore, using cationic dendrimers on Caco-2 cells, El-Sayed et al. [20] have
found that the mannitol (a permeability marker) permeability, transepitheleal electrical
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resistance, and the leakage of lactate dehydrogenase increased as a function of donor
concentration, incubation time, and generation number (G0–G4). Lower generations
(G0–G2) were nontoxic to Caco-2 cells. Dendrimers have been suggested to be trans-
ported by paracellular transport and through adsorptive endocytosis or fluid-phase endo-
cytosis by transcellular transport [14]. Florence and Hussain [61] studied the in vivo oral
absorption of a lipid dendrimer (G4, 2.5 nm) in rats and observed that the dendrimer is
preferentially taken up through the Peyer’s patches in the small intestine. The maximum
uptake was observed at 6 hr after administration from all parts of the GI tract. At 24 hr,
only negligible amounts of dendrimer could be observed in the GI tract, possibly due to
excretion or absorption into the systemic circulation.

Various surface modifications on the dendrimer have been shown to alter the biodis-
tribution and improve the safety profile of amine terminated PAMAM dendrimers.
Conjugation of lauroyl chains [13], polyglutamic acid [38], and PEG [62] to cationic
dendrimers reduced their cytotoxicity significantly. Very recently, Schatzlein et al. [63]
used a novel propyleneimine dendrimer to achieve preferential delivery of DNA to the
liver. Quaternary amine group in the dendrimer improved DNA binding and tolerability
of the vehicle in vivo. Most importantly, quaternisatoin reduced the particle aggregation
of the complex (as particulate aggregates tend to localize in the lungs) and thus diverting
the complex from the lung to the liver. Similar biodistribution has also been achieved by
attaching cyclodextrin molecules on the surface of PAMAM dendrimers [64].

5.5 FUTURE PROSPECTS AND CONCLUSIONS

Since their introduction 20 years ago, dendrimers have received considerable attention
because of their unique structure. Now, there are more than 50 families of dendrimers,
each with unique properties [65]. Many potential applications of dendrimers are based
on their unparalleled molecular uniformity, multifunctional surface, and the presence of
internal cavities. Dendrimers have dual properties to function as endo- or exo-receptor
[2]. They function as unimolecular endoreceptors (nanocontainer) manifesting non-
covalent chemistry reminiscent of traditional regular and inverse micelles or liposomes.
Alternatively, the dendrimers can function as nanoscaffold exhibiting a high propensity
to cluster or complex in an exoreceptor fashion with a wide variety of biological polymers
(e.g. DNA or protein) or metals.

Dendrimers mimic the hydrophobic and hydrophilic core shell topology of regular
micelles. They can be viewed as stable unimolecular micelles, unlike the dynamic
polymeric micelles. This results in a better control of drug delivery in vivo where the
conventional micelles can dissociate into monomers on dilution. On the other hand, the
dendrimer surface can be modified to induce “unimolecular encapsulation” behavior
mimicking inverse micelles or liposomes. Jansen et al. [66] designed a “dendritic box”
by modifying the surface of propyleneimine dendrimer with amino acids. Depending on
the available internal diameter cavities, a variety of guest molecules can be encapsulated.
The “dendritic box” can be opened to release either all or some of the entrapped guest
molecules, depending on the immediate microenvironment of the dendrimer [67].
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Dendrimers can be made to release the drug in response to specific stimuli such as
temperature or pH by surface modification with various polymers and linkers [33,68]. A
variety of architectures can be developed from the dendrimers through modification of
either the core or the surface with block copolymers (copolymer). It would be pertinent
to mention that a “perfect” branching architecture may not be always necessary for drug
delivery applications. The “imperfectly” branched HBP may also be able to carry a
similar drug payload and perform similar functions to a “perfectly” branched dendrimer.
Therefore, HBP can be used as cheaper alternative to dendrimer for therapeutic areas,
where the high cost of the dendrimer would not be justifiable. Further application of
HBP as delivery vehicles is dependent on developing better synthetic procedures to
make them more monodisperse.

Novel vehicles can be designed by using biomolecules to generate dendrimer or
by attaching biomolecules on the dendrimer surface to make them more biocompatible
or interact with specific biomolecules or bioassemblies. Glycodendrimers incorporate
carbohydrate units on the surface of PAMAM dendrimer [69]. These systems are useful
to study the protein–carbohydrate interactions that are implicated in many intercellular
recognition events and to develop new therapies. Bayele et al. [70] have designed a new
family of cationic lipidic polylysine dendron structures known as “dendrisomes” by
synergistically combining the exceptional features of dendrimers and liposomes [71].
Dendrisomes serve as functional nonviral vector systems characterized by positively
charged (lysine) molecules for interaction with nucleic acids and neutral lipidic moieties
for membrane lipid bilayer transit [70].

The payload of dendrimers can be remarkably amplified by innovative integration of
“chemistry” and “biology.” Very recently, Choi et al. [72] have developed nanoclusters
of PAMAM dendrimer by linking them together using complementary DNA oligonu-
cleotides. In the proof of principle study, amine-terminated PAMAM G5 dendrimers
were conjugated to different bifunctional moieties (FITC and FA), which were then fur-
ther attached to a single strand of oligonucleotide. Hybridization of these oligonucleotide
conjugates led to self-assembled nanoclusters of FITC- and FA-conjugated dendrimers.
In vitro studies showed that the nanoclusters specifically bind to KB cells expressing
high-affinity folate receptors and could be visualized through confocal microscopy. This
strategy overcomes some of the synthetic limitations when multiple copies of small
molecules are conjugated to a single dendrimer including limited number of subunits,
decreased water-solubility, and low yield due to steric hindrance. Furthermore, these
nanoclusters open up new possibilities of developing combinatorial therapeutics (differ-
ent drugs, imaging agents, radiotherapeutic agents).

To conclude, dendritic polymers are exceptionally versatile vehicles that not only
mimic the other nano- drug delivery systems (Table 5.2), but also offer some distinct
advantages including design, type, and amount of payload it can carry. At the same time,
some of the issues such as complexity of the preparation method, structure–property
relationships, and biocompatibility need to be resolved before the dendritic nanodevices
can become a “clinical” reality. Thus, dendritic polymers can be “smarter” (with regard
to its ability to target, treat, and track the progression of therapy) as well as “smaller”
(ability to interact with the biological system at nanoscale dimensions) offering exciting
possibilities in the future.
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NANOGELS: CHEMISTRY TO
DRUG DELIVERY

Murali Mohan Yallapu, Maram K. Reddy, and
Vinod Labhasetwar

6.1 INTRODUCTION

Macro-, micro-, and nanogels are composed of soft materials (polymeric gels) that
are of significant interest for applications in various areas of research including poly-
mer and material science, physical and pharmaceutical sciences, medical sciences, and
biotechnology. Hydrogels or macrogels are composed of hydrophilic polymeric chains
that exhibit distinct property of good swelling capacity in aqueous media. Almost all
water-soluble polymers containing hydrophilic functional groups such as –OH, –COOH,
–NH2, –CONH2, –CONH, –SO2H, and so on, in their macromolecular chains are capa-
ble of producing hydrogels. The excellent properties of hydrogels such as high swelling
capacity, hydrophilicity, and biocompatibility have enhanced their widespread applica-
tions in different fields including in agriculture and horticulture, health, bioengineering,
pharmaceutical, food industry, and so on [1–13].

Microgels and nanogels are a special class of polymeric gel family that varies in
size range from micrometer to submicrometer scale and exists as a three-dimensional
network of hydrophilic and/or hydrophobic polymers. Microgels were first synthesized
by Staudinger and Husemann in 1935 [14] and are defined as a disperse phase of
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 6.1. Molecular structures of (a) linear polymer, (b) branched polymer, (c) graft poly-

mer, (d) comb polymer, (e) star polymer, (f) dendri-polymer, (g) cross-linked polymer or gel, (h)

microgel, and (i) nanogels.

discrete polymeric gel particles typically in the size range of 1 mm to 1 �m [15, 16].
Different names and definitions have been used to define and describe nanogels; how-
ever, based on the available concepts, these are defined as gel macromolecules in the
size range of tens to hundreds in nanometers. These are formed either through co-
valent bonds for stable and insoluble three-dimensional networks or unstable (phys-
ical) gels via hydrogen bonds, van der Waals forces, and chain entanglements or
through formation of crystalline regions [17–19]. Figure 6.1 summarizes the varia-
tions in the molecular structure of nanogels beyond traditional polymeric chains and gel
structures.

Nanogels have a broad spectrum of applications in biomimetics, biosensors, artificial
muscles, chemical separation, biomaterials, cell culture systems, catalysis, photonics,
and drug delivery systems [15, 20–25]. Recently, a few novel biomimetic nanogels
have been evaluated in biomachines due to their self-oscillating property [26–29].
These nanogels undergo an autonomic and periodic coil-globular oscillation or swelling
and de-swelling oscillation without any external stimuli in a closed system. Ryan and
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co-workers [30, 31] and Varga et al. [32] have developed pulsating temperature and pH
responsive nanogels.

Because of their inherent rapid swelling and de-swelling nature in response to ex-
ternal stimuli such as temperature, solvent composition, pH, light, pressure, magnetic
field, specific chemicals, electric fields, and so on, nanogels have attracted attention as
functional smart materials for biotechnological and biomedical applications. In general,
biologically active molecules are restricted in therapeutic applications because of their
poor solubility, limited bioavailability, and/or rapid elimination [33]. Furthermore, cer-
tain proteins, oligonucleotides, plasmid DNA, and interference RNA therapeutic agents
are not successful as therapeutics, in part, because of their failure to reach the intracellu-
lar tissue targets. Furthermore, most of these biomacromolecules degrade in intra- and
extracellular media, and their exposure to other cells frequently leads to uninvited side
effects and cause toxicity [34].

The major concern in drug delivery is the ability to maintain an optimum therapeutic
drug levels at the target sites for duration that is necessary for therapeutic outcome
while minimizing the undesirable side effects. Therefore, suitable delivery systems are
necessary that can protect the drug molecules and deliver them to the target site or
the target cell population. It is expected that new nanotechnology-based drug delivery
systems would be able to control the pharmacokinetics and pharmacodynamics of drugs
to enhance their efficacy. To solve these problems, new materials are being developed
including nanospheres, nanocapsules, micelles, liposome, and so on [35–43]. Although
nanoscale size particles based on biodegradable polyesters and natural origin are well-
known vehicles for low-molecular-weight drugs, oligonucleotides, peptides, and so on
[44–50], the high cost of these materials, complexicity of their preparation methods, and
low drug-loading capacity are some of the factors that limit their widespread applications
in drug delivery. Therefore, there is a continuing interest to find new strategies and to
design and develop novel drug delivery systems. Nanogels are of significant interest
for drug delivery and other biomedical applications because of their slow degradation
properties, biocompatibility, stimuli-reactive nature (e.g., pH- or temperature-sensitive),
and the ability to develop targeted drug delivery system. In addition, nanogels have
several advanced features that can resolve major challenges in drug delivery such as
protection of drug from the body’s defense mechanism, capacity to deliver required doses
of drug to the targeted area, achieve prolonged blood circulation time and internalization
efficiency by the target cells/tissue, and low cytotoxicity. Moreover, it is feasible to
synthesize nanogels with a good control over their size; they are easy to bio-functionalize,
and with internal cross-linking modulation the drug release can be controlled in response
to a stimulus such as the change in the composition of physiological fluids under disease
conditions (Figure 6.2).

6.2 CLASSIFICATION OF NANOGELS

Based on the type of linkages present in the network chains of gel structure, polymeric
gels (including nanogel) are subdivided into two main categories: physical gels and
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Figure 6.2. Drug release model from nanogel.

chemical gels [2, 51]. Physical gels or pseudo gels are formed by weaker linkages
through either (a) van der Waals forces, (b) hydrophobic, electrostatic interactions, or
(c) hydrogen bonding. A few simple methods are available to obtain physical gels. For
example, a warm polymer solution is cooled to obtain a gel or a polymer solution is
cross-linked using physical methods (freeze–thaw or mechanical mixing), pH variation,
and mixing with either polyanion, polycation, polyelectrolyte or multivalent ions. Since
weaker linkages construct these physical gels, the changes in temperature, pH, or other
parameters can disrupt the network structure of the gel. Physical gels can also be formed
by the aggregation and/or self-assembly of polymeric chains. Chemically cross-linked
gels are comprised of permanent chemical linkages (covalent bonds) throughout the
gel networks and are difficult to either dissolve in solvents or perturb their network
structure. Several methods have been developed for producing permanent gels—that is,
via copolymerizing a monomer in the presence of cross-linker/multifunctional cross-
linker and/or via conversion of hydrophilic/hydrophobic polymer into cross-linked gels,
polymer cross-linking using radiation, and multifunctional reactive compounds. In this
section we summarize different types of nanogels based on linkages in the gel networks.

6.2.1 Chemically Cross-Linked Nanogels

A number of distinguished chemically cross-linked network nanogel systems are doc-
umented in the literature. The properties of cross-linked gel system depend on the
chemical linkages and functional groups present in the gel networks. Keeping this in
view, nanogels have been synthesized using different strategies for chemical linking of
polymeric chains.

Usually, hydrophilic polymers and hydrophilic–hydrophobic copolymers are ob-
tained by the polymerization of vinyl monomers in the presence of multifunctional
cross-linkers that are the launch cross-linking points within and between the polymeric
chains. These cross-linking points allow modifying entire physicochemical properties of
the gel systems. For this purpose, a few versatile cross-linking agents have been reported
(Figure 6.3). Aliyar et al. [52] demonstrated a facile approach for nanogel (20–200 nm)
preparation in which pendant thiol groups are incorporated into the polymeric chains
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(a)

(b)

(c)

(d)

(e)

Figure 6.3. Chemical structures of cross-linking agents. (a) N,N′-methylenebisacrylamide, (b)

ethyleneglycol diacrylate, (c) ethyleneglycol dimethacrylate, (d) poly(ethyleneglycol diacry-

late), and (e) poly(ethyleneglycol dimethacrylate).

and their subsequent intramolecular disulfide cross-linking is achieved through “envi-
ronmentally friendly chemistry” (green chemistry) as shown in Figure 6.4.

Doherty et al. [53, 54] have reported poly(acrylamide)-based sparsely cross-linked
nanogel matrixes as fluids—that is, mechanically stabilized networks alignment which
were used for high-throughput microchannel DNA sequencing. In contrast to ex situ
infinitely cross-linked gels, sparsely cross-linked discrete polymeric nanogels provide
smaller colloidal dimensions with good fluidity. Sparsely cross-linked nanogel matrixes

Figure 6.4. Cross-linked poly(acrylamide) nanogel formation. (a) copolymerization, (b) re-

duction, and (c) reduction to nanogel. (Modified from Ref. 52, Scheme 1.)
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demonstrate reasonable stabilization of a physically entrapped or entangled sequencing
matrix. It is possible that even small amounts of biofunctional monomer can provide
chemical cross-linking points leading to final reinforced/entangled polymeric networks
with improved sequencing.

Cross-linked thermosensitive poly(N-isopropylacrylamide) (NIPAM) is the most
studied nanogels/microgels polymer [55]. NIPAM cross-linking polymerization with
functional ionizable vinyl monomers such as acrylic acid (AAc), methacrylic acid
(MAc), 1-vinylimidazole (VID), and 2-aminoethylmethacrylate (AEMA) in the pres-
ence of a cross-linker produce nanogels with temperature- and pH-sensitive architecture
[56–61]. A novel route identified to synthesize microgels consists of well-defined NI-
PAM core with cationic water-soluble polymer [chitosan (CHS) or poly(ethyleneimine)
(PEI)] shells. The responsiveness of this gel system can be controlled via pH and tem-
perature [62,63]. In contrast to conventional gels prepared with NIPAM and acrylic acid
or methacrylic acid, a novel swelling responsive cross-linked microgel system based
on NIPAM and functionalized with vinylacetic acid (VAAc) are proposed to impart an
ionization pattern over a narrow pH range [64].

MBA cross-linked acrylamide nanogels and NIPAM-co-VID copolymer have been
prepared in liposome nanoscale reactor by an entrapment method [65,66]. Nanogels are
obtained by polymerization of monomer and cross-linker in the presence of liposomes,
where the lipid layer surrounds the formed nanogel particles. Liposomes control
the size and polydispersity of nanogels quite effectively. Once the polymerization is
over, the lipids of liposomes can be removed by treating with a detergent solution.
More recently, Thienen et al. [67] followed the same path to produce biodegradable
dextran-cl-2-hydroxyl ethyl methacrylate (Dex-cl-HEMA) nanogels with tunable
degradation properties.

Vinogradov et al. [68–71] successfully developed a new class of highly dispersed
and cross-linked poly(ethyleneimine) (ionic) and poly(ethylene oxide) (nonionic hy-
drophilic polymer) (PEI-cl-PEO) nanogels via condensation chemistry. These gels ex-
hibit combined characteristics of polyelectrolytic and nonionic network and bind or
encapsulate various types of negatively charged oligonucleotides (ODN) through ionic
interactions. Though the charge in nanogels is completely neutralized by ODN chains,
the stability of gel particles is achieved by PEO or PEG (Figure 6.5). The highly cross-
linked poly(N,N-diethylamino ethylmethacrylate)/poly(ethylene dimethacrylate) with
functionalized PEG shell nanogels offer conjugation sites for various ligands [72].

Core-shell cross-linked hydrogel nanoparticles consisting of PNIPAM as core and
NIPAM/ionic/nonionic polymeric chains as shell have been synthesized by seed and
feed precipitation polymerization method. These core-shell architectures are prevailing
for the design of smart nanogels with tunable properties. For better understanding of
the nature of core-shell nanogel, their scanning electron micrographs as well as size
distribution are presented in Figure 6.6. In this category, anionic microgel that contains
reactive functionality was found highly appropriate for ligand conjugation for microlens
application [73–76].

Another route was developed for cross-linked nanogels architecture with
temperature-responsive core and pH-sensitive arms—that is, via photo-cross-linking of
poly(N-isorpopylacrylamide-g-dimethylmaleimide) (PNIPAM-g-DMIAAm) [77] (Fig-
ure 6.7). The formation of nanogel occurs above its lower critical solution temperature



chap06 JWBK002-Labhasetwar June 7, 2007 13:30 Char Count=

CLASSIFICATION OF NANOGELS 137

Figure 6.5. Poly(ethyleneimine) cross-linked poly(ethylene oxide) nanogel. See insert for

color representation of this figure. (Reproduced with permission from Ref. 71, Figure 6.1.

Copyright 2005, Elsevier Ltd.)

(LCST), where the entropy controls comparatively exothermic enthalpy due to hydrogen
bonding, and therefore the total free energy becomes positive that leads to phase tran-
sition. At this stage, the existing chromophoric groups in the NIPAM graft copoly-
mer undergo a cyclo-addition reaction under UV light that renders the formation of
nanogel.

Polyampholytic nanogels contain both anionic and cationic polymeric networks
in gel structure. These nanogels allow the network to swell with an increase in salt
concentration when the negative and positive charges are well-balanced [18, 78–80].
Interpenetrated nanogels or combined nanogel networks are obtained by polymeriz-
ing monomer(s) in the presence of another type of network that forms an interpen-
etrated combination of different networks in the gel structure. Interpenetrated net-
work nanogels composed of poly(methacrylic acid)/poly(ethylene glycol) (PMAc/PEG),
poly(acrylamide) (PAAm) and poly(N-substituted acrylamide)/polyols, and epox-
ides/poly(alkylenepolyamines) [81–83] have been investigated, thus supporting the var-
ious condensation polymerization approaches [84–86].

6.2.2 Physically Cross-Linked Nanogels

6.2.2.1 Liposome Modified Nanogels. A number of studies have been under
investigation for specific delivery of drugs to a target site in order to improve their
efficacy and reduce side effects [87]. It is rationally possible that liposomes can facili-
tate the drug release that can be triggered by physical and chemical stimuli, and hence
many efforts have been made toward developing stimuli sensitive liposomes [88–95].
Among the liposomes, thermo-responsive liposomes (phospholipids with the liquid
crystalline phase) have better medical applications since the efficacy of drug release
can be enhanced above its phase transition temperature [89]. However, the decreased
temperature sensitivity of lipids (do not release the contents effectively at the phase tran-
sition temperature of the membrane), their limited availability, and difficulty to release
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Figure 6.6. Scanning electron microscopy (SEM) of core-shell morphology and size distribu-

tion of nanogels. (Reproduced with permission from Ref. 73, Figures 6.1 and 6.6. Copyright

2004, American Chemical Society.)

large drug molecules from liposome as effectively as low-molecular-weight compounds
promoted investigators to develop new formulations of liposomes which are modified
with various polymers [87]. This approach is especially developed for the formulation of
temperature- and pH-sensitive liposomes that are modified with synthetic membrane ac-
tive polymers based on poly(ethyleneimine) (PEI), poly(2-ethylacrylic acid) (PEAAc),
poly(propylacrylic acid) (PPAc), random copolymers of acrylic acid and ethyl acrylate
(EA), and dioleoylphosphatidylethanolamine (DOPE). These liposomes have been in-
vestigated for their effectiveness for tumor targeting in conjunction with hyperthermia
and for cytoplasmic delivery of membrane-impermeable molecules [96–100].

Kono et al. [101, 102] have disclosed liposomes bearing succinylated
poly(glycidol)s; these liposomes undergo chain fusion below pH 5.5 that has been shown
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Figure 6.7. Temperature-responsive core and pH-sensitive photo-cross-linked poly(N-

isorpopylacrylamide-g-dimethylmaleimide) nanogels. (Reproduced with permission from Ref.

77, Scheme 3. Copyright 2002, American Chemical Society.)

to efficiently deliver calcein to the cytoplasm. Liposomes anchored by or modified with
poly(N-isopropylacrylamide)-based copolymeric groups are suitable for thermo- and
pH-responsive nanogels, which are being investigated for transdermal drug delivery
[103–106]. Various PNIPAM-based copolymers have been used for this purpose, and
their structures are depicted in Figure 6.8.

Schillemans et al. [107] synthesized novel bilayer-coated nanogels by a selective
cross-linking polymerization method that permits monomers to polymerize inside li-
posomes but not exterior monomers. Somasundaran et al. [108] evaluated nanogels of

Figure 6.8. Poly(N-isopropylacrylamide) bearing butyl acrylate (BA), N,N-didodecyl acry-

lamide (NDDAM), octadecyl acrylate (ODA), butyl acrylate-methacrylic acid (BA-MAA) bearing

PNIPAM copolymers, and dioctadecylamide-methacrylic acid (DODAm-MAA) copolymer chains.
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Figure 6.9. Y-shaped copolymer self-assembly to give micelle structures. See insert for color

representation of this figure. (Reproduced with permission from Ref. 113, Figure 6.8. Copyright

2006, John Wiley & Sons, Inc.)

poly(acrylamide) (PAM)/poly(acrylic acid)(PAAc) and liposomes with a narrow size
distribution for drug binding and release.

6.2.2.2 Micellar Nanogels. Polymer micellar nanogels can be obtained by the
supramolecular self-assembly of amphiphilic block or graft copolymers in aqueous so-
lutions [109–112]. They possess unique core-shell morphological structures, where a
hydrophobic block segment in the form of a core is surrounded by hydrophilic polymer
blocks as a shell (corona) that stabilizes the entire micelle. The core of micelles pro-
vides enough space for accommodating various drug or biomacromolecules by physical
entrapment. Furthermore, the hydrophilic blocks may form hydrogen bonds with the
aqueous media that lead to a perfect shell formation around the core of micelle. There-
fore, the drug molecules in the hydrophobic core are protected from hydrolysis and
enzymatic degradation. Li et al. [113] successfully developed highly versatile Y-shaped
micelles of poly(oleic acid-Y-N-isopropylacrylamide) for drug delivery application. In
this study, the delivery of prednisone acetate above its lower critical solution temper-
ature (LCST) was demonstrated. A representation of micelle formation is shown in
Figure 6.9.

The development of pH-sensitive (acid-sensitive) micellar nanosystems based on
triggarable groups such as block copolymers having weak acidic or basic groups in their
blocks is predominantly useful for drug delivery applications due to the pH gradient
that exists in both normal and pathophysiological states [114]. Similarly, a large number
of NIPAM-based micelle systems have been evaluated for advanced drug delivery de-
vices [115–118]. Apart from this, novel micellar nanosystem called as polyion complex
micelles or polyplexes can be formed by electrostatic interactions between oppositely
charged polymers and macromolecular drugs [110, 119].

Micellar nanogels are useful for drug delivery systems because the composition,
total molecular weight, and block length ratio (hydrophilic and hydrophobic ratio)
can be changed, which control their size and morphology. Recently, functionalized
block copolymers (reactive cross-linkable groups) and substitution block copolymers
nanosystems with specific ligands have been used as a promising strategy that possesses
improved temporal control and broader range of sites of activity with selectivity [117]
(Figure 6.10).
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Figure 6.10. Internal structural variation in micelle gels. See insert for color representation

of this figure. (Reproduced with permission from Ref. 117, Figure 6.1. Copyright 2001, Elsevier,

Ltd.)

Voets et al. [120] have prepared core and corona structured micelles from
aqueous solutions of poly(2-(dimethylamino)-ethyl methacrylate)-block-poly(glyceryl
methacrylate), PDMAEMA-b-PGMA, and poly(acrylic acid)-b-poly(acrylamide),
PAAc-b-PAM, through complexation of oppositely charged polyelectrolyte blocks. The
formed mixed micelles are monodispersed in nature with an average size of 15.2 nm.

6.2.2.3 Hybrid Nanogels. Hybrid nanogels are defined as a composite of
nanogel particles dispersed in organic or inorganic matrices [121, 122]. Akiyoshi and
co-workers [123–126] have demonstrated nanogel formation in an aqueous medium by
self-assembly or aggregation of polymer amphiphiles, such as pullulan-PNIPAM, hy-
drophobized polysaccharides, and hydrophobized pullulan. This group has investigated
cholesterol-bearing pullulan (CHP) nanogels. These nanogels have the ability to form
complexes with various proteins, drugs, and DNA; and it is even possible to coat sur-
faces of liposomes, particles, and solid surfaces including cells [124,127]. These hybrid
nanogels are also capable of delivering insulin and anticancer drugs more effectively.
CHP is composed of pullulan backbone and cholesterol branches. The CHP molecules
self aggregate to form mono-dispersed stable nanogels through the association of hy-
drophobic groups that provide physical cross-linking points as shown in Figure 6.11
[128].

Morimoto et al. [129] have designed hybrid hydrogels with self-assembly of 2-
methacryloyloxyethyl phosporylcholine (MPC) with methacryloyl-CHP (CHPMA). The
nanogels made up of CHPMA domain dispersed in MPC polymer hydrogel matrix has
been used as a promising material for protein reservoirs. Physical and chemical cross-
linked structured nanogels have been synthesized using seed-nanogels with polymeriz-
able groups as nanocarrier for carbonic anhydrase B (CAB) [130]. Self-assembled hy-
drogel nanoparticles have also been synthesized from carboxymethylated (CM)-curdlan,
substituted with a sulfonylurea (SU) as a hydrophobic moiety for self-assembly [131].

Few tailor-made functional nanogels are being developed (nanogel engineering)
by self-assembly associating building blocks of cholesteryl-bearing poly(amino acids),
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Figure 6.11. Schematic representation of CHP nanogel preparation by physical cross-linking

(self-assembly). See insert for color representation of this figure. (Reproduced with permission

from Ref. 128, Figure 6.1. Copyright 2004, Elsevier, Ltd.)

alky group modified PNIPAM-CHP, spiropyrane modified pullulan, deoxycholic acid
modified chitosan, bile acid bearing dextran, and synthetic polyelectrolytes [123, 132–
136]. Spiropyrane-bearing pullulan nanogels are self-assembly of functional associ-
ating polymeric chains as blocks. This system demonstrated excellent ability to con-
trol refolding of protein as an artificial molecular chaperone upon photo-stimulation
[133]. Host–guest interactions could direct the inclusion complexes between hydropho-
bic molecules and the polar concavities of cyclodextrins described for nanogel self-
assembly [137,138]. Ichikawa and Fukomori [139] studies have revealed that composite
of nanosized polymer gel dispersed in cellulose matrix demonstrates enhanced drug
release at 50◦C.

A different approach has been used by Shin et al. [137] to achieve a hybrid nanogel
consisting of PNIPAM/silicate through a squeezing mechanism for sustainable positive
thermosensitive drug release. Calcium phosphate-based hybrid nanoparticle systems are
also being investigated as carriers for drugs [140,141]. A novel nanohybrid of polymer-
calcium phosphate was prepared from a dilute hydroxyapatite solution at moderate
temperature and pH using a nanogel template mineralization method [142]. In this
system, polymerizable nanogels (physically cross-linked) was employed as functional
cross-linkers to fabricate hybrid hydrogels. Monodispersed CHP nanogel-quantum dot
hybrids (∼36 nm) have been obtained by simple mixing of the polymers. These nanogel
complexes are more efficient in cellular uptake of quantum dots than conventional
cationic liposomes [143].

6.3 SYNTHESIS OF NANOGELS

Recently, wide varieties of nanogels have been synthesized, and they are of great in-
terest because these smart materials show native properties of both gels and colloids.
Synthesis of these nanogels can be accomplished in several ways, but each method has
its own advantages and drawbacks. Various approaches have been divided into three ma-
jor techniques: (1) simultaneous cross-linking polymerization, (2) ideal intramolecular
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cross-linking, and (3) destruction of macrogel networks into nanoscale (conversion of
macroscopic gels to nanogels).

6.3.1 Simultaneous Cross-Linking Polymerization

Simultaneous cross-linking polymerization allows one to prepare gel network in a single
step in which polymerization as well as cross-linking processes occur simultaneously
[144–148]. In these polymerizations, apart from monomer, a cross-linking agent (func-
tionality ≥3) is used to allow three-dimensional network formation. In such polymer-
ization process, the free radicals formed in the initiation step of the reaction tend to react
with monomer and cross-linker molecules to obtain polymeric chains along with some
cross-linking points. Intermolecular cross-linking leads to the formation of branched
and highly network structure that ultimately is responsible for macroscopic gel prod-
uct. The intramolecular cross-linking process is responsible for the formation internally
cross-linked polymeric chain networks. Figure 6.12 illustrates the difference between
inter- and intra-cross-linking behaviors in the simultaneous cross-linking polymerization
process.

Micro- and nanogels can be successfully prepared by the cross-linking polymer-
izations employing (a) bulk polymerization, (b) solution polymerization, (c) emulsion
polymerization, (d) suspension polymerization, and (e) nonconventional polymerization
methods.

6.3.1.1 Bulk Polymerization. Bulk polymerization is rarely used preparative
method for nanogels, but it is highly suitable to generate macroscopic gels [2–7]. Be-
cause of the auto-acceleration effect in the polymer reaction, the viscosity of the reaction
mixture increases and it may not be possible to control the formation of macrogelation
product [149, 150]. Most of the simultaneous cross-linking polymerizations are not en-
tirely homogeneous systems. Even before macrogelation, the system persists with differ-
ent inhomogeneous density of cross-links, which can be separated at the molecular level.
According to the classical gelation theory, homogeneous growth of linear polymeric
chains and its cross-linking should not lead to individual microgels in the intermediate
stage. However, recent investigations revealed that free-radical simultaneous bulk poly-
merization is effective in producing nanoscale gel particles [151,152]. Tetraethoxylated

Figure 6.12. Inter- and Intramolecular cross-linking modes in the simultaneous cross-linking

polymerization.
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bisphenol A dimethacrylate with styrene or divinyl benzene cross-linking polymeriza-
tions showed gel particles of 10–40 nm at different stages of the cross-linking process
[151,152]. Simulation results of various multifunctional monomers demonstrated struc-
tural inhomogeneity in the microgel network formation [153–155]. Utilization of this
type of polymerization still needs to be further explored for the synthesis of nanogels.

6.3.1.2 Solution Polymerization. Free-radical cross-linking polymerization is
not adequate to produce nanogels, since it results in a broader size distribution than
any other conventional polymerization techniques. However, this technique is versatile
for understanding the gelation kinetics and there is no need of additional surfactants.
The difficult part of the polymerization system is to control the propagation of linear
polymeric chains and inter- and intramolecular cross-linking balance that may lead to
macrogelation. Free-radical cross-linking polymerization mechanisms are documented
in a few critical reviews [156,157]. According to these mechanisms, even much diluted
systems can also result in the formation of macrogel. In order to avoid macrogelation,
the concentration of polyfunctional precursors (co-monomers and multifunctional cross-
linkers) is usually kept below its critical gelation concentration, and the solvent for
each polymer system is critically selected to avoid macrogelation [84, 158]. To obtain
nanogels by solution cross-linking polymerization, one needs to balance the presence
of dead chains, polymeric chains (active or propagating chains), and chain loops that
act as good steric stabilizers. The polymerization reaction is conducted in a solvent in
dilute condition, and the solvent solubility parameter (
) value is kept similar to that of
the corresponding polymer. There is also a possibility of controlling the macrogelation
in solution polymerization by using chain transfer agents (cobalt porphyrin) [159, 160].

Maitra’s group [161, 162] reported NIPAM-based copolymer gel (∼50 nm) using
solution polymerization employing ammonium persulfate/ferrous ammonium sulfate
(APS/FAS) as the initiating system at room temperature for delivery of nonsteroidal
anti-inflammatory drugs. We have recently developed poly(N-isopropylacrylamide-
co-vinyl pyrrolidone) [poly(NIPAM-co-VP)] nanogels with an average size of 40 nm
for the delivery of anticancer drugs (Figure 6.13). Other research groups have ex-
plored novel methods to form smart core-shell polymeric gels of PNIPAM/PEI and
PNIPAM/PEI/chitosan using the same polymerization technique [62, 63]. Similarly,
well-defined amphiphilic core-shell polymer nanospheres are obtained (60–160 nm) via
graft copolymerization of methyl methacrylate (MMA) from water-soluble polymer
chains containing amino groups and casein [39, 40]. Furthermore, the temperature-
sensitive liposomes bearing or modified with poly(N-isopropylacrylamide) are possi-
ble to obtain by solution polymerization in dioxane or organic solvent using 4,41-
azobisisobutyronitrile (AIBN) initiator [87,106]. Molecularly imprinted, soluble, highly
cross-linked acrylamide–arginine–tyrosine nanogels have been prepared in dimethylsul-
foxide (DMSO) [163]. Highly cross-linked microgels based on ethylene dimethacrylate-
methyl methacrylate-trimethylolpropane trimethacrylate (EDMA-MMA-TRIM) have
been successfully prepared in different solvent systems using free-radical solution poly-
merization [85]. A facile and direct homogeneous solution polymerization approach for
hydroxyethyl methacrylate and methacrylic acid nanogels was developed in a single step
without the use of oleophilic surfactants [164]. It is possible to produce more complex



chap06 JWBK002-Labhasetwar June 7, 2007 13:30 Char Count=

SYNTHESIS OF NANOGELS 145

Figure 6.13. Transmission electron microscope (TEM) image of nanogel and nanogel internal

cross-linking network structure.

architectural nanogels using anionic polymerization in solution and as small as 3–30 nm
in size [165–167].

6.3.1.3 Emulsion Polymerization. Emulsion polymerization is widely used
method to synthesize both micro- and nanogels. To prepare nanogels using this method,
the droplets of monomer solution are added to a stable emulsion (Figure 6.14) in which
the system contains initiator molecules that generate free radicals in the liquid phase
(usually water) to start the polymerization reaction. In this manner, the polymer chains
grow in the surfactant protected layers and then the surrounding solvent is removed by
evaporation, extraction, or dialysis. Using this method of polymerization, the size of gel
or nanoparticles can be controlled effectively by maintaining the size of the droplets in
the water–oil emulsions [168, 169]. In this method of polymerization, monofunctional
monomers can give polymer nanoparticles where multifunctional monomers form inter-
nally cross-linked network polymers or gels. In the case of a monofunctional monomer
system, polymerization can be readily terminated but multifunctional system restricts
this behavior and the propagation and cross-linking steps of polymerization process
leads to the formation of gel networks. The prepared nanogels/microgels employing
this method are generally incompatible with biological macromolecules. To obtain bet-
ter compatibility with biomacromolecules, water–water emulsions could be employed
for the preparation of nanoparticles or gels, but controlling the size of gels to lower
nanometers is difficult [170, 171].

Microemulsion, inverse emulsion, and surfactant-free emulsion polymerization
techniques are modified methods of emulsion polymerization from which nearly
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Figure 6.14. Classical emulsion polymerization technique for nanogel preparation. See insert

for color representation of this figure.

monodispersed microgels can be obtained [172–179]. These methods differ in the se-
lection of particular conditions, but the main principle is the same as emulsion polymer-
ization. The major variations in these methods are as follows:

Microemulsion. Constructed with a critical concentration of emulsifier where all
the monomer molecules are present in micelles and not in the form of monomer
droplets, and the polymerization is initiated under such condition.

Inverse Emulsion. This technique is just opposite to the emulsion polymerization,
that is, polymerization of hydrophilic monomers is carried out in organic hy-
drophobic phase instead of in an aqueous phase.

Surfactant-Free Emulsion Polymerization. This method of polymerization is car-
ried out without any surfactant but monomer and the formed polymer chains
themselves act as emulsifier.

Various authors have studied extensively the kinetics, mechanism, and size distribution
of gel particle formation using these methods.
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Pelton and co-workers [16, 58, 180–183] have systematically developed PNIPAM
latexes (gel particles) in water. These gel particles were prepared using NIPAM with
potassium persulfate as an initiator, sodium dodecyl sulfate (SDS) as a surfactant, and
N,N ′-methlylenebisacrylamide (MBA) as a cross-linker in aqueous media. The authors
reported that under these conditions, the gel particles are formed only above the critical
temperature (i.e., 55◦C). Using similar procedure, Murray et al. [15, 80] have tailored
various colloidal microgels from NIPAM, NIPAM with acrylic acid, and/or other vinyl
monomers. Antonietti et al. [184] disclosed the critical values of microgel cross-link
density for gel transition in microemulsion polymerization, where the gels are stabilized
with polymeric chains itself.

Recently, nanogels composed of NIPAM, AAc, and N-vinylimidazole have been
reported [15, 60]. Ito et al. [60] adopted an oil-free (surfactant-free) redox emulsion
polymerization for NIPAM-based anionic and cationic polyelectrolyte nanogels in the
presence of sodium dodecylbenzenesulfonate (NaDBS). Ishii et al. [185] employed
surfactants other than NaDBS to obtain nanogels with longer self-life. Ramanan et al.
[186] described in their studies in-depth the information about how the particle size of
polyNIPAM gel changes with change in concentration of SDS. Lyon’s group [75, 76]
prepared core-shell cross-linked gels with PNIPAM as core and NIPAM/acrylic acid
polymeric arms using seed and feed precipitation emulsion polymerization.

6.3.1.4 Suspension Polymerization. This method is less suitable for produc-
ing nanogels or nanoparticles [149,156,187]. The nanogel preparation using this method
follows different steps. Usually, suspension polymerization proceeds with a suitable ini-
tiator with a dilute system of monomers; the cross-linker is dispersed by mechanical
agitation in the above liquid phase to obtain macromolecular chains. However, as these
chains reach a critical length, they collapse to form precursor gel particles. These pre-
cursor particles continue to increase in their size due to aggregation of macromolecular
chains. The particles formed in this way possess good colloidal stability; however, the
main deficiency of this method is the difficulty in controlling the particle size because
the colloidal stability is dependent on monomer to cross-linker composition, initiator,
and temperature.

6.3.1.5 Nonconventional Polymerization Methods. It is widely speculated
that the conventional simultaneous cross-linking polymerization methods followed by
initiation with thermally decomposed initiators to give fragments (free radicals) are
responsible for activation of polymerization and subsequent cross-linking reactions to
acquire cross-linked network for nanogels [149, 150]. These techniques produce end
polymeric gels that contains unreacted species including cross-linker, initiator, reactive
intermediates, and surfactants. The unreacted or active species are physically entrapped
in their polymeric networks and are chemically bound. The presence of unreacted species
in the final product can cause an adverse effect and hence is a concern. Furthermore, the
existence of cross-linker can lead to structural nonhomogeneity that can harm the phase
transition of gels [58, 188–190].

Alternative cross-linking polymerization paths such as UV polymerization, radi-
ation polymerization, and ultrasound/microwave polymerizations are other convenient
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Figure 6.15. Formation of cross-linked PNIPAM nanogels under UV irradiation. (Reproduced

with permission from Ref. 198, Figure 6.5. Copyright 2006, Elsevier, Ltd.)

methods to prepare nanogels [191–195]. To achieve highly homogeneous cross-linked
gels, the UV-curing polymerization is considered quite appropriate. The benefit of this
method is that monomers employed are multifunctional in which photosensitive initia-
tors are introduced to obtain highly cross-linked polymers [196]. Gao and Frisken [197]
reported a convenient way to prepare cross-linker free poly(N-isopropylacrylamide)
nanospheres. Initially, linear poly(N-isopropylacrylamide) is prepared using a potassium
persulfate/N,N′-tetramethylethylenediamine (KPS/TMEDA) initiating system, which is
then exposed to He–Ne laser beam irradiation at high temperature (70◦C) to form in-
tramolecular cross-linked PNIPAM gel networks. Nanogels can also be prepared using
this method with monomers encapsulated/entrapped in liposomes [65]. Figure 6.15
demonstrates the mechanism of formation of nanogels from monomer/polymeric chains
through photopolymerization [198]. The yield was higher at pH 2 media, where the poly-
merization reaction accelerates with H+ ions. Another convenient UV-polymerization
method, is based on double layer. In this method, the upper layer contains droplets and
UV is exposed to the lower layer that gives internally cross-linked PEG nanogels [199].

6.3.2 Ideal Intramolecular Cross-Linking

The gels prepared by chemical cross-linking polymerization must be extra-pure to fulfill
the required specifications of the Food and Drug Administration (FDA) [200]. Gen-
erally, vinyl monomers and cross-linkers/initiators are highly toxic, carcinogenic, or
teratogenic in nature. The practical applications of cross-linked hydrogels/micro- and
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Figure 6.16. Radiation mechanism for (a) bulk/micro gel and (b) nanogel formation. See

insert for color representation of this figure. (Reproduced with permission from Ref. 203,

Figure 6.2. Copyright 2003, American Chemical Society.)

nanogels in drug delivery are still limited due to the purity issue. A few additive-free
methods have been developed to prepare gels using radiation/UV irradiation [201,202].
In this method, unlike other techniques, no problems arise with regard to removing
the potentially harmful substances such as unreacted monomer, initiator, cross-linker,
stabilizers, and so on, from the final product. This technique provides nanogel with a
variety of compositions, and it is easy to control their size. Nanogel formation (poly-
mer cross-linkability) depends on the function of polymer chemical structure, polymer
concentration, type of irradiation (pulsed versus continuous), and the rate of radiation
dose. A high-dose pulse irradiation of a very dilute polymer solution leads to cross-link
formation within single polymer chains and highly favors the formation of nanogels.
The low-dose pulse irradiation, however, forms highly cross-linked gel nanoparticles
[203] (Figure 6.16).

Rosiak and co-workers [203, 204] have employed the radiation induction method
to produce nanogels based on neutral hydrophilic polymers such as poly(vinyl alco-
hol) (PVA), poly(vinyl pyrrolidone) (PVP), and poly(acrylic acid) (PAAc) through in-
tramolecular cross-linking of the linear polymers using high-energy dose electron pulse.
Nurkeeva et al. [205] extended the PAAc nanogels interpolymer complex studies with
various nonionic polymers in aqueous solutions using different physicochemical meth-
ods. The study explains the structural variations between linear polymer chains and
intramolecularly cross-linked nanogels (Figure 6.17). The intramolecular cross-linking
of macromolecules for nanogel formation was achieved by applying higher radiation
doses on polymers, which is responsible for the decrease in their radius of gyration and
molecular weight [205].

Furusawa et al. [206] have reported the preparation of nanosized gelatin particles
by means of gamma-ray irradiation; the obtained nanoparticles consisted of highly
and randomly packed gelatin macromolecular chains with stable conformation against
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(a)

(b)

Figure 6.17. (a) Micro and (b) nano poly(acrylic acid) gel structure. (Reproduced with per-

mission from Ref. 205, Figure 6.1. Copyright 2006, Elsevier, Ltd.)

temperature and with a small radius of gyration. So far, this radiation additive-free
method has been explored for few hydrophilic polymers (PVA, PVP, and PAAc) and
hence an extensive research is needed to obtain nanogel materials using other synthetic
polymers. It is possible to obtain intramolecular chemically cross-linking of single chains
of water-soluble polymers by reacting them in the presence of a suitable cross-linking
agent in very dilute solutions. The cross-linkers are capable of reacting with functional
groups of the polymer. In this category, poly(vinyl alcohol) is internally cross-linked
with glutaraldehyde [207]. The cross-linking reaction takes place between –OH groups
of PVA chains and aldehyde group of glutaradehyde. Similarly, intramolecular cross-
linked poly(allylamine), hydroxypropylcellulose, and hyaluronic acid-based nanogels
were obtained [208–212]. A diluted polymer solution is used in the case of chemical
cross-linking to avoid macrogelation. Nanogels are also synthesized by photo-cross-
linking of various polymers and copolymers of N-isopropylacrylamide (NIPAM) by
UV-irradiation of polymer solutions in water. The size of nanogels is controlled by
the concentration of chromophore in the photopolymer and surfactant concentrations
[213–216].

6.3.3 Conversion of Macroscopic Gels to Nanogels

Several synthetic methodologies are identified to prepare macroscopic gel networks
(bulk gel networks or wall-to-wall cross-links) and are easy to prepare, because it is
not necessary to control the synthetic parameters as are required in nanogel or microgel
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synthesis to control the size [2–9]. The macroscopic gel networks are generally prepared
by bulk polymerization, which produce a solid and the network structure with macro-
porous blocks. These blocks are then crushed, grounded, and sieved to obtain gels of
desired particle size. However, this is a time- and energy-consuming process and results
in significant loss of material. Nevertheless, micro- and nanogels obtained from this
method have particles of different shape and sizes.

6.4 PROPERTIES OF NANOGELS

A characteristic of nanogels is their swelling property in aqueous media. The extent of
swelling capacity and driving forces of nanogels/microgels are the same as their bulk or
macrogels, but the most beneficial feature is their rapid swelling/de-swelling characteris-
tics. Like other colloidal particles, poly(NIPAM) and its copolymeric nanogels/microgels
have surface-active property. The various properties of microgels/nanogels such as parti-
cle size, swellability, electromobility, rheology, and colloidal stability are well-described
in the literature [17, 58, 80, 180, 183, 217–222]. Such properties of nanogels/microgels
are significantly influenced by temperature, presence of hydrophilic/hydrophobic groups
in the polymeric networks, the cross-linking density of the gels, surfactant concentration,
and type of cross-links present in the polymer networks.

Various types of cross-linkers are being used for making gels, and each cross-
linker can form its integral structural network in the gel [223–226]. N,N′-
methlylenebisacrylamide (MBA) is the most widely used cross-linker because it is a
more quickly used reactive cross-linker due to its greater reactivity as compared to other
monomers. Thus, the resulting gel formed with this cross-liner has a certain extent of
high cross-link density zones in each of particle. Since the MBA networks are highly
hydrophilic in nature, the dense MBA network structures are present in the inner portion
of gel and less cross-linked networks are outside at the water interface. The cross-linker
concentration results in a various range of products with different cross-linked dense
networks of various nanometer size and distribution [224, 227, 228]. McPhee et al.
[182] investigated the extent of swelling behavior for NIPAM microgels with a differ-
ent amount of MBA present during polymerization. The network structures determine
the swelling characteristic of gel particles [224]. Woodward et al. [227] investigated
in detail the influence of varying cross-linker concentration of MBA (0.25–30.0 wt%)
on the properties of gel system using turbidimetric, light-scattering, and differential
scanning calorimetric (DSC) analyses. Cross-link density of the gel network determines
the micro- or macrogelation transition [184]. As the cross-linked density increases in a
microgel system, their viscosity decreases. The major contribution of varied cross-link
densities leads to formation of soft to very hard gels systems which exhibit different
particle interactions and swelling behaviors [15,17,229]. Figures 6.18 and 6.19 provide
an insight of cross-linking effect on the size of nanogel and swelling characteristics
[230].

The global properties of nanogel particles depend on the nature of monomeric
units present in the polymeric chains of gel networks. These functional groups have a
tremendous effect on drug-carrying and drug-releasing properties, and some functional
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Figure 6.18. Hydrodynamic diameter of micelles and nanogels versus cross-linker concen-

trations. (Reproduced with permission from Ref. 230, Figure 6.2. Copyright 2002, American

Chemical Society.)

groups have the potential to conjugate with drugs/antibodies for targeting applications.
These pendent functional groups of polymeric chains contribute toward establishing
hydrogen bonding or van der Waals forces of interactions within the gel network and
thus facilitate the drug-carrying efficiency. Moreover, the presence of functional groups
at interface with drug/protein molecules is also responsible for higher loading.

Nano- and microgel networks composed of repeating units such as N-
isopropylacrylamide, N-isopropylmethacrylamide (NIPMAM), N-diethylacrylamide
(NDEAM), N-vinylisobutaramide (NVIBAM), N-acryloylpyrrolidone (NAP), and N-
vinylcaprolactam (NVCL) are well-known synthetic aqueous thermosensitive systems
[14,17,183]. The most widely studied thermosensitive nanogel/microgel system is based
on poly(N-isopropylacrylamide) because it has volume phase transition temperature
(VPTT) or LCST very close to the body temperature, whereas the other thermosensi-
tive systems exhibit VPTT either below or above the body temperature. Figure 6.20
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Figure 6.19. (A) Swelling ratio of nanogels in water versus heptane micro emulsion. (B)

Swelling ratio of nanogels in 1 M versus heptane micro emulsion. (Reproduced with permission

from Ref. 230, Figure 6.3. Copyright 2002, American Chemical Society.)



chap06 JWBK002-Labhasetwar June 7, 2007 13:30 Char Count=

PROPERTIES OF NANOGELS 153

4

2

0
f(

R
) 

(a
.u

.)
10 100

Rh (nm)

25°C
40°C

Figure 6.20. PNIPAM gel particles size distribution below and above the LCST. (Reproduced

with permission from Ref. 231, Figure 6.1. Copyright 2005, John Wiley & Sons, Inc.)

demonstrates the distribution of hydrodynamic radius of PNIPAM-thermosensitive
nanogels below and above the LCST [231]. The hydrodynamic radius of nanogel parti-
cles is considerably higher below the LCST of gels. The same gel particles have lower
particle size above its LCST due to shrinking of the gel networks. The particle size
and LCST or swelling pattern of the nanogels can be controlled by introducing other
repeating units in the gel networks. For example, hydrophilic monomeric units improve
LCST and hydrophobic units decrease their LCST position.

The properties of nanogels depend upon the pH. The micro- or nanogels containing
pH-dependent hydrophobic/hydrophilic repeating units or networks are considered to be
better drug delivery carriers. For example, the nanogels can absorb positively charged
drugs at alkaline pH through electrostatic attractions and can release them in acidic pH.
Similarly, nanogels can absorb molecules with low polarity in acidic pH when the core
of nanogels is relatively hydrophobic and can release them in neutral pH where nanogels
become more hydrophilic. These nanogels changes their swelling or particles size with
respect to pH [232–236].

Core-shell nanogels have both temperature- and pH-responsive polymeric chains
within a gel network structure [73–76]. In these cases, there are two distinguished
spherical structural layers in which every individual core is surrounded with a shell.
Thus, the combined temperature- and pH-responsive characteristics can be imparted to
these nanogels.

As mentioned above, the majority of successful methods to prepare nanogels are
based on emulsion polymerization in which the use of surfactant is necessary. Strong
interactions have been identified between gel particles and ionic surfactants, but there are
no interactions with nonionic surfactant [15,17,175,178,237–239]. The interactions of
aqueous surfactant vary with chain length. Anionic surfactants have a larger effect on mi-
crogel properties than do cationic surfactants. In the presence of SDS (anionic surfactant),
the size of PNIPAM microgel particles increases due to SDS accumulating within the gel
network, causing internal electrostatic repulsion and therefore expanding the polymer
network structure. This effect also results in the shift to higher conformational transition
temperature (LCST). The cationic surfactants such as dodecylpyridine bromide and do-
decyltrimethylammonium bromide are not effective in raising the LCST of gel particles
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in the same way as anionic surfactants. The surfactant binding to the nanogels/microgels
is influenced by swelling/size of the nanogel [239–244]. The surfactant binding
to polymeric chains networks leads to improved size, swelling, and VPTT properties of
gels (Figure 6.21).

As nanogels have potential applications in drug delivery, the gel particles should be
stable in aqueous media—that is, should have high dispersibility over a period. In addi-
tion, they must not aggregate under physiological conditions. Specifically, electrostatic
and steric interactions between the swollen gel particles are liable for the dispersion sta-
bility. The Hamaker constant (a measuring constant to dispersion stability or dispersion)
for nanogels/microgels at equilibrium stage is negligible, since a large volume fraction
of solvent present in the swollen stage; that is, the dispersion of gels at equilibrium stage
is more stable than in the dry state. McAllister et al. [230] have verified the stability of
nanogels after 1 month of storage at ambient temperature and 6 months stored at 4◦C.
Recently, we confirmed that the PNIPAM-based nanogels do not cause any change in
nanogel size even after 4 months of storage at 4◦C (Figure 6.22).

6.5 DRUG DELIVERY APPLICATIONS OF NANOGELS

Despite availability of several potent agents against various diseases, their effective
delivery remains a major challenge. Several issues such as solubility, stability, speci-
ficity, sustained availability, penetrability across anatomical and physiological barriers,
nonspecific toxicity, and so on, limit the successful transformation of these agents into
drugs. Recent advances in nanotechnology offer many strategies to address the various
problems associated with drug delivery. Nanostructures, due to their smaller size, can
effectively shuttle therapeutics across different physiological and anatomical barriers.
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Figure 6.22. Transmission electron microscopic image of NIPAM-based nanogel after 3

months’ storage.

The strategies that are being pursued are active targeting by modifying and func-
tionalizing the surface of nanoparticle with tissue-specific antibodies or ligands. In
passive targeting, the advantage of leaky vasculature associated with inflammatory mi-
lieu or in tumor is explored. However, the challenge in targeting is that nanoparticles
attract the natural body defense system and hence are easily identified and taken up
by the reticuloendothelial system. Therefore, successful nanostructure design requires
assembly of appropriate surface characteristics as well as targeting ligands to achieve
long systemic circulation and subsequent interactions with the receptors in the target
tissue [245]. Nanogel formulations provide a better platform for designing of nanocarri-
ers because of their three-dimensional cross-linkage structure with hydrophilic surface
properties that prevent their clearance by the reticuloendothelial system. In addition,
nanogels demonstrate unique properties, such as the ability to trap biomolecules in-
side the gel structure and rapidly respond to an external stimulus [246]. Due to these
inherent qualities, nanogels have been investigated for protein and gene delivery appli-
cations [15, 17, 68–70, 230]. Recent studies using novel photosensitive nanogels have
demonstrated increase molecular chaperone-like activity upon photostimulation [133].
Similarly, the other group has shown improved thermal stability of the enzyme associated
with artificial chaperons by using nanogels [247]. Since many drugs act as protagonists
or antagonists to different chemicals in the body, a delivery system that can respond
to the concentrations of certain molecules in the body is invaluable [248]. Yamagat
et al. [249] demonstrated that pH-sensitive hydrogels protect insulin from gastric and
intestinal enzymes.
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Recently, there has been significant interest in developing nonviral vectors for
synthetic vaccines designed to prime the adaptive immune system that are sought for a
broad range of infectious diseases and for the treatment of cancer in both prophylactic and
therapeutic settings [250–252]. However, many obstacles associated with the successful
delivery of synthetic vaccines remain such as antigen loading capacity, maintaining the
integrity of encapsulated proteins, and minimizing the nonspecific antigen–antibody
reaction. Therefore, the delivery system that can effectively carry the protein antigens
to antigen-presenting cells is most desirable. The feasibility of achieving these goals
has been demonstrated using submicron-sized hydrophilic particles, which were loaded
with high doses of protein [253].

One other important area of research where these nanogels can be effectively used
is in the regenerative medicine. The major challenge is how to achieve significant ex-
pression of genes in highly compromised injured tissue surrounded by inflammatory
environment [254]. Although delivery of genes encoding therapeutic protein is an alter-
native for outright delivery of protein, stability of plasmid DNA is not much different
compared to proteins. The successful therapeutic gene delivery for tissue engineering
requires a system that can provide a control over the DNA release, facilitate cellular
uptake of DNA, maintain gene expression, and provide support for homing and suc-
cessful differentiation of infiltrated stem cells [255]. Recently, several studies explored
controlled-release plasmid DNA using hydrogels and microspheres [256, 257]. These
studies have reported that complexation with gelatin can reduce the degradation of DNA
from nucleases and may facilitate cellular entry through interaction of positively charged
complexes with negatively charged cell membranes [258]. Furthermore, a novel hydro-
gel composite of oligo(poly(ethylene glycol) fumarate) (OPF) and cationized gelatin
microspheres (CGMS) have been demonstrated to have potential for controlled gene
delivery in tissue engineering applications [255].

Most recent studies have demonstrated applications of nanogels composed of am-
phiphilic polymers and cationic polyethylenimine for delivery of cytotoxic nucleo-
side analogs 5′-triphosphates (NTPs) into cancer cells [259]. Similarly, other stud-
ies have demonstrated that nanogels composed of N-isopropylacrylamide (NIPAM)
and N-vinylpyrrolidone (VP) cross-linked with N,N ′-methylenebisacrylamide (MBA)
coated with polysorbate 80 can be used to encapsulate N-hexylcarbamoyl-5-fluorouracil
(HCFU) for targeting to the brain [260]. Thus, the nanogel-based delivery systems have
opened a new avenue for drug delivery applications.

6.6 SILENT FEATURES OF NANOGELS

Ĺ Nanogels are able to solubilize hydrophobic drugs and diagnostic agents in their
core or networks of gel.

Ĺ They are easy to load with different types of therapeutics, usually involving
mixing of the formed nanogels with drugs of interest.

Ĺ Nanogels can be modified or functionalized with targeting ligands to alter biodis-
tribution of the loaded therapeutics.
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Ĺ Nanogels typically range in size of 20–200 nm in diameter and hence are effective
in avoiding the rapid renal exclusion but are small enough to avoid the uptake by
the reticuloendothelial system.

Ĺ Nanogels or polymeric micellar nanogel systems have better stability over the
surfactant micelles and exhibit lower critical micelle concentrations, slower rates
of dissociation, and longer retention of loaded drugs.

Ĺ Nanogels exhibit sharp stimuli/physiological-responsive properties that can be
used for selective delivery of therapeutic drug molecules.

Ĺ Nanogels could be prepared without employing energy or harsh conditions such
as sonication or homogenization, which is critical for encapsulating biomacro-
molecules.

6.7 CONCLUSIONS

The drug delivery research is expected to address a series of problems associated with
old and modern therapeutics such as unfavorable pharmacokinetics and pharmacody-
namics causing nonspecific effects, poor stability in biological environment, poor drug
solubility affecting drug absorption, transient drug retention in the target site, and so on.
Nanogels are poised to play an important role in the field of drug delivery to address
some of the problems. One will be able to control the release of the loaded drug in
response to an external stimulus such as pH and temperature. It is also conceivable
to develop bioresponsive nanogel where the specific changes in the environment under
pathological conditions could trigger the release of the loaded therapeutics. Furthermore,
their small size, ability to load different types of therapeutics, and functionalize surface
with targeting moiety offer unique opportunities to use nanogels effectively to address
the problems associated with most modern therapeutics.
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7
TARGETED GOLD

NANOPARTICLES FOR
IMAGING AND THERAPY

Raghuraman Kannan and Kattesh V. Katti

7.1 INTRODUCTION

Gold nanoparticles (AuNPs) have been known for over 2500 years; however, their
potential applications in medicine have gained burgeoning attention in the twenty-first
century [1–10]. Bulk gold is well known for being inert however, the nanoparticulate
sizes of gold display astronomically high chemical reactivity [11–16]. The high reactivity
of AuNPs combined with a plethora of chemical and biochemical vectors continue
to produce a wide spectrum of targeted AuNPs that have sizes within the cellular
regime yet retaining most/all of the properties specific to nanosizes [4, 17–22]. Gold
nanoparticles have found numerous biological applications due to their biocompatibility,
dimensions, and ease of characterization. Their rich surface chemistry allows surface
modification reactions to better suit the needs of biomedical applications [1–6, 11–22].
Targeted AuNPs are produced by the interaction of highly reactive nascent AuNPs with
chemical functionalities present on simple chemical molecules or on specific molecules
of biological interest (for example, biomolecules including peptides and proteins) [11,
17, 18, 21, 23–25]. The size similarity of targeted AuNPs with cellular species within
the biological domain has motivated researchers toward applications of nanotechnology
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for site/cell-specific labeling of targeted nanoparticles for the detection and therapy
of different diseases including cancer [26–35]. The multifunctionality and the unique
reactivities of AuNPs would allow building targeted nanoparticles carrying imaging and
therapeutic probes to target cancer cells [26–33, 36].

Nanoparticles of gold continue to play pivotal roles in the design and development
of nanoscale devices and tumor-specific nanosensors [37–42]. The ubiquitous place of
gold in nanoscience stems from its unique chemical property of serving in the unox-
idized state at the nano level, whereas most of the surface of less noble metals gets
oxidized to a depth of several nanometers or more, often obliterating the nano-scale
properties. The high reactivity of AuNPs juxtaposed with their biocompatibility has
spawned a major interest in the utility of AuNPs for in vivo imaging agents. Most of
the recent work is centered on the development of hybrid AuNPs starting from nascent
metal nanoparticles. Tumor-targeting nanoparticles are formed by coating AuNPs with
tumor-cell-specific biomolecules including monoclonal antibodies, aptamers, peptides,
and various receptor-specific substrates [43–54]. Receptor-specific hybrid nanoparticles
are used mainly for targeting three different markers that are overexpressed on cancer
cells. They include matrix metalloproteases (MMPs), epidermal growth factor recep-
tor (EGFR), and oncoproteins that are associated with human papillomavirus (HPV)
infection [55].

In this chapter, we summarize the recent advances in synthesis of targeted gold
nanoparticles and their applications in imaging and therapy (Figure 7.1). Specifically,
we discuss the use of gold nanoparticles as site-specific contrast agents for various
imaging modalities. The utilization of gold nanoparticles as therapeutic agents for tumor
is discussed.

Figure 7.1. Targeted gold nanoparticles and their applications.
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7.2 SYNTHESIS OF GOLD NANOPARTICLES

7.2.1 Spherical Gold Nanoparticles

Gold nanoparticles of different sizes have been synthesized from AuCl4−, predomi-
nantly, using either citrate or sodium borohydride as reducing agents (Scheme 7.1) [56].
Citrate molecules serve dual roles of reduction of the metal and capping of nanoparticles
for subsequent stabilization. By varying the concentrations of the citrate, different sizes
of AuNPs can be generated. Citrate-capped AuNPs have been widely used as precursors
for conjugating with biomolecules [57–60].

In the sodium borohydride method, thiols serve as capping agents [61–63]. Re-
duction reactions of Au3+ using NaBH4 have been performed in the presence of a
large excess of thiols. The high reactivity of thiols with AuNPs provides instant coating
of nanoparticle surfaces. Reactions utilizing thiol-containing carboxylic acids in the
place of thiols have produced nanoparticles with –COOH groups on the surface. These
–COOH groups containing AuNPs have been used as precusors for conjugating with
target- specific biomolecules or proteins [61–63].

7.2.2 Gold Nanoshells

Gold nanoshells are prepared by using aminated silica particles with spherical gold
particles (1–3 nm as diameter) as precursors (Scheme 7.2) [64, 65]. The interactions of
these precursors have resulted in the surface adsorption of gold nanoparticles over silica
core. Suspending these particles in HAuCl4 with formaldehyde as reducing agents have
resulted in layers of gold encapsulated with silica core. Gold nanoshells possess attrac-
tive photophysical properties, and thus they can serve as excellent contrast agents for
optoacoustic tomography. Targeted gold nanoshells have been synthesized by attaching
target-specific biomolecules to the surface [64, 65].

Scheme 7.1. (a) Synthesis of gold nanoparticles. (b) Synthesis of targeted gold nanoparticles.
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Scheme 7.2. Synthesis of gold nanoshells.

7.2.3 Gold Nanocages

Nanocages of gold are synthesized using galvanic replacement reaction between
nanocages of silver and Au3+ ions. Concentrations of Au3+ and silver nanocages have
been varied to synthesize gold nanocages of various sizes. A surface plasmon resonance
peak at around 800 nm has been found to be characteristic for gold nanocages of sizes
∼40 nm. These nanocages, when functionalized using tumor-specific biomolecules, can
serve as excellent contrast agents for their potential applications in optical coherence
tomography [36, 66].

7.3 GOLD NANOPARTICLES AS IMAGING AGENTS

The unique photophysical properties of hybrid nanoparticles (coated with cancer-cell-
specific peptides/proteins) allows for tuning of optical absorption from the near-UV
to the mid-IR region of the optical spectra [67, 68]. These attractive photophysical
properties of hybrid AuNPs have rejuvenated interest in the development of optical
imaging methods using inexpensive fiber-optic confocal imaging systems capable of
being fed through ducts and capillaries [69]. Recent studies in animals have demonstrated
that hybrid AuNPs coated with cancer markers can be used with a dielectric silicon core
for detecting molecular signatures of cancer via optical imaging [67]. For example,
optical imaging studies in animals using gold/silicon nanoparticles conjugated with
breast-carcinoma-specific Her-2 biomolecule have successfully demonstrated targeting
and detecting microscopic tumors in breast [67].

Optical imaging of tumors still faces significant challenges due to tissue absorption
and reflection of light. However, the inherent advantage of low cost associated with
optical imaging modalities, compared to more complex and expensive imaging tech-
niques such as MRI and PET, is expected to create further advances in nanotechnology
to produce smart light-harvesting vectors that may circumvent the inherent problems
associated with optical imaging.

Nanoparticle-based imaging can combine complementary imaging modalities into
a single detection practice, thus providing clinicians with the means of detecting tumor
margins prior to or even during resection. Such dual imaging modalities would be par-
ticularly useful for the successful treatment of brain malignancies [70]. Combination of
MRI and optical imaging would provide new opportunities to understand preoperative
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tumor localization and intraoperative imaging of tumor margins using optical fluo-
rescence [71]. Recent studies have demonstrated the feasibility of the multimodality
imaging approach by using a nanoparticle contrast agent consisting of an optically de-
tectable NIRF fluorochrome conjugated to an MRI-detectable iron oxide core in surgical
resection of brain tumors [71]. These studies, for the first time, provide the clinical utility
of multimodal nanoparticle probes for the preoperative visualization of brain tumors by
serving as an MRI contrast agent and afford an intraoperative discrimination of tumors
from brain tissue because of its near-IR fluorescence. Such approaches of dual imaging
have the realistic potential of increasing the precision of surgical resection and improving
the outlook for brain cancer patients [71].

7.3.1 X-Ray Contrast Agent

Clinically approved and extensively used CT imaging agents, Omnipaque
R©

or Barium
sulfate, contain high-atomic-weight elements iodine or barium. Contrasts induced by
these agents provide clear CT images of organs or tissues. However, a major disadvan-
tage in using iodine or barium-based contrast agents is associated with nonspecificity
that impedes selective molecular imaging of cells or organs. Therefore, there is con-
siderable interest in developing target-specific molecular imaging CT agents [8, 72].
Among the elements with higher atomic number, gold is relatively nontoxic and pos-
sesses excellent X-ray absorption properties (atomic number 79; absorption coefficient
(100 keV) 5.16 cm2g−1; K-edge 80.7 keV), which are pivotal in developing site-specific
contrast agents. Additionally, gold can be converted into nanoparticulate forms by readily
available methods under clinical settings. Nanosized gold provides a inherent advantage
toward increasing sensitivity. Each AuNP contains hundreds of inner and surface atoms.
Surface atoms can be easily conjugated with target-specific biomolecules, such as tumor-
avid peptide or protein, for site-specific delivery of contrast agents. Furthermore, gold
nanoparticles, due to their inherent ability to accumulate in leaky tumor vasculature,
provide attractive opportunities to serve as site-specific contrast agents.

Hainfeld et al. [8, 72] have demonstrated the feasibility of using 1.9-nm AuNPs to
detect mammary tumors in mice models. In these experiments, AuNPs were targeted
toward tumor vasculature. Indeed, injected AuNPs accumulated in tumor in one thigh
of mice and produced better CT images of tumor (Figure 7.2). Pharmacokinetic data
of AuNPs obtained using graphite flame atomic absorption spectroscopy showed that
tumor-to-muscle gold ratio was 3.4 at 15 min post-injection and increased to 9.6 after
24 hours [8, 72]. From pharamockinetic and toxicity data, these authors concluded that
injected AuNPs cleared through renal pathway and are harmless (LD50 = 3.2 g Au
kg−1). These experiments show considerable promise for gold nanoparticles for use in
site-specific molecular imaging via CT [8, 72].

7.3.2 Optical Coherence Tomography

Optical coherence tomography (OCT) is a novel nonioinizing imaging method that uses
differential scattering and absorption of light waves for different tissue types. OCT
images of biological tissues are generated with 10- to 15-�m resolution. The quality of



chap07 JWBK002-Labhasetwar June 6, 2007 19:54 Char Count=

178 TARGETED GOLD NANOPARTICLES FOR IMAGING AND THERAPY

Figure 7.2. Radiographs of mouse hind legs before and after gold nanoparticle (2.7 g Au/Kg)

injection. (a) Before injection; (b) 2 minutes after injection. Significant contrast is seen in the

leg with the tumor (indicated by arrow) compared with the normal contralateral leg. (Thanks

are due to authors and publishing agency for granting permission to reprint the figure from:

Phys Med Biol 2004; 49: N309–315. Copyright ľ 2004 Institute of Physics Publishing).

OCT images depends directly on the inherent optical properties of the biological tissues.
The sensitivity of OCT can be increased by using optical contrast agent. The unique, size-
and shape-dependent photophysical properties of gold nanoparticles allow for tuning of
optical absorption characteristics from the near-UV to the mid-IR region of the optical
spectra. These attractive photophysical properties of AuNPs have sparked interest in the
development of gold-based optical contrast agents for OCT. Among different sizes and
shapes of gold nanoparticles, gold nanocages and nanoshells have ideal properties for
use as optical contrast agents via OCT modality [36, 65, 73–76].

Younan Xia, Xingde Li, and co-workers have recently reported preliminary results
on using gold nanocages of 40 nm in dimension as OCT contrast agents [36]. These
authors have compared the OCT images of phantom samples with and without nanocages
(Figure 7.3). From their measurements, the scattering cross section (∼8.1 × 10−16

m2) and absorption cross section (7.26 × 10−15 m2) of nanocages were obtained. The
absorption cross section of gold nanocages has been found to be five orders of magnitude
greater than the conventional dye, indocyanine green (2.90 × 10−20 m2) at 800 nm.
These authors have reported a successful synthetic strategy for the bioconjugation of
gold nanocages with biomolecules. These results demonstrate that gold nanocages are
attractive candidates for the development of site-specific OCT contrast agents. Drezek
and co-workers [73–76] have demonstrated that gold nanoshells can serve as contrast
agents for OCT. These authors have found that nanoshells, with silica core radius of
100 nm and a gold shell thickness of 20 nm, exhibit stronger backscattering signals than
polystyrene microspheres. in vivo studies have been performed in mice and hamsters.
Nanoshells of certain concentrations were injected into tail the vein of mice and hamsters.
These authors have compared the OCT images of dorsal skin of mice and hamsters both
prior to and after the injection and demonstrated that nanoshells exhibit significant
brightness in the dermis. These studies establish that targeted nanoshells could be a
potential contrast agent for OCT imaging modality [65].

7.3.3 Photoacoustic Tomography (PAT)

Photoacoustic tomography, or optoacoustic tomography (OAT), is a state-of-the-art
imaging modality that utilizes both light and ultrasound to image tumors. This method is



chap07 JWBK002-Labhasetwar June 6, 2007 19:54 Char Count=

GOLD NANOPARTICLES AS IMAGING AGENTS 179

with nanocages
without nanocages

320

O
C

T
 s

ig
na

l (
a.

u.
)

340
Depth (µm)

360 380

0.9

0.8

0.7

0.6

0.5

0.4

0.3

(a) (b)

Figure 7.3. (a) OCT image of a gelatin phantom embedded with TiO2, and the concentration

of TiO2 was controlled at 1 mg/mL to nimic the background scattering of soft tissues. The right

portion of the phantom contained 1 nM of gold nanocages while the left portion did not

contain any gold nanocages. (b) Plots of the OCT signals on a log scale as a function of

depth. Note that the OCT signal recorded from the portion of phantom with gold nanocages

decays faster than the portion without nanocages. (Reprinted with permission from Nano

Lett 2005; 5(3): 473–477. Copyright ľ 2006 American Chemical Society.) See insert for color

representation of this figure.

based on the inherent light absorption contrast characteristics of biological tissues. Ab-
sorption of light waves by tissues leads to thermal expansion with concomitant creation
of ultrasound waves. Acoustic waves are detected by sensitive electronics to develop
images of biological tissues. Normal and tumor tissues show excellent absorption con-
trast; for example, the contrast between normal breast and tumor breast tissues is around
300% for 1064-nm light [77]. Despite the unique advantages of this imaging modality,
there are still problems associated with lack of optimum sensitivity in detecting tumor
at early stages. This problem is presumably due to the low endogeneous absorption
contrast between early stage tumor and normal tissue. However, this situation can be
circumvented by using exogeneous contrast agents such as gold nanoparticles (AuNPs).
Gold nanospheres and nanoshells have ideal optical properties for optoacoustic imaging
[78]. In particular, gold nanoshells encapsulated with silica cores offer the best poten-
tial for optoacoustic imaging applications. The optical resonance of these shells can
be varied to shift the absorption to NIR region (prefered region for imaging biological
tissues) by changing the core size. Optical extinction coefficients of nanospheres and
nanoshells are around 1000 times higher in magnitude than the commonly used dyes
such as indocyanine green. Nanoshells can be targeted to tumor sites usng the leaky
properties of tumor vasculature.

Copland et al. [79] have used 40-nm-diameter gold nanoparticles conjugated to
herceptin, a monoclonal antibody that binds HER2/neu, to selectively target human SK-
BR-2 breast cancer cells. These authors have imaged breast cancer cells by OAT, in a
gelatin phantom, using AuNPs as exogeneous optical contrast agents. These experiments
show that even as few as 9 or 10 AuNPs were detectable by OAT at a depth of 6 cm.
These studies have demonstrated that even the smallest tumor can be detected using
AuNPs based OAT [28, 79, 80].
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Wang et al. [78] have reported the application of gold nanoshells as intravascular
contrast agent for imaging brain of live rat using photoacoustic tomography (PAT). In
these studies, gold nanoshells made of 125-nm silica core were coated with 10- to 12-
nm-thick gold shell with an optical absorption maximum at 800 nm were employed.
Three successive doses of ∼0.8 × 109 nanoshells/g of body weight were injected through
the tail vein of rats. Dynamic distribution of nanoshells in rat brain was imaged using
NIR light at a wavelength of 800 nm. The optical absorption of blood vessels increases
by ∼100% after administering gold nanoshells. Photoacoustic angiographs are shown
in Figure 7.4. Figures 7.4a and 7.4b are preinjection and post-injection (∼20 min)
photoacoustic images of the brain [78]. The vasculature of rat brain is seen with greater
clarity in Figure 7.4b. These studies establish a new dimension that nanoshell-based PAT
imaging has potential to emerge as an important molecular imaging modality [78]. In
fact, gold nanoshells could potentially be conjugated to target-specific biomolecules for
potential applications as molecular imaging probes for specific tumors [78].

7.4 GOLD NANOPARTICLES AS THERAPEUTIC AGENTS

Metallic nanoparticles, because of their size and their chemical and physical properties,
are particularly attractive as therapeutic probes in treating cancer (Figure 7.5). Central
to any clinical advances in nanoparticulate-based therapy will be to produce hybrid
nanoparticles that can be targeted to vascular, extracellular, or cell surface receptors.
Development of hybrid nanoparticles that specifically target cancer vasculature has
received considerable attention [29,81]. Most cancers have leaky vasculature; in addition,
the defective vascular architecture (created due to the rapid vascularization necessary
to serve fast growing cancers), in combination with poor lymphatic drainage, allows
increased permeation and retention effects. The leaky vasculature, because of higher
porosity and permeability, serves as a natural high-affinity target to metallic nanoparticles
[29, 81]. Overexpression of specific antigens by cancerous cells serves as the most
effective pathway to target nanoparticle-based therapeutic agents. Hybrid nanoparticles
produced via conjugation of peptides (and various other biomolecules) with proven high
affinity toward receptors on cancer cells will provide an effective means of targeting
therapeutic nanoparticles on cancerous tissue/cells (Figure 7.5).

7.4.1 Photothermal Therapy

Application of heat to control/eradicate specific tumors is an attractive medical modal-
ity in the treatment of cancer. The noninvasive use of heat for tumor ablation is re-
ferred to as hyperthermia and involves the application of microwaves, ultrasound, or
laser light energy sources to deliver quantum of lethal dose of heat at specific tumor
sites [82–87]. Hyperthermia produces temperatures around 40◦C at confined tumor
volumes to induce lipid transitions and conformational changes in RNA and DNA.
It has been shown that thermally induced cellular injury/death occurs due to exten-
sive protein denaturation ensuing at 40◦C and above [82–87]. However, care must be
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Figure 7.4. Noninvasive PAT of a rat brain in vivo employing the nanoshell contrast agent

and NIR light at a wavelength of 800 nm. (a) Photoacoustic image acquired before the ad-

ministrations of nanoshells. MF; median fissure. (b) Photoacoustic image obtained ∼20 min

after the third administration of nanoshells. (c) Photoacoustic image acquired ∼350 min after

the third administration of nanoshells. (d) Differential image that was obtained by subtract-

ing the pre-injection image from the post-injection image (Image d Image b - Image a). (e)

Large blood vessels in the cerebral cortex segmented from the PAT images (shown with solid

regions). (f) Open-skull photograph of the rat brain cortex obtained after the data acqusition

for PAT. (Reprinted with permission from: Nano Lett 2004; 4(9): 1689–1692. Copyright ľ 2006

American Chemical Society.)

taken to ensure that thermal treatement is limited to tumor regions with minimal/no
injury to surrounding tissue. Photothermal therapy, wherein lasers are used for ther-
mal treatment of tumors, is gaining prominence in recent years. Pigment- and water-
mediated efficient absorption of energy in healthy tissue have been the cause of major
concern and have impeded the effectiveness of heat uptake within tumor tissue. In
order to achieve increased effectiveness, current efforts are directed toward reduction
of nonspecific heat uptake and consequent maximization of heat absorption within tu-
mor cells. Various approaches being developed toward the selective absorption of heat
energy on tumor sites include (a) site-specific delivery of photoabsorbing dyes for
efficient absorption of laser light energy with consequent conversion into heat and (b)
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Figure 7.5. (a) Schematic illustration of tumor targeting and surface attachment of nanopar-

ticles. (b) Gold nanoparticles mediated tumor therapeutic modalities. See insert for color rep-

resentation of this figure.

receptor-mediated uptake of photoabsorbers within tumor cells/tissue [65,67,74,88,89].
The latter approach, which involves conjugation of efficient photoabsorbers with cancer
receptor avid proteins and peptides (and other tumor-specific biomarkers), appears to
be a highly attractive approach to achieve higher therapeutic heat load on tumor sites
[65, 67, 74, 88, 89]. Therefore, conjugation approaches that embed laser light absorbers
within cancer-target-specific biomolecules would provide the most attractive modality
toward maximization of heat dose on tumor sites. Recent findings have demonstrated
that strongly enhanced absorption of hybrid gold nanoparticles and the ability of func-
tionalized gold nanoparticles to convert absorbed light into localized heat could pro-
vide effective avenues for photothermal therapy [65, 67, 74, 88–90]. Indeed, El-Sayeed
et al. [90] have pioneered the utility of gold nanoparticulates for photoabsorption and
consequent heat transfer to destroy malignant cells. Their studies have unequiovocally
demonstrated that immunotargeted gold nanoparticles conjugated to anti-EGFR anti-
bodies selectively lowered laser energy required to destroy oral cancel cells in vitro
upon irradiation with a 514-nm argon ion laser as compared the energy needed to kill
nonmalignant cells. These results have provided a solid foundation for further research
in the area of nanoparticle-mediated photothermal therapy.

Near-infrared (NIR) radiation is capable of inducing heat in tumor tissue and within
cancer cells. Indeed, irreversible heat damage in the carcinoma cells has been demon-
strated by exposing tumor tissue—localized hybrid AuNPs—to NIR radiation for 4 min.
Further experiments in tumor-bearing mice has provided the first proof of principle that
gold-coated nanoshells can be used to achieve dual optical imaging and NIR-mediated
optical therapy. Tumor-bearing mice that underwent a combination of optical detec-
tion and NIR treatment experienced a marked increase in survival compared to animals
treated with NIR without prior administration of gold-coated nanoshells [88, 89].
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7.4.2 X-Ray Therapy

Seminal discovery by Hainfeld et al. [8] demonstrated that AuNPs can help kill cancerous
cells very effectively in mice. This work involved injecting cancer cells into mice,
followed by the administration of AuNPs and (a few minutes later) irradiation of animals
with 250-kV X-rays. The results from this work are startling because administration of
AuNPs followed by X-ray treatment reduced the size of the tumors, and in some instances
tumors were completely eradicated. This study also found that AuNPs alone had no
therapeutic effect and that tumors continued to grow in animals that had received only
the X-ray treatment. One-year survival rate in animals that had received combined gold
nanoparticle–X-ray treatment was 85% versus 20% for X-ray therapy alone and dropped
to zero for gold nanoparticle treatment without X-rays. Leaky vasculature of tumors
presumably maximizes localization of AuNPs in tumors. This selective accumulation of
AuNPs in tumors results in strong absorption of X-rays as compared to normal tissue.
These results represent the ‘tip of the iceberg’ on the potential applications of metallic
nanoparticle-based therapeutic approaches for combating cancer [8]. Because AuNPs
can be seen through CT and planar X-rays, AuNPs (if systematically targeted) could
serve as dual imaging and therapeutic probes in the detection and therapy of cancer.

7.4.3 Radiotherapy

Another attractive approach toward the application of nanotechnology to nanomedicine
is the utility of nanoparticles that display inherent therapeutic properties. For example,
radioactive AuNPs present attractive prospects in therapy of cancer [29, 81]. The ra-
dioactive properties of Au-198 (�max = 0.96, MeV; t1/2 = 2.7 days) and Au-199 (�max =
0.46 MeV; t1/2 = 3.14 days) make them ideal candidates for use in radiotherapeu-
tic applications. In addition, they both have imagable gamma emissions for dosimetry
and pharmacokinetic studies. Gold nanoparticles are of interest for treatment of dis-
eases because they can be delivered directly into cells and cellular components with
a higher concentration of radioactivity (e.g., higher dose of radioactivity) to cancer-
ous tumor cells. Therapeutic agents derived from radioactive AuNPs provide higher
therapeutic payload on tumor sites because each gold nanoparticle contains multiple
atoms of gold. This unique advantage of achieving a substantial increase in therapeutic
dose to the tumor site, coupled with the feasibility of tagging nanoparticles of Au-198
with oligonucleotides and peptides that are selective for receptors overexpressed by
diseased tissue, presents unprecedented opportunities in the design and development of
tumor-specific nanotherapeutic agents for the treatment of cancer. Another approach to
using radioisotopes of gold in tumor therapy involves encapsulation of radioisotopes
within a nanocomposite device (NCD) of a defined size and surface properties. NCDs
act as vehicles to transport radioactive AuNPs to tumor sites [29, 81]. Therefore, the
radioactivity delivered to a tumor site can be increased by controlling the particles size
of the NCD or by increasing the number of gold atoms without destroying the target-
ing ability of the nanocomposite device. Gold NCDs are synthesized as monodisperse
hybrid nanoparticles composed of radioactive guests immobilized by dendritic poly-
mer hosts. Commercially available polymers, including poly(amidoamine) PAMAM
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dendrimers, and tecto dendrimers, are used to fabricate nanocomposites. Typically, Au-
198 encapuslated within PAMAM dendrimers are prepared by mixing dilute solutions
of PAMAM dendrimer with an aqueous solution of HAuCl4. Salt formation between
the tetrachlroaurate anions and the dendrimer nitrogens would ensure effective encap-
sulation of gold within the dendrimer matrix. Activation of elemental gold into Au-198
within the dendrimer matrix is carried out both in solid and in solution forms by direct
neutron irradiation. Biodistribution studies using 5-nm-sized tritium-labeled PAMAM
dendrimers in tumor models, including mouse B16 melanoma, human prostate DU 145,
and human KB squamous cell carcinoma mouse xenograft models, have been performed.
Uptake of tritium activity in tumor tissue and also retention of activity for several weeks
provides a proof of principle that radioactive isotope encapsulated nano devices (such
as PAMAMs with �-emitting Au-198) could be very useful in tumor therapy [29, 81].

7.5 SUMMARY

Synthesis of functionalized hybrid nanoparticles will dictate a plethora of future advances
toward their applications in biomedicine. From the aforementioned discussions, it is
clear that nanotechnology will have a major impact on the future of new imaging and
therapeutic modalities for combating deadly human diseases including cancer. Although
the penetration of nanotechnology within the biomedical front (for drug diagnostic
and therapeutic design) is limited to date, the synergistic advantages of nanoparticle-
mediated imaging and therapy to the field of oncology is opening up new horizons
in clinical modalities related to treating cancer. The size relationship of nanoparticles
with biological cells, coupled with the inherent diagnostic/therapeutic properties of
specific nanoparticles and the availability of sophisticated targeting vectors to target
nanoparticles onto tumor cells/tumor tissue, are all poised to dramatically increase our
ability to detect and treat cancer in its earliest stages.
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8
BUILDING BLOCKS OF NUCLEIC ACID

NANOSTRUCTURES: UNFOLDING
THERMODYNAMICS OF

INTRAMOLECULAR DNA COMPLEXES

Luis A. Marky, Souvik Maiti, Chris Olsen, Ronald Shikiya,
Sarah E. Johnson, Mahima Kaushik and Irine Khutsishvili

8.1 INTRODUCTION

The function of nucleic acids is carried out via interactions with other molecules. In the
readout of genetic information and in the control of gene regulation, the presence of
proteins and other ligands is essential. Distinctive conformations are associated with the
function of DNA. Sites of interaction of DNA with gene regulatory proteins have been
found to exhibit characteristic conformational properties [1]. For instance, origins of
replication in both prokaryotes and eukaryotes appear to possess characteristic structural
features. To understand how nucleic acids carry out their biological roles, it is essential
to have a complete physical description of these interacting systems. For these reasons,
there is now unprecedented interest in the conformational fine structure of nucleic
acids and the forces that determine their structure. In principle, the folding of nucleic
acids is controlled by the local base sequence in a precise and potentially predictable
way. However, knowledge of the structure of a particular duplex alone cannot provide
an understanding of the forces responsible for maintaining the distinct structures in
nucleic acids. The overall physical properties of a nucleic acid molecule depend on its
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chemical architecture, but globally on contributions from base pairing, base stacking,
polyelectrolyte behavior (ion binding), and hydration (water binding).

In recent years, the discovery of chromosomal sequences has led scientists to
postulate the formation of unusual structures, including the Holliday junction, H-DNA,
Z-DNA, telomeres, i-motifs, and triplexes. In the particular case of nucleic acid triplexes,
the formation of a triplex between two strands of poly (rU) with one strand of poly (rA)
was first reported by Felsenfeld et al. in 1957 [2]. It was not until 25 years later that
interest in these triplexes was stimulated by the discovery of single-strand-specific S1
endonuclease-hypersensitive sites in the upstream regions of several eukaryotic genes
[3] and later with homopurine-homopyrimidine tracts undergoing a superhelix-induced
structural transition into a novel DNA conformation termed H-DNA [4–8]. The most
common triplex formation involves binding a homopyrimidine strand in the major groove
of a duplex containing complementary homopurine–homopyrimidine sequences, with
the third strand in a parallel orientation with respect to the homopurine strand. In this
structure, sequence-specificity is achieved by Hoogsteen pairing of thymine with dA·dT
and of protonated cytosine with dG·dC Watson–Crick base pairs [9–12]. The binding
of a third strand to double-helical DNA via triple helix formation has led to potential
applications of triplexes as sequence-specific artificial nucleases [9]. Thymines and
cytosines in the third strand can be arranged to recognize the dA·dT and dG·dC base
pairs of many gene sequences [9, 13–16]. Furthermore, oligonucleotide-directed triplex
formation has been implicated as a possible means of controlling cellular processes,
both by an endogenous or exogenous mechanism [17–22], and as intermediates in
homologous recombination [23, 24]. The inhibition of gene expression via triple helix
formation is feasible due to the natural abundance of homopurine-homopyrimidine
tracts in genes and their 5′ flanking regions [3, 25–28], providing evidence for the
biological relevance of triplexes. It is also reasonable to think that their presence in
biological systems may be exerting a variety of effects, justifying their complete physical
characterization in terms of stability as a function of sequence and solution conditions.

Furthermore, it has been demonstrated that palindromic sequences imbedded in
plasmids developed cruciform structures in response to a topological stress [29, 30].
Specific endonucleases will then cleave supercoiled plasmid in the middle of these
palindromic sequences [31, 32]. These findings suggest that the presence of hairpin
loops in DNA may play an important role in biological processes. Nowadays, there is
considerable interest in both the structure and overall physical properties for the fold-
ing (and unfolding) of nucleic acid hairpin loops. The formation of an oligonucleotide
intramolecular DNA complex takes place with a lower entropy penalty and their unfold-
ing resemble the pseudo-monomolecular melting of a DNA polymer with convenient
transition temperatures. One latest application of the use of long single-stranded DNA
molecules complexes is in their formation of nanoscale two-dimensional shapes (DNA
Origami) [33].

The major focus of this chapter is to report the relative thermodynamic contri-
butions of base pairing, base stacking, and ionic effects to the stability and melting
behavior of a variety of intramolecular DNA complexes. Specifically, we will report
complete thermodynamic profiles for several oligonucleotide model systems, including
hairpin loops, double hairpins, three-way junctions, pseudoknots, triplexes, and G- and
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C-quadruplexes. This information should improve our picture of how sequence, loops,
and ion binding control the stability and melting behavior of a nucleic acid molecule. The
resulting data should supplement existing nearest-neighbor thermodynamic parameters
to help in the prediction of secondary structure from a given sequence, as demonstrated
earlier [34–37].

8.2 MATERIALS AND METHODS

8.2.1 Materials

All oligonucleotides were synthesized in the Eppley Institute Molecular Biology Core
Facility at UNMC, reverse-phase HPLC purified, desalted on a G-10 Sephadex column,
and lyophilized to dryness prior to experiments. The concentration of each oligomer
solution was determined from absorbance measurements at 260 nm and 80◦C using the
molar absorptivities in mM−1cm−1 of strands of Table 8.1. These values were calculated

Table 8.1. Sequences of Deoxyoligonucleotides Investigated

Deoxyoligonucleotide (5′ to 3′ Sequence) Designation � (mM−1 cm−1)

Initial Hairpins

GA3T2C5A2T3C Hairpin 164
GA3T2GCGCT5GCGCGTGCT5GCACA2T3C Hammer 344
CGCGCGT4GA3T2CGCGCGT4A2T3C Pseudoknot 309

Triplexes

A7C5T7C2 7ATDu 197
A4C5T4C5T4 4TAT 195
A5C5T5C5T5 5TAT 220
A6C5T6C5T6 6TAT 246
A7C5T7C5T7 7TAT 273
A8C5T8C5T8 8TAT 307
A9C5T9C5T9 9TAT 336
A11C5T11C5T11 11TAT 394

Triplex–Duplex Complexes

A6GCGCT5GCGCT6C5T6 Complex-1 317
A6GCGCT5GCGCT6C5T6C Complex-2 324
AGA4GCGCT5GCGCT4CTC5TCT4 Complex-3 319
AGAGA2GCGCT5GCGCT2CTCTC5TCTCT2 Complex-4 316
GCGCT5GCGC GCGChp 108
AGCGCT5GCGCT AGCGChp 131

G–Quadruplexes

G2T2G2TGTG2T2G2 G2 146
G3T2G3TGTG3T2G3 G3 191

i-Motifs

C3TA2C3TA2C3TA2C3TA2 C3TA2 220
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by extrapolation of the tabulated values of the dimers and monomer bases from 25◦C to
high temperatures, using procedures reported earlier [38,39]. Buffer solutions consisted
of 10 mM sodium phosphate buffer adjusted to different sodium concentrations with
NaCl or KCl. All chemicals used in this study were reagent grade. We also use other
buffers, such as a 10 mM sodium acetate buffer or 100 mM NaCl at pH 4.2 or 4.8.

8.2.2 Overall Experimental Protocol

Initially, we use temperature-dependent UV spectroscopy to measure the UV unfolding
of each molecule. Analysis of the resulting UV melting curves yields transition tempera-
tures that indicate the thermal stability of the molecule. We then test if the folding of each
DNA complex takes place intramolecularly, by following the dependence of the transi-
tion temperature on strand concentration; if the transition temperature remains constant,
complex formation is intramolecular. The next step is to use circular dichroism spec-
troscopy to (a) check for the particular conformation that each complex adopts and (b)
confirm the formation of specific complexes using the spectral characteristics or physical
signatures of each type of complex. Then, we use differential scanning calorimetry to
determine complete thermodynamic profiles for the temperature unfolding of each DNA
complex. Finally, the measurement of the differential binding of counterions and/or
protons between the helical and random coil states is done from the dependence of the
transition temperatures on salt and pH, respectively, obtained in UV melting curves, and
the calorimetric melting curves, as described in the following sections.

8.2.3 Temperature-Dependent UV Spectroscopy

Absorbance versus temperature profiles (UV melting curves) as a function of strand, salt
concentration, and/or pH were measured at 260 nm with a thermoelectrically controlled
Aviv 14 DS UV–vis spectrophotometer (Lakewood, New Jersey). The absorbance was
scanned with a temperature ramp of ∼0.4◦C/min. The analysis of the shape of the
melting curves yielded transition temperatures, TM, which correspond to the inflection
point of the order–disorder transitions. To determine the molecularity of the transition(s)
of each DNA complex, we investigated the dependence of TM over at least a 10-fold
range of total strand concentration, 4–80 �M. If the TM remains constant in this range
of strand concentration, this indicates a monomolecular or intramolecular transition;
otherwise the transition takes place with higher molecularity.

8.2.4 Circular Dichroism Spectroscopy (CD)

We use a thermoelectrically controlled Aviv circular dichroism spectrometer Model
202SF (Lakewood, New Jersey) to measure the CD spectrum of each oligonucleotide.
The analysis of these spectra yielded the conformation adopted by the helical state of each
oligonucleotide. Typically, we prepared an oligonucleotide solution with an absorbance
of 1 (total strand concentration of ∼4 �M) in appropriate buffered solutions, and the CD
spectrum is measured from 320 to 200 nm every 1 nm, using a strained free quartz cuvette
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with a pathlength of 1 cm, and at temperatures that the particular oligonucleotide is 100%
in the helical state. The reported spectra correspond to an average of at least two scans.

8.2.5 Differential Scanning Calorimetry (DSC)

Heat capacity functions of the helix-coil transition of each oligonucleotide were mea-
sured with a Microcal VP-DSC (Northampton, MA) instrument. Two cells, the sample
cell containing 0.5 ml of a DNA solution (∼0.15 mM in total strands) and the reference
cell filled with the same volume of buffer solution, were heated from 0◦C to 90◦C at
a heating rate of 0.75◦C/min. Analysis of the resulting thermographs yielded TMs and
standard thermodynamic unfolding profiles: �Hcal, �Scal, and �G◦

(T ) [40]. These param-
eters are measured from DSC experiments using the following relationships: �Hcal =∫
�Ca

p dT and �Scal = ∫
(�Ca

p)/T dT , where �Ca
p represents the anomalous heat

capacity during the unfolding process [40]. The free energy, �G◦
(T ), is obtained at

any temperature with the Gibbs relationship: �G◦
(T ) = �Hcal − T�Scal. Alternatively,

�G◦
(T ) can be obtained using the following equation: �G◦

(T ) = �Hcal (1 − T/TM),
which can be applied rigorously for intramolecular transitions. For multiphasic unfold-
ing curves, the heat associated with each transition are obtained using a non-two-state
transition deconvolution procedure of the Origin software, provided by the VP-DSC
instrument.

8.2.6 Differential Binding of Counterions and Protons

The helical and coil states of an oligonucleotide are associated with a different number
of bound ions and protons; therefore, their Helix → Coil transition is accompanied by
a differential release (or uptake) of counterions and protons. The differential release (or
uptake) of each of these species can be measured experimentally using the following
reaction and Na+ ions as an example:

Helix(aNa+, bH+) → Coil(xNa+, yH+) + �nNa+Na+ + �nH+H+,

where �nNa+ = x − a and �nH+ = y − b; each of these terms corresponds to the differ-
ential binding of counterions and protons, respectively, and is written on the right-hand
side of the reaction to indicate “releases”; however, if there is an “uptake” of any of
these species, they should be written on the left-hand side.

The corresponding reaction constant can be written as

K = {(Coil)/(Helix)}(Na+)�nNa+ (H+)�nH+ . (8.1)

Using a logarithmic function for simplicity, we obtain ln K = ln K{T , P,
ln(Na+), ln(H+)}; its total differential is d ln K = (∂ ln K/∂T) dT + (∂ ln K/∂P) dP +
(∂ln K/∂ln(Na+))dln(Na+) + (∂ln K/∂ln(H+))dln(H+), the last two partial differen-
tials correspond to the desired quantities or linking numbers at constant T and P:
�nNa+ = (∂ ln K/∂ ln(Na+))(H+) and �nH+ = (∂ ln K/∂ ln(H+))(Na+).
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These two linking numbers are measured experimentally with the assumption that
counterion or proton binding to the helical and coil states of the oligonucleotide takes
place with a similar type of binding. Applying the chain rule to each partial differential
and converting ionic activities to concentrations and natural logarithms for decimal
logarithms, we obtain [41]

�nNa+ = (∂ ln K/∂TM)[∂TM/∂ ln(Na+)] = 0.478
[
�Hcal/RT 2

M

]
(∂TM/∂ log[Na+])

(8.2)
and

�nH+ = (∂ ln K/TM)[∂TM/∂ ln(H+)] = −0.434
[
�Hcal/RT 2

M

]
(∂TM/∂pH). (8.3)

The first term in brackets of Eqs. (8.2) and (8.3), [�Hcal/RT 2
M ], is a constant de-

termined directly in differential scanning calorimetric experiments, and R is the gas
constant; the second term in parentheses is also determined experimentally from UV
melting curves or DSC curves, from the TM-dependences on the concentration of coun-
terions and protons, respectively. In the determination of �nNa+ , UV melting curves
were measured in the salt range of 10 mM to 0.2 M NaCl, while in the determination of
�nH+ for the unfolding of the i-motif structures, DSC melting experiments were carried
out in the pH range of 4.2 to 6.0 and 100 mM NaCl.

8.3 MELTING BEHAVIOR OF DNA DUPLEXES
CONTAINING LOOPS

Our current understanding of the structures and stability of DNA and RNA has been
enhanced by thermodynamic investigations of the helix–coil transitions of model com-
pounds, such as oligonucleotides of known sequence [34–37]. Our laboratory is currently
interested in understanding the unfolding of single-stranded DNA oligomers containing
a variety of secondary structures. The helix–coil transition of their melting domains
takes place at relatively high temperatures, which are higher than their intermolecular
counterparts. The reason for this is that the formation of intramolecular duplexes takes
place with a lower entropy cost, allowing investigations of the physical properties of
their 100% helical conformations over a wider temperature range. In this section, we
present a full thermodynamic description of the melting behavior of three DNA oligonu-
cleotides forming single-stranded DNA secondary structures. Specifically, we used a
combination of UV and circular dichroism spectroscopies and calorimetric techniques
to investigate the unfolding thermodynamics of a single-stranded hairpin (Hairpin),
three-way junction (Hammer), and DNA pseudoknot (Pseudoknot) [42–44]. The se-
quences and designations of these molecules are shown in Figure 8.1. These sequences
were designed in such a way to favor the exclusive formation of intramolecular secondary
structures; for instance, all three molecules contained a common complementary stem
with sequence AAATT/TTTAA that helps to identify their proper folding. The results
clearly demonstrate that all three oligonucleotides form stable intramolecular structures
with the expected melting domains.
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Hammer 

Pseudoknot

Hairpin 

Figure 8.1. Sequences, designation, and cartoon of intramolecular complexes.

8.3.1 Temperature-Dependent UV Spectroscopy
(UV Melting Curves)

The helix-coil transition of each oligonucleotide (Figure 8.1) was characterized initially
by UV melting curves (Figure 8.2a). All three UV melting curves show the characteristic
sigmoidal melting behavior of oligonucleotide duplexes, which indicates the cooperative
unfolding of base pairs and base-pair stacks; however, Hairpin shows one transition,
Hammer has two to three transitions, while Pseudoknot shows two distinctive transitions.
The TMs for the transitions of each oligonucleotide, listed in Table 8.2, remain constant
despite the ∼50-fold increase in strand concentration (Figure 8.2b). This is consistent
with the intramolecular unfolding of each oligonucleotide. The magnitude of the TMs
of the transitions of each hairpin molecule corresponds roughly to the percentage of
GC base pairs of their helical stems or melting domains. Furthermore, the TM of the
first transition of each hairpin corresponds to the unfolding of their GA3T2/CT3A2

stem. We obtained TMs of 35.8◦C (Hairpin), 31.3◦C (Hammer) and 45◦C (Pseudoknot).
The analysis of the shape of this transition for each hairpin, using standard procedures
[40], yielded the following model-dependent or van’t Hoff enthalpies: −37 kcal mol−1

(Hairpin); −26 kcal mol−1 (Hammer), and −12 kcal mol−1 (Pseudoknot). These values
clearly indicate the effects of the adjacent secondary structure of this stem, C5 end loops,
three-way crossover junction, and T4 loops, respectively, in reducing the enthalpy con-
tributions. The CD spectra at 15◦C are shown in Figure 8.2c, and each hairpin adopts the
B-like conformation as seen by the similar magnitudes between the longer wavelength
positive band and the negative band centered at 250 nm with a crossover at ∼262 nm.

8.3.2 Differential Scanning Calorimetry

Typical DSC profiles are shown in Figure 8.3a. These curves clearly show that their
unfolding is monophasic (Hairpin), triphasic (Hammer), and biphasic (Pseudoknot),
consistent with the observations of the UV melting curves. The resulting thermodynamic
profiles for all transitions observed in the folding of each oligonucleotide are listed in
Table 8.2. The thermodynamic parameters of each transition show that the favorable free
energy contribution results from the characteristic compensation of a favorable enthalpy
contribution with an unfavorable entropy contribution. Favorable heat contributions
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Figure 8.2. (a) Typical UV-melting curves of hairpin molecules. (b) TM-dependence on strand

concentration. (c) CD spectra of hairpin molecules at 10◦C.

invoke the formation of base pairs and base pair stacks, while unfavorable entropy
contributions involve the ordering of the strands, ion, and water binding. The enthalpy
contribution of each transition are in good agreement with the expected enthalpy values
from nearest-neighbor calculations [34, 36]. For instance, in 0.1 M NaCl we obtained
enthalpy contributions of 36.7 kcal mol−1 (Hairpin) and 36.4 kcal/mol for the first
transition of Hammer, which are in excellent agreement with the value of 39.9 kcal
mol−1 estimated from nearest-neighbor parameters [34, 36] in 1 M NaCl; however, the
enthalpy of the first transition of Pseudoknot is much lower, by 9.3 kcal mol−1, in spite of
having similar helical sequence. The overall effects are explained in terms of the actual



chap08 JWBK002-Labhasetwar June 7, 2007 14:37 Char Count=

MELTING BEHAVIOR OF DNA DUPLEXES CONTAINING LOOPS 199

Table 8.2. Thermodynamic Profiles for the Formation of Hairpins at 15◦Ca

Transition
TM

(◦C)
�Hcal

(kcal mol−1)
T�Scal

(kcal mol−1)
�G◦

(15)

(kcal mol−1)
�nNa+

(mol Na+/mol)

Hairpin

35.8 −36.7 −34.8 −2.5 0.063

Hammer

First 31.3 −36.4 −34.5 −1.9 0.027
Second 51.3 −23.6 −21.0 −2.6 —
Third 69.6 −36.2 −30.4 −5.8 0.130

Pseudoknot

First 45.0 −27.2 −24.9 −2.3 0.031
Second 70.6 −48.6 −40.8 −7.8 0.100

aAll experiments were measured in 10 mM sodium phosphate buffer at pH 7. Experimental uncertainties are
as follows: TM (±0.5◦C), �Hcal (±3%), T�Scal (±3%), �G◦

(15) (±5%), and �nNa+ (±6%).

contribution of the adjacent secondary structure, in the case of Hairpin and Hammer, the
loop and crossover junction has no effect, while the T4 loop of Pseudoknot lies on the
ceiling of the sugar–phosphate backbone that removes water, and it is this dehydration
effect that reduces its enthalpy contribution.

In terms of the overall free energy contribution of folding each hairpin at 15◦C, we
obtained �G◦ contributions of −2.5 kcal mol−1 (Hairpin), −10.3 kcal mol−1 (Hammer),
and −10.1 kcal mol−1 (Pseudoknot). This indicates that each molecule folds with
their particular secondary structure at 15◦C, and the overall thermodynamic profiles for
each transition of these molecules are consistent with the sequences of their melting
domains. One experimental observation is that the helical and coil states of Hammer and
Pseudoknot takes place at temperatures of up to 18◦C and past 95◦C, respectively, in spite
of having different melting behavior in the temperature range of 18–95◦C. The entropy
contributions, in energy terms (T�Scal), for the formation of each melting domain are
shown in the third column of Table 8.2. The magnitude of these unfavorable entropy
terms follow the same order as those of the enthalpies and correspond to contributions
of the ordering of the oligonucleotide, uptake of counterions, and the immobilization of
water molecules by the helical states of each hairpin. Of these three contributions, we
have only estimated the uptake of counterions, which will be discussed next.

We measured the uptake of counterions [using Eq. (8.2)], from the TM-dependence
on salt concentration (Figure 8.3b) and from the �Hcal/RTM

2 terms obtained in the
calorimetric melting curves. For each transition, the increase in the concentration of Na+

from 16 to 116 mM results in the shift of melting curves to higher temperatures (data not
shown). The increase in salt concentration shifts the hairpin–random coil equilibrium
toward the conformation with higher charge density parameter. The TM-dependence on
salt concentration for each hairpin is shown in Figure 8.3b (with the exception of the
second transition of Hammer, which was difficult to determine), and linear dependences
are obtained with slope values ranging from 2.3◦C to 2.9◦C. The resulting �nNa

+ values



chap08 JWBK002-Labhasetwar June 7, 2007 14:37 Char Count=

200 BUILDING BLOCKS OF NUCLEIC ACID NANOSTRUCTURES

(a)

Temperature (°C)

0

1

2

3
Hairpin

0

1

2

3

∆
C

p
 (

kc
al

-m
o

l–1
-°

C
–1

)

Hammer

2 20 40 60 80 100
0

1

2

3 Pseudoknot

30

35

30

45

60

75

–2.0 –1.6 –1.2

45

60

75

(b)Hairpin

Hammer

1st transition
3rd transition

T
M

  (
°C

)
Pseudoknot

1st transition
2nd transition

log [Na+]

Figure 8.3. (a) Heat capacity profiles for the hairpin molecules in 10 mM sodium phosphate

buffer at pH 7. (b) TM-dependence on salt concentration for all transitions of each hairpin

(with the exception of the second transition of Hammer, which was not determined).

are shown in the last column of Table 8.2. The magnitude of these values indicates the
strength of ion binding by the helical state of each molecule, assuming that the coil
states have similar ion binding. Relative to the value of 0.17 mol Na+/mol phosphate for
longer duplex DNA molecules, these values are low but consistent with the formation of
five base pairs in the hairpin stems [45]. One significant observation is the higher uptake
of counterions by helical stems with exclusively G·C base pairs, which is consistent
with the X-ray crystallography of Loren William’s laboratory indicating that the major
groove of G·C base pairs are preferred ion binding sites [46].

8.4 UNFOLDING THERMODYNAMICS OF INTRAMOLECULAR
DNA TRIPLEXES

The antisense and antigene strategies use oligonucleotides to modulate the expression
of genes; their interaction with their targets takes place with tight affinity and specificity
[47]. In the antisense approach, an oligonucleotide with a proper length binds to a
messenger RNA, forming a DNA/RNA hybrid duplex. The formation of this hybrid
inhibits translation of a given gene by sterically blocking the correct assembly of the
translation machinery or by inducing an RNAse H mediated cleavage of their mRNA
target [47]. In the antigene approach, an oligonucleotide binds into the major groove
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of a DNA duplex, forming a local triple helix [48, 49]. The third strand competes with
the proteins that activate the transcription machinery by forming a triplex complex, thus
inhibiting the expression of a specific gene [50, 51]. Since the antigene strategy targets
the gene directly, one advantage of this approach over its antisense counterpart is the
fewer number of copies of the gene of interest. In addition, blocking the transcription
of a gene itself prevents the turnover of the mRNA pool, allowing a more efficient
and lasting inhibition of gene expression [52]. However, disadvantages for this strategy
are that the oligonucleotide needs to also cross the nuclear membrane and access the
targeted gene within the densely packed chromatin structure [53, 54]. Another problem
of both strategies is that oligonucleotides are subject to degradation by nucleases. To
prevent this nuclease activity, our laboratory is investigating intramolecular triplexes.
The design of these intramolecular triplexes involves the inclusion of two hairpin loops
that will render them slightly more hydrophobic and compact, thus improving their
interaction with hydrophobic micelles. The micelles in turn protect the oligonucleotide
from nuclease degradation and improve their cellular delivery. These double-hairpin
triplexes are used to target duplex DNA, via triplex formation.

Furthermore, the interaction of a third strand with a DNA duplex is sequence-
specific, allowing the recognition of different DNA targets by Hoogsteen base pairing
[48, 49]. These triplexes are stabilized by base-triplet stacking interactions and hydro-
gen bonding between the bases of the third strand and the purine bases of the duplex
[55]. Triplexes are classified based on the composition and orientation of their third
strand, which is placed asymmetrically in the major groove of the target duplex and
hydrogen-bonded to the purine strand. The third strand of “Pyrimidine” triplexes is
pyrimidine-rich and binds parallel to the purine-strand of the duplex. On the other hand,
the third strand of “Purine” triplexes is purine-rich and binds the duplex purine strand
in the antiparallel orientation [49, 56, 57]. In addition, it is required that a duplex have a
homopurine/homopyrimidine sequence in order for the third strand to bind and thereby
form a stable triplex. Hence, in order to develop oligonucleotide-forming triplexes as
therapeutic agents, it is necessary to have a clear understanding on how the sequence,
base composition, and solution conditions affect triplex stability. To further our under-
standing on the physical chemical properties of DNA triplexes, we have studied a set of
intramolecular triplexes (Figure 8.4) with exclusively TAT base triplets. Furthermore,
these intramolecular triplexes resemble that of H-DNA without the dangling strand,
which can potentially form due to the high frequency of homopurine/homopyrimidine
sequences in the human genome [58]. Sequences capable of forming H-DNA are present
in regions that function in transfection, replication, recombination, and regulation of
some eukaryotic genes [49,52]. In the following sections, we report on the unfolding of
intramolecular triplexes of the “Pyrimidine” motif with sequence (AnC5TnC5Tn), where
n is 4–9 and 11, as shown in Figure 8.4.

8.4.1 Circular Dichroism Spectroscopy

The CD spectra (Figure 8.5) indicates that all triplexes and the control duplex adopt the
“B” conformation; the positive band at ∼277 nm has a magnitude comparable to that of
the negative band at ∼246 nm. This indicates that binding of the third strand does not
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impose major distortions in the duplex geometry. The small split of the positive band
at 260–265 nm is characteristic of homopurine/homopyrimidine sequences (An/Tn). All
triplexes exhibit increased negative bands at 210 nm and 247 nm, when compared to the
control duplex (7TADp). The 210-nm band is considered a physical signature of triplex
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formation [59–61], while the magnitude of the band at 247 nm is proportional to the
extent of base-pair stacking contributions.

8.4.2 DSC Melting Curves

The helix–coil transition of each triplex and control duplex is characterized initially
by UV melting techniques as a function of strand concentration (data not shown).
All molecules yielded similar TMs over a 100-fold increase in strand concentration,
confirming their intramolecular formation [62].

DSC experiments were conducted at two different NaCl concentrations, 0.1 M
and 1.0 M, at pH 7, as shown in Figures 8.6a and 8.6b. The DSC melts indicate
that these molecules unfold in monophasic (triplex or duplex→random coil) or bipha-
sic (triplex→duplex→random coil) transitions, depending on the number of TAT base
triplets on the stem. In general, the incremental incorporation of TAT base triplets yielded
triplexes with larger unfolding heats and higher TMs (Figure 8.6c). For all triplexes, the
increase in the salt concentration yielded DSC melting curves with higher TMs and
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Table 8.3. Thermodynamic Profiles for the Folding of Triplexes at 20◦Ca

Triplex
TM

(◦C)
�Hcal

(kcal mol−1)
T�Scal

(kcal mol−1)
�G◦

(20)

(kcal mol−1)

4TAT 24.3 −21.1 −20.8 −0.3
5TAT 30.6 −61.0 −58.9 −2.1

(40.6) (−57.7) (−53.9) (−3.8)
6TAT 30.2 −71.6 −69.2 −2.4

(47.0) (−61.1) (−55.9) (−5.2)
7TAT 35.8 −86.7 −82.3 −4.4

(53.2) (−78.2) (−70.2) (−8.0)
8TAT 35.2 −106.0 −100.8 −5.2

(56.6) (−104.0) (−92.5) (−11.5)
9TAT 33.5 −97.2 −92.9 −4.3

44.3 −30.4 −28.1 −2.3
(59.8) (−121.0) (−106.5) (−14.5)

11TAT 32.0 −74.7 −71.8 −2.9
49.2 −63.0 −57.3 −5.7

(64.7) (−132.0) (−114.5) (−17.5)

aAll DSC experiments were measured in 10 mM sodium phosphate buffer at pH 7 with 0.1 M or 1.0 M NaCl
(parentheses). The parameters of the two transitions of 9TAT and 11TAT in 0.1 M NaCl are presented in two
separate rows. Experimental uncertainties are as follows: TM (±0.5◦C), �Hcal (±3%), T�Scal (±3%), and
�G◦

(20) (± 5%).

slightly lower enthalpies. The higher TMs with the increased in salt concentration is con-
sistent with the higher screening of the negatively charged phosphates, yielding perhaps
a net improvement of stacking interactions which is compensated with a displacement
of water molecules [62]. On the other hand, the lowering of the unfolding enthalpies, by
an average of ∼6.1 kcal mol−1, suggests the presence of heat capacity effects, possibly
because the increase in sodium lowers the activity of water, enough to change the overall
hydration state of these triplexes.

Table 8.3 shows complete thermodynamic profiles for the folding of all oligonu-
cleotides; the folding of each molecule at 20◦C is accompanied by a favorable free
energy term resulting from the characteristic compensation of a favorable enthalpy and
unfavorable entropy terms. The favorable enthalpy terms correspond mainly to heat
contributions from the formation of base-pair stacks, and/or base-triplet stacks, and hy-
drogen bonding [60], while the unfavorable entropy terms arise from contributions of
the unfavorable ordering of strands and the uptake of counterions and water molecules
[60]. Further analysis of the data (Table 8.3) shows that the driving force for triplex
formation is a large and favorable enthalpy change. For instance, relative to its control
7ATDu duplex, the 7TAT triplex has larger enthalpic contributions, by 39.3 kcal mol−1

(0.1 M NaCl) and 35.4 kcal mol−1 (1 M NaCl), which is due to the association of the
third strand. This enthalpic contribution can be explained by the formation of Hoogsteen
hydrogen bonds and base stacking interactions among the pyrimidines of the third strand,
consistent with the formation of a triple helix. In this salt range, an average enthalpy



chap08 JWBK002-Labhasetwar June 7, 2007 14:37 Char Count=

UNFOLDING THERMODYNAMICS OF INTRAMOLECULAR DNA TRIPLEXES 205

of 6.2 kcal mol−1 is estimated for a single T/T base stack of the thymine strand in the
triple-helical state.

The incremental incorporation of TAT base-triplets upon triplex formation (Figure
8.6) yielded increases in the TM and total �H, which is consistent with the formation
of additional base-triplet stacks, Table 8.3. Specifically, in 0.1 M NaCl (Figure 8.6a)
the melting behavior of 5TAT , 6TAT , 7TAT , and 8TAT is monophasic, while 9TAT and
11TAT showed biphasic transitions. However, upon increase of salt concentration to 1.0
M NaCl (Figure 8.6b), 9TAT and 11TAT triplexes change their melting behavior from
biphasic to monophasic, indicating that salt induces the formation of stronger triplexes.
The TM and total enthalpy values increased with increasing the number of base-triplets;
however, this stepwise increment is not linear and follows a sigmoidal curve as shown in
Figure 8.6c. The increment in enthalpy from triplex 5TAT to 6TAT is small (∼10.6 kcal
mol−1), becomes larger 7TAT through 9TAT (∼20 kcal mol−1), and levels off between
9TAT and 11TAT (∼10 kcal mol−1). These observations are explained in terms of the
folding free energy terms, as follows: Triplexes with less than four TAT base triplets
do not form because this short stem is not long enough to overcome the entropy-driven
nucleation step. The intercept of the two lines with the free energy axis of Figure 8.6c
takes place at four TAT base triplets. The DSC melting curve of the potential triplex
with four TAT base triplets indicates that this triplex does not form; the magnitude of
the enthalpy (21 kcal mol−1) corresponds to the unfolding of a monomolecular duplex
with four AT base pairs; thus, confirming our observation of Figure 8.6c. However,
5TAT overcomes this nucleation step with a compensating enthalpy contribution; thus,
the observed enthalpy is less favorable. As the formation of TAT base triplets increases,
the enthalpy contribution for a single step becomes larger than its counterpart entropic
contribution. The additional incorporation of base triplets to 9, and then 11, may cause the
formation of triplexes with a lower number of TAT/TAT base triplet stacks, presumably
by slipping the third strand toward the formation of larger loops; that is, the loops will
also include thymine residues.

To calculate the enthalpic contribution of a single base triplet stack, we use the
stepwise incremental of the linear portion of Figure 8.6c; by averaging the heats of
7TAT , 8TAT, and 9TAT , we obtained an enthalpic contribution of ∼20.5 kcal mol−1

for the incorporation of an additional base triplet stack, in agreement with previous
reports [63]. Furthermore, the increase in salt concentration yielded lower values of the
unfolding enthalpies with higher TMs (Table 8.3) and indirectly shows an average heat
capacity effect of −505 cal ◦C−1 mol−1. A negative heat capacity effect in the unfolding
of a macromolecule usually indicates a burial of hydrophobic surfaces. However, the
unfolded state of a nucleic acid triplex is a random coil where the polar/nonpolar bases
are more exposed to the solvent, yielding a more hydrophobic strand than their triplex
state, so we invoke changes on the hydration state of the folded triplexes. In this range of
salt concentration, the increase in salt concentration lowers the activity of water which in
turn reduces the overall hydration of both triple-helical and random coil states; however,
salt has a larger effect on the helical state because of its higher charge density parameter;
thus the net effect is most likely a displacement of water molecules that are immobilized
around charges (electrostricted water) from the triple-helical state and since energy is
needed to remove this type of water [64–67], a lower energy will be expected for the
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unfolding of these triplexes at 1 M NaCl. This displacement of water molecules by the
additional association of sodium counterions is estimated from the average enthalpic
difference of 6.1 kcal mol−1 (at 0.1 and 1 M NaCl) of all six triplexes and the energy
(300 cal mol−1 of water) needed to remove electrostricted water [60]; we obtain a total
average displacement of 20 water molecules/mol triplex. An alternative explanation is
that the increase in salt stabilizes the W-C duplex of these molecules, destabilizing
the association of the third strand; the net effect is an overall reduction of base–base
stacking contributions in the third strand, which is consistent with a general rule on
triplex formation that a strong duplex yields a weak triplex while a weak duplex yields
a strong triplex [68].

Figure 8.6c also shows that the incorporation of additional TAT base triplets yields
a linear increase in the �G◦

(20) values and that the Y-intercept at �G◦
(20) = 0 occurs at

about four TAT base triplets; this means that the nucleation step for these triplexes is a
minimum of four base triplets or three TAT/TAT base triplet stacks. From the slopes of
the two free energy lines (0.1 M and 1 M NaCl) of Figure 8.3c, we obtained a �G◦

(20)

of 2.5 kcal mol−1 for TAT/TAT base triplet stack, then we estimate a nucleation free
energy, �G◦

nucleation, at 20◦C of 7.5 kcal mol−1 compared to the nucleation free energy
(2–3 kcal mol−1) for the formation of DNA duplexes [36].

In conclusion, we have investigated the melting behavior of double hairpin triplexes
of the pyrimidine motif containing exclusively TAT base triplets as a function of salt
concentration. Their melting behavior is monophasic or biphasic depending on the
number of TAT base triplets and salt concentration. The results are consistent with
an enthalpy–entropy coupling between duplex and triplex formation. A minimum of
five TAT base triplets is needed to form stable intramolecular triplexes in the B-like
conformation; however, the increase of base triplets to 9 or 11 causes strand slipping
generating triplexes with a lower number of TAT base triplets in the stem and larger
cytosine loops.

8.5 DNA COMPLEXES CONTAINING TRIPLEX AND
DUPLEX MOTIFS

In this section we will describe the calorimetric melting behavior of higher-order com-
plexes, namely DNA complexes containing triplex and duplex motifs. Our starting
molecule is the 6TAT triplex that was described in the previous section. What we have
done to obtain Complex-1 (see Figure 8.7) is to substitute the C5 loop of the duplex
domain of 6TAT with the hairpin loop, GCGCT5GCGC (GCGChp). Complex 1 (Figure
8.7) now has a duplex stem of 10 base pairs, A6GCGC/GCGCT6, closed with a T5 end
loop. Complex-2 is similar to Complex-1 but has an additional cytosine at the 3′ end
forming a C+GC base triplet (see Figure 8.7). The other two complexes, Complex-3 and
Complex-4, are similar to Complex-1 with one and two TAT → C+GC substitutions in
their helical stems (Figure 8.7), respectively. Therefore, in the following sections the
melting behavior of four triplex–duplex complexes is described.

We used a combination of spectroscopy and calorimetric techniques to investi-
gate their unfolding thermodynamics. The helix–coil transition of each complex was
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Figure 8.7. Cartoon of the structures of DNA complexes and their designations.

characterized initially by UV melting curves as a function of strand concentration (data
not shown). The TMs for each of the transitions of the complexes remain constant de-
spite the ∼20-fold increase in strand concentration, consistent with their intramolecular
formation. Typical DSC profiles are shown in Figures 8.8 and 8.9. Clearly, the unfolding
of Complex-1 and Complex-2 has three transitions (Figure 8.8), while the unfolding of
Complex-3 and Complex-4 has two transitions (Figure 8.9). Thermodynamic profiles for
the transitions of each complex are listed in Table 8.4. The thermodynamic parameters of
each transition show that the favorable free energy contribution results from the charac-
teristic enthalpy–entropy compensation. The TMs of the first transition of each complex
range from 31.4◦C to 32.8◦C, which are in good agreement with the TM of 33.7 for
the single transition observed in the unfolding of 6TAT , which is also shown in Figure
8.8; however, the average enthalpies of 29.6 kcal mol−1 (Complex-1 and Complex-2)
and 22 kcal mol−1 (Complex-3 and Complex-4) are lower than the enthalpy of 70.9 kcal
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mol−1 of 6TAT . These effects can be seen clearly by inspecting the low temperature
transitions of Complex-1, Complex-2, and 6TAT shown in Figure 8.8, and the results
clearly demonstrate that the stabilization of the duplex domain of each complex, by the
incorporation of additional base pairs and/or incorporation of AT → GC base pairs,
induce the dissociation of the third strand of the complexes.

Further inspection of Table 8.4 and Figure 8.8 shows that the TMs of the second
transition of Complex-1 and Complex-2 are much higher than the TM of 6TAT with low
enthalpy contributions; on the other hand, the TMs of the third transition are in between
the TMs of the control hairpins, GCGChp and AGCGChp, while the unfolding enthalpies
are much higher, by 13.8 kcal mol−1and 25.3 kcal mol−1, respectively. This indicates
that the second and third transitions of these two complexes correspond to the sequential
melting of their duplex stem—that is, initial disruption of 3–4 AA/TT base-pair stacks
followed by the cooperative disruption of the remaining 5–6 base-pair stacks (1–2
AA/TT, 1 AG/CT, 2GC/GC, and 1 CG/CG). In addition, the total unfolding enthalpy of
Complex 2 is 8.7 kcal mol−1 higher than that of Complex-1, which corresponds to the
disruption of the stacked third strand cytosine.

Figure 8.9 shows the DSC melting curves of Complex-3 and Complex-4 and the
resulting thermodynamic profiles are listed in Table 8.4. Each complex unfolds in
biphasic transitions with TMs similar to the TMs of both the first and third transitions of
Complex-1 and of the control hairpins. The incorporation of one or two TAT → C+GC
substitutions in Complex-1 eliminates the second transition observed in Complex-1
and Complex-2; therefore, the observed two transitions correspond to disruption of the
third strand followed by the unfolding of their duplex stem. However, their unfolding
enthalpies are lower, by 9.5 kcal mol−1 (relative to the enthalpy of removing the third
strand from Complex-1) and by an average of 16.6 kcal mol−1, relative to the enthalpy
of the duplex domain that is calculated from nearest-neighbor data [34,36]. We can only
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Table 8.4. Thermodynamic Profiles for the Folding of DNA Complexes and Hairpin Control
Molecules at 5◦C

Transition
TM

(◦C)
�Hcal

(kcal mol−1)
T�Scal

(kcal mol−1)
�G◦

(5)

(kcal mol−1)

Complex-1

First 32.0 −27.7 −25.2 −2.5
Second 60.2 −31.6 −26.4 −5.2
Third 78.6 −50.9 −40.2 −10.7
Total — −110.2 −91.8 −18.4

Complex–2

First 31.4 −31.5 −28.8 −2.7
Second 60.5 −25.0 −20.8 −4.2
Third 78.8 −62.4 −49.3 −13.1
Total — −118.9 −98.9 −20.0

Complex–3

First 32.5 −21.6 −19.7 −1.9
Second 80.0 −55.9 −44.0 −11.9
Total — −77.5 −63.7 −13.8

Complex–4

First 32.8 −22.4 −20.4 −2.0
Second 83.3 −51.7 −40.3 −11.4
Total — −74.1 −60.7 −13.4

Control Molecules

6TAT 33.7 −70.9 −64.3 −6.6
GCGChp 73.9 −36.3 −29.1 −7.2
AGCGChp 81.4 −37.9 −29.7 −8.2

All experiments were performed in 10 mM sodium phosphate buffer at pH 7 and 200 mM NaCl.
Experimental errors are shown in parentheses: TM (±0.5◦C), �Hcal (±5%), T�Scal (±5%), �G◦

(5) (±7%).

explain the first discrepancy in terms of the solution conditions used in these experiments,
pH 7 and 0.2 M NaCl; both conditions do not favor the stable formation of C+GC base
triplets; that is, lower pHs protonate the cytosines [41] better while counterions compete
with protonated cytosines [60].

In terms of the overall free energy contribution for the folding of each complex at
5◦C, we obtained �G◦s of −18.4 kcal mol−1 (Complex-1), −20.0 kcal mol−1 (Complex-
2), and −13.6 kcal mol−1 (Complex-3 and Complex-4). These values are robust and
indicate that each molecule folds with their particular triplex and duplex domains at
5◦C. Furthermore, the overall thermodynamic profiles for each transition are consistent
with their sequential unfolding of the triplex and duplex domains.
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8.6 MELTING BEHAVIOR OF G-QUADRUPLEXES

A tremendous amount of interest has been generated recently for the role of telomeres
in maintaining the integrity of chromosomes and the correct replication of eukaryotic
chromosomes [69–74]. Human telomeres are 100–150 nucleotide overhangs at the 3′

position that comprise G and T repeats of 12–16 bases [75–77]; the typical human
sequence is the (TTAGGG) repeat [70,78]. The guanines in these overhangs tend to form
G-quartets, which contain four coplanar guanines stabilized by Hoogsteen hydrogen
bonding and the tight coordination of specific metal ions, such as K+ [79], to O6 of
guanine. The stacking of an array of G-quartets results in very stable structures called G-
quadruplexes [80, 81]. Some other possible biological roles of G-quadruplexes include
chromosomal alignment during recombination, DNA replication, and self-recognition, as
well as regulation of gene transcription [82]. DNA aptamers also form G-quadruplexes;
some examples include the thrombin-binding aptamer that inhibits thrombin-catalyzed
fibrin clot formation [83, 84] and the HIV-binding aptamer, T30695 [85].

In this section we report the CD spectral characteristics and the melting behav-
ior of a pair of intramolecular G-quadruplexes, G2 and G3, containing two and three
G-quartets, respectively (Figure 8.10). The analysis of the experimental data allowed
us to determine the molecular forces responsible for the high stability of these struc-
tures, the thermodynamic contributions of a single G-quartet stack, and the specific
thermodynamic contributions of the loops in these structures.

8.6.1 Comformational Analysis of G-Quadruplexes by CD

CD spectroscopy with its low structural resolution provides the average solution confor-
mation or ensemble conformation of model telomere sequences. Specifically, it yields
the simple arrangement of guanines, parallel or antiparallel, in these quadruplexes.
CD spectra are measured at several temperatures to determine the preferential confor-
mation of the helical complex at lower temperatures and of the random coil state at
higher temperatures. To prevent the aggregation of guanines and to obtain reversible
and reproducible CD spectra, all solutions were heated to 90◦C, cooled to 60◦C slowly,
kept at 60◦C for 15 min, cooled to 2◦C slowly, and maintained at this temperature for
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Figure 8.11. CD spectra of G2 (circles) and G3 (squares) in 10 mM Cs-HEPES buffer, 0.1 M K+

at pH 7.5 and 20◦C (using a ∼6 �M in strands), G2 at 90◦C (open circles).

40 min, as reported earlier [86]. The CD spectra of G2 and G3 at low temperatures and
of their random coils at high temperatures are shown in Figure 8.11. To assign the par-
ticular oligomer conformations and to classify what type of quadruplex is being formed,
the various spectra were compared to the CD spectra of two control sequences (data
not shown): d(G4T4G4) and d(T4G4); the former forms a bimolecular quadruplex with
guanines in the antiparallel orientation [87, 88], while the latter forms a tetramolecular
quadruplex with guanines in the parallel orientation [77, 88]. Figure 8.11 indicates that
the spectral characteristics of G2 are those of the [G4T4G4]2 quadruplex; that is, G2
has an antiparallel arrangement of guanines [89–91], which means that G2 would need
to adopt the “chair” conformation [80]. On the other hand, G3 has two positive bands
with spectral characteristics of both the antiparallel [G4T4G4]2 and the parallel [T4G4]4

quadruplexes, indicating that G3 is a mixture of the “chair” and “basket” conformers
(see Figure 8.10).

8.6.2 UV and CD Unfolding of Complexes

Typical UV melting curves of G2 and G3 are shown in Figure 8.12a. All curves are
sigmoidal and show a hypochromic effect at 297 nm. The helix–coil transition of G2
takes place in monophasic transitions, while G3 unfolded in a biphasic transition with
hypochromicities of 18% and 28%, respectively. The TMs are in the order G2 (52.6◦C) ∼
G3 first < G3 second (77.5◦C), indicating the high stability of G-quadruplex structures
in the presence of K+. To check the molecularity of each complex, melting curves were
obtained as a function of strand concentration; these TM-dependences are shown in
Figure 8.12b. Over a 10-fold range in strand concentration, the TMs remained constant,
indicating that both quadruplexes formed intramolecularly.
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8.6.3 DSC Unfolding

Typical DSC melting curves of G2 and G3 are shown in Figure 8.13a, G2 shows a
monophasic transition, and G3 has a biphasic transition; the initial and final states have
similar heat capacities values, indicating negligible heat capacity effects. Furthermore,
the first transition of G3 occurs 5◦C above the single transition of G2, consistent with G3
having one additional G-quartet. Since G2 adopts the “chair” conformation, we assigned
the first transition of G3 to the unfolding of its “chair” conformer. This assignment is
confirmed with the CD spectra of G3 at several temperatures (Figure 8.13b), the ellipticity
at 292 nm decreases at lower temperatures, and the ellipticity at 262 nm decreases at
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Figure 8.13. (a) DSC melting curves of G-quadruplexes in 10 mM Cs-HEPES buffer, 0.1 M K+,

at pH 7.5 and total strand concentration in the range of 40–100 �M. (b) CD spectra of G3 as a

function of temperature to determine the sequential melting of conformers.
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Table 8.5. Thermodynamic Folding Profiles for G-Quadruplexes at 20◦C

Conformer
TM

(◦C)
�Hcal

(kcal mol−1)
T�Scal

(kcal mol−1)
�G◦

(20)

(kcal mol−1)
�nK+

(per mol)

G2

“Chair” 52.6 −23.7 −21.6 −2.1 −0.4
G3

“Chair” 57.3 −38.3 −34.0 −4.3 −0.7
“Basket” 77.5 −36.5 −30.5 −6.0 −1.2

All experiments were performed in 10 mM Cs-Hepes buffer at pH 7.5 and 100 mM KCl. Experimental errors
are shown in parentheses: TM (±0.5◦C), �Hcal (±5%), T�Scal (±5%), �G◦

(20) (±7%).

higher temperatures. This shows that the “chair” conformer of G3 has a lower thermal
stability than the “basket” conformer.

The complete thermodynamic profiles for the folding of each quadruplex at 20 ◦C
are shown in Table 8.5. The favorable �G◦ terms results from the characteristic compen-
sation of a favorable enthalpy with an unfavorable entropy contributions. The favorable
enthalpy terms are due primarily to the stacking of two or more G-quartets, along with
additional contributions such as hydrogen bonding, base–base and/or base–quadruplex
stacking of the loops. The immobilization of electrostricted water and the removal of
structural water may also contribute with exothermic heats. The unfavorable entropy
contribution is due to the ordering of a random coil into an intramolecular quadruplex,
along with uptake of ions and water molecules.

8.6.4 K+ Binding to G-Quadruplexes

UV melting curves as a function of the concentration of K+ were performed in the 10–500
mM KCl range (data not shown) and the differential binding of K+ was calculated using
Eq. (8.2) and is summarized in Table 8.5. We obtained negative �nK

+ values for each
quadruplex, indicating that quadruplex formation is accompanied by an uptake of K+.
The �nK

+ values of 0.4 mol K+/mol of quadruplex and 0.7 mol K+/mol of quadruplex
were obtained for the “chair” conformer of G2 and G3, respectively.

8.6.5 Thermodynamic Contributions of the Stacking of Two
G-Quartets and of the Loops

The G2 and G3 quadruplexes have similar loop structures and differ only by one G-
quartet. We determine the energetic contributions of a G-quartet stack from the thermo-
dynamic profiles of the “chair” conformation of G2 and G3 [86]. This is done by simply
subtracting each thermodynamic parameter of G2 from those of G3, yielding the follow-
ing thermodynamic profile at 20◦C: �G◦ = −2.2 kcal/mol, �Hcal = −14.6 kcal/mol,
T�Scal = −12.4 kcal/mol, and �nK+ = −0.3 mol K+/mol. The favorable formation of
a G-quartet stack is enthalpy-driven and is compensated with an unfavorable entropy
contribution, due mainly to the immobilization of K+ ions.
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To determine the thermodynamic contributions of the combined two T2 loops and
of the single TGT loop of these quadruplexes [86], we subtracted each thermodynamic
parameter of one or two G-quartet stacks from the experimental profile of each quadru-
plex. We obtained an average differential �G◦ term of 0.2 kcal/mol, which indicates
that the incorporation of loops stabilizes the quadruplex structure. Using the differential
enthalpy terms for the chair conformation, we calculated that all three loops contribute
with an average favorable enthalpy term of −9.1 kcal/mol. This shows that the bases
of these loops are stacked or constrained and/or these loops may well stack onto the
surface of the G-quartets. If instead we use the enthalpy of the basket conformer of G3,
we obtain a less favorable enthalpy difference of 1.8 kcal/mol, suggesting an extended
conformation of the TGT loop. The entropy differences between G2 and each conform-
ers of G3 range from 6 kcal mol−1 to 9 kcal mol−1, which is due to the additional penalty
in the ordering of the loops with the G-quadruplexes.

We would like to add that the in vivo control of the formation and dissociation of G-
quadruplexes is an important strategy for developing novel therapeutics for the treatment
of cancer and other diseases. Knowledge concerning the stabilities of these quadruplexes
is also critical for understanding the formation, longevity, and resolution of these struc-
tures in vivo. The present study quantifies the magnitude of the thermodynamic forces
(both enthalpic and entropic) that favor quadruplex formation. This information is useful
in predicting the stabilities of putative quadruplex structures that have been identified
based on the DNA sequence, but have not yet been evaluated experimentally [92]. In-
formation concerning the magnitude of the forces stabilizing quadruplex structures will
also be of particular value in predicting whether chemical approaches to manipulate
quadruplex structures are likely to be effective at disrupting or stabilizing quadruplex
structures in vivo.

8.7 UNFOLDING THERMODYNAMICS
OF C-QUADRUPLEXES OR i-MOTIFS

Cytosine-rich sequences are frequently found in eukaryotic genomes located near or
within regions of functional and/or regulatory importance, and they play important bi-
ological roles in replication, recombination, transcription, and chromatin organization
[93]. Forty years ago, it was proposed that poly(dC) could form parallel duplexes [94]
stabilized by C·C+ base pairs at acidic pH, Figure 8.14. This particular base-pairing
scheme has been confirmed with the crystal structure of acetyl cytosine [95], poly(dC),
and poly(rC) [96, 97]. Cytosine-rich oligonucleotides can potentially adopt complex
pH-dependent conformations; for instance, the crystal structure of d-TC5 [98, 99], indi-
cated that two parallel-stranded C·C+ duplexes with an antiparallel orientation form a
four-stranded structure. The base pairs of one C·C+ duplex intercalate into those of the
other duplex; hence, the structure is called the “i-motif” or intercalated motif (Figure
8.14); the base planes of the stacked C·C+ base pairs are perpendicular to each other with
all the bases in the anti-conformation. This type of alternating stacking of C·C+ base
pairs further stabilizes the i-motif [100]. The formation of i-motifs using different DNA
oligonucleotides (ODNs) have been studied extensively by a variety of experimental
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techniques [98,99], [101–110]; however, calorimetric melting techniques have not been
used to determinate model-independent unfolding thermodynamics.

In this section we report on the unfolding of the complementary sequence of the
human telomere: [d(CCCTAA)]4 (Figure 8.14). UV and DSC melting profiles show the
following sequential melting: bimolecular complex(s) → intramolecular complex →
random coil. From the thermodynamic profiles we were able to estimate the energetic
contributions for the formation of C·C+/C·C+ base-pair stacks in each of these complexes
at the optimum pH of 5.2.

8.7.1 UV Melting of C3TA2

The unfolding of C3TA2 was initially investigated by UV melting techniques, Figure
8.15a shows these UV melts as a function of strand concentration at the pH of 4.8. The re-
sulting melting curves are biphasic and their TM-dependences on strand concentration are
shown in Figure 8.15b. Over a 10-fold concentration range, the TM of the first transition
increases with the increase in strand concentration, while the TM of the second transi-
tion remains constant (Figure 8.15b). This indicates the formation of bimolecular and
monomolecular complexes, respectively. Therefore, the UV melting behavior of C3TA2

is through the unfolding of a bimolecular complex at lower temperatures, followed by
an intramolecular complex that yields the final random coil state at high temperatures.
This observation is consistent with previous findings that cytosine-rich DNA sequences
can adopt complex pH-dependent conformations. For instance, NMR solution studies
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have shown that d(CCCTAA) can form multiple i-motif four-stranded complexes with
different topologies [111]. Parallel-stranded structures with heteropyrimidine oligonu-
cleotides at pH 4–5.5 were detected using IR, UV-melting, and fluorescence techniques
[112]. The d([C3TA2]3CCCT) and d([C4A2]3CCCC) ODNs form intramolecular i-motif
structures at acidic pH [101, 109]. All of these novel structures are stabilized by C·C+

base pairs.

8.7.2 CD Spectroscopy

Figure 8.16 shows the CD spectra of C3TA2 at several pHs and at two different temper-
atures. At acidic pH, the CD spectra show a large positive band with a peak at 286 nm,
along with a negative band centered at 254 nm. This type of spectrum has been attributed
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to the formation of C·C+ base pairs [113], characteristic of the i-motif structure [114].
As the pH is increased, a blue shift is observed followed by a sharp decrease in the
magnitude of the ellipticity at 285 nm. Furthermore, the overlay of the CD spectra also
shows an isodichroic point at 275 nm, suggesting the equilibrium of two species. The
overall comparison of the CD spectra as a function of pH with the increase in temperature
from 2◦C to 80◦C indicates that the spectral changes correspond to the destabilization
of the complexes with the increase in pH. For instance, the spectrum of C3TA2 at pH 7.4
is similar to the one obtained at pH 5.2 and 80◦C, which is assigned to the spectrum of
the random coil state.

8.7.3 Differential Scanning Calorimetry

DSC melting curves were carried out to determine complete thermodynamic profiles
for the unfolding of C3TA2. To ensure reproducibility of the DSC curves at the lower
pHs and before a heating scan, we developed a protocol in which C3TA2 solutions were
prepared in the DSC sample cell by first heating and keeping it at 90◦C for 5 min, slowly
cooled to room temperature, then kept at 4◦C for several hours. All DSC scans were
reproducible among samples undergoing this temperature protocol, and only these scans
were used for the determination of thermodynamic profiles.

To confirm the molecularity of each complex, DSC melts of C3TA2 were carried out
at pH 4.8 using two different total strand concentrations, 75 �M and 251 �M. The result-
ing DSC curves are shown in Figure 8.17a; each curve yielded biphasic transitions, and
the TM of the first transition increases with the increase of strand concentration, while
the TM of the second transition remains the same, confirming that the first transition cor-
responds to the unfolding of a bimolecular complex while the second transition involves
the unfolding of an intramolecular complex. The curves yielded total heats of 1.25 mcal
and 3.96 mcal that when normalized by the total strand concentration yielded similar
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Table 8.6. Thermodynamic Profiles for the Unfolding of C3TA2 at pH 5.2 and 10◦C

TM

(◦C)
�Hcal

(kcal mol−1)
T�Scal

(kcal mol−1)
�G◦

(10)

(kcal mol−1)
�nH

+

(per mol)

Bimolecular

27.1 25.8 24.3 1.5 1.7

i-motif

39.9 25.0 22.6 2.4 2.3

All parameters measured in a 10 mM sodium cacodylate buffer at pH 5.2. The �nH
+ parameter was

measured in the same buffer containing 100 mM NaCl. Experimental errors are shown in parentheses: TM

(±0.5◦C), �Hcal (±5%), T�Scal (±5%), �G◦
(10) (±7%) and �nH

+ (±5%).

overall enthalpies, as seen in the similarity of the whole areas under these curves (Figure
8.17a). This confirms that the observed transitions correspond to the sequential transition
of a bimolecular complex(s) → intramolecular → random coil state. This sequential
melting behavior is similar to the one observed in the unfolding of the Dickerson–Drew
dodecamer, which shows two transitions: duplex → hairpin → random coil at neutral
pH [115]. This sequential melting can be explained in terms of the entropy penalty
of complex formation, and consistent with conventional wisdom, that the bimolecular
complex should form at lower temperatures, because of its higher unfavorable entropy
contribution. We speculate that at low temperatures, only one type of bimolecular species
is present, the hemiprotonated duplex or a bimolecular i-motif (Figure 8.14), but it is
quite possible that both bimolecular complexes are present in equilibrium.

DSC melting curves as a function of pH are shown in Figure 8.17b. We obtained
clear biphasic transitions at each pH, which show the formation of at least two protonated
complexes. The TM of each transition increases as the pH is decreased. DSC thermody-
namic profiles for the formation of each complex (bimolecular and i-motif complexes)
at the pH of 5.2 are shown in Table 8.6. These profiles show that the folding of each
complex at 10◦C is accompanied by a favorable and small free energy term resulting
from the relatively large compensation of a favorable enthalpy and unfavorable entropy
contributions. The favorable enthalpy terms correspond primarily to the formation of
base-pair stacks, while the unfavorable entropy terms arise from contributions of the
unfavorable ordering of strands and the putative uptake of counterions, protons, and
water molecules, as will be discussed in the following section.

We use the thermodynamic profiles shown in Table 8.6 to determine the thermody-
namic contributions for a single C·C+/C·C+ base-pair stack at pH 5.2; we simply divide
the magnitude of each parameter by the possible number of C·C+/C·C+ base pair stacks
of each structure, assuming that the other bases are not contributing at all. Since C3TA2

contains 12 cytosines, six should be protonated in the intramolecular i-motif, yielding
five C·C+/C·C+ base-pairs stacks; the hemiprotonated duplex and bimolecular i-motif
both contain eight and ten C·C+/C·C+ base-pair stacks, respectively. For the formation
of a single C·C+/C·C+ base-pair stack at the pH of 5.2, we obtained free energy con-
tributions of −0.2 kcal mol−1 (bimolecular complex) and −0.5 kcal mol−1 (i-motif),
along with enthalpy contributions of −3.2 kcal mol−1 (hemiprotonated duplex) and
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−5.0 kcal mol−1 (i-motif). As expected, the overall profiles are much smaller than the
average thermodynamic profiles for the formation of a canonical W-C base-pair stack
and consistent with the nonvertical stacking of the cytosine aromatic rings.

8.7.4 Differential Binding of Protons in the Helix–Coil
Transitions of C3TA2

To obtain the TM-dependence on pH for each transition, we extracted the TMs of the
biphasic transitions shown in the DSC curves of Figure 8.17, and we obtained two
sigmoidal curves (data not shown) with midpoints at pH 5.1 (bimolecular complex) and
5.0 (monomolecular i-motif) and negative slopes around the pH of these midpoints. This
means, according to Eq. (8.3), that the unfolding of each complex is accompanied by a
release of protons. The slopes determined around the midpoints, 40.7◦C (bimolecular)
and 34.5◦C (i-motif), together with the �Hcal/RT 2

M ] terms, measured by averaging the
values of the DSC melts of each complex at pH 5 and 5.2, yielded average proton releases
of 1.9 moles of proton per mole of DNA for each of these complexes. This release of
protons indicates that complex formation is accompanied by the protonation of cytosines,
which should be proportional to the difference in the pKa values between folded and
unfolded cytosines. In addition, marginal binding of counterions are obtained by the
intramolecular i-motif complex (data not shown) [41]. The net binding of protons and
marginal uptake of counterions in the formation of these complexes is in good agreement
with earlier investigations of DNA triplexes containing C+GC base triplets [63, 116],
the positively charged cytosine bases excludes counterions due to the local and fixed
charged density parameter [117]. At the pH range of 5 to 5.2, where optimum base-pair
stacking interactions take place, we measured a similar proton uptake of 1.9 moles of
protons per mole of DNA for each type of complex. If we use the Henderson–Hasselbach
relationship and a pKa of 4.6 for the N3 protonation site of cytosine in the random coil
state [118], we estimate a 20% degree of cytosine protonation takes place at pH 5.2.
In a similar exercise, but including the experimental values for the uptake of protons
by each helical complex, we obtain 28% of cytosine protonation for each complex.
This translates to a protonation of 3.3 cytosines out of the 6 needed for an optimum
i-motif complex, along with 6.6 protonated cytosines out of 12 needed in the bimolecular
complex.

In conclusion, we have investigated the unfolding thermodynamics of the structures
formed by the cytosine-rich oligonucleotide [d(CCCTAA)]4. UV and DSC melting pro-
files show the following sequential melting: bimolecular complex(s) → intramolecular
complex → random coil. Acidic pH stabilizes the structures formed at low tempera-
tures, by protonating the cytosines that in turn form C·C+ base pairs. We also determined
standard thermodynamic profiles for the formation of C·C+/C·C+ base-pair stacks in
each of these complexes at the optimum pH of 5.2. These results should help in studying
the different structures formed by cytosine-rich sequences and associated equilibriums.
Furthermore, it has been suggested that the DNA i-motif structure may have some bi-
ological relevance, due to the discovery of nuclear proteins that bind to cytosine-rich
sequences containing repeated stretches of at least three cytosines [119, 121, 121].
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8.8 CONCLUSIONS

We have reported the thermodynamic contributions on the stability and melting behavior
of a variety of intramolecular DNA complexes, including hairpin loops, double hairpins,
three-way junctions, pseudoknots, triplexes, G-quadruplexes, and C-quadruplexes. This
information will improve our current picture of how sequence, loops, and ion binding
control the stability and melting behavior of nucleic acid molecules. The resulting data
will supplement existing nearest-neighbor thermodynamic parameters to help in the
prediction of secondary structure from knowledge of its sequence. Furthermore, the data
should help in the optimization of oligonucleotide reagents for the targeting of specific
transient structures that form in vivo.
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NANOTOXICOLOGY
Diandra L. Leslie-Pelecky

9.1 INTRODUCTION

In 1895, Wilhelm Roentgen discovered that a strange beam coming from the cathode-ray
tube he was studying allowed him to see the bones in his hand against a fluorescent screen.
Roentgen’s discovery of X-rays sparked such great public interest that photographers
were offering X-ray “portraits” by early 1896. In February 1896, a physics professor at
Vanderbilt University persuaded the dean of the medical school to be the subject of a
skull radiograph. Three weeks later the dean’s hair fell out.

X-rays were one of the research community’s first experiences with public reaction
to scientific innovation, but it certainly was not the last. Controversies over geneti-
cally modified organisms and stem-cell research already have had significant impacts
on research and development. While researchers tout the promises of nanomaterials
to produce revolutionary advancements in drug and gene delivery, medical imaging,
and cancer treatment, media coverage has focused on questions about how well we
understand the safety aspects of this emerging technology.

Nanomaterials can have optical, magnetic, electronic, and structural properties that
are unrealizable in corresponding bulk materials. These unusual properties, however,
complicate determining the safety of nanomaterials because nanomaterials often do not
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behave like their bulk counterparts. Our understanding of the bulk toxicity of particular
elements and alloys may not be directly translatable to the nano versions of these ma-
terials. A gold nanoparticle, for example, may not have the same chemical reactivity as
bulk gold. Most nanomaterials used in biological applications contain multiple compo-
nents for targeting, increasing circulation time, or other functionalities, which further
complicate matters. Ironically, the very feature that makes nanomaterials so promising
is the same feature that raises very important questions about potentially toxic effect.

An additional, but equally important, issue is the public perception of nanotechnol-
ogy. In 1986, Eric Drexler expressed fears that self-replicating nanotechnology could
spread at exponential rates. His use of the term “grey goo” to describe the eventual
takeover of society by nanotechnology became one of the most prevalent public images
of nanotechnology. This dire vision of the future was the theme of Michael Crichton’s
book Prey, which featured swarming nanobots intent on destroying their creators.

The casting of nanotechnology as villain surprised even Drexler [1]. In 2004, Drexler
noted surprise at how warnings had dominated the public perception of nanotechnology:

I expected the contemplation of the broad societal impacts of nanotechnology
to cause some discomfort, but did not expect that depictions of swarms of self-
replicating nanobugs would dominate popular perceptions of advanced nanotech-
nology, nor did I envision that the term “nanotechnology” would come to describe
a wide range of almost unrelated research fields, and that efforts to disassociate
those fields from concerns about “grey goo” would spur false scientific denials of
the original concepts.

Despite Drexler’s recent statement that “I wish I had never used the term ‘grey
goo’ ” [2], the idea that nanotechnology represents a potential threat remains in the pub-
lic awareness due to the popular press and governmental studies [3–8]. Governmental
reports generally have been supportive of nanotechnology, but express concerns about
rushing forward without reliable, consistent data on which to base decisions and regula-
tory activities. The continuing public interest emphasizes the need to accurately assess
and communicate information about potentially negative effects of nanotechnology to
the public. This brief summary of the literature regarding questions of toxicity is meant
to provide nanomaterials researchers—especially those coming from the nonmedical
sciences—an introduction to the critical issues surrounding this important topic.

9.2 NANOTOXICOLOGY

9.2.1 Parameters

The fact that nanomaterials behave in new—and sometimes unexpected—ways has
important implications for the field of toxicology [9–18]. While nanomaterials enter
the body in the usual ways (orally, through the respiratory system, through the blood
circulation, and through the skin), they can interact with biological materials very
differently than larger versions of the same material. Although size is important, it is far
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from being the only relevant factor. Chemical composition, surface area, surface charge,
crystal structure, chemical reactivity, solubility, shape, and degree of agglomeration
are also important parameters for understanding toxicity. This produces a much more
extensive list of parameters than those addressed in typical toxicity studies.

Nanotechnology has changed the research paradigm. Addressing complex biomed-
ical issues requires truly interdisciplinary teams; however, the confluence of researchers
from different disciplines underscores a need for common definitions and usage. For
example, does the stated size of a nanoparticle include surfactant, coating, or func-
tionalizing molecules, or does it specify only the core? Coating molecules, or even
residual impurities from synthesis procedures, can change the chemical behavior of a
nanoparticle, so that comparing two gold nanoparticles is not as straightforward as one
might expect. For example, some evidence of toxicity in carbon nanotubes may be due
to residual metal catalysts used in their fabrication [19]. The nature of nanomaterials
is that we cannot say a particular material is “biocompatible”: We must study specific
combinations of materials and evaluate these on an individual basis.

9.2.2 Toxicity Mechanisms

There are numerous reasons why nanomaterials may have greater toxicity than their
bulk counterparts. In general, nanomaterials can penetrate into smaller structures and
move deeper into passageways and tissues than larger particles. Nanoparticles may have
increased mobility within human cells [20–23]. Once inside cells, they can produce
oxidative stress, impair phagocytosis, inhibit cell proliferation, and decrease cell via-
bility. The mechanisms of transport, cohesion, and adhesion are highly dependent on
nanoparticle size [24]. Smaller particles may evade the reticuloendothelial system more
effectively, and thus the nanoparticles remain in the body for longer times. Nanomateri-
als may generate mobile complexes that can enter tissue sites normally inaccessible to
the proteins. Unexpected chemical reactions due to enhanced reactivity can impair func-
tional and structural cell properties. All of these possibilities contribute to the potential
toxicity of nanomaterials.

9.2.2.1 Production of Reactive Oxygen Species. One of the most important
toxicity mechanisms is the production of reactive oxygen species (ROS). For example,
electron capture of O2 can lead to the formation of the superoxide radical O2

–, which
then generates additional ROS. Normally, glutathione and other antioxidant enzymes
maintain equilibrium in the body. An increasing ROS generation rate causes oxidative
stress and triggers inflammatory responses. High levels of oxidative stress perturb the
mitrochondrial PT pore and disrupt electronic transfer, which can produce cellular
apoptosis or necrosis [25]. Reactive oxygen species can damage cellular proteins, lipids,
membranes, and DNA.

The mechanism by which oxidative species are produced is still being studied,
but it appears that pro-oxidative organic hydrocarbons (such as polycyclic aromatic
hydrocarbons and quinones) and transition metals such as copper, vanadium, chromium,
nickel, cobalt, and iron are likely to participate in these reactions [9,25–34]. Many carbon
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nanotube production techniques require a metal catalyst, and significant concentrations
of metals such as nickel, yttrium, and iron can be found in nanotubes, which may
contribute to higher toxicity. Some semiconductors, when photoexcited, can create
electron–hole pairs that can produce ROSs [20].

9.2.2.2 Effect of Physical Parameters. Ascribing toxicity solely to a nano-
material’s size, mass, or surface area is difficult because of the many variables that
characterize a nanomaterial. A coated nanoparticle and a bare nanoparticle of the same
material may have the same size, but distinctly different surface characteristics. Studies
in which these variables can be isolated are difficult, but critical to understanding toxicity
mechanisms [24, 35–37].

One can find in the literature examples in which smaller nanoparticles have greater
toxicity than larger nanoparticles, especially in terms of inflammatory responses, and in
which toxicity can be scaled to surface area or mass uptake [27, 38–45]. Other studies,
however, show no or minimal surface area or size effect, and some show that smaller
nanoparticles are less toxic than larger materials [18,36,46]. One possible contributor to
these results is that aggregation and agglomeration significantly change the surface area
of a material. If smaller nanoparticles aggregate to a greater degree than larger particles,
the aggregates may not be taken up by cells as readily and thus show lower toxicity [24].

The size and shape of the nanomaterials may interfere with the efficiency of
macrophage clearance. Fibrous shapes in which the length is larger than the diame-
ter of the alveolar macrophage cannot be taken up and removed by macrophages [47].
In vitro studies focus primarily on the effect of nanomaterials in cell cultures, which is
measured by cell viability and by the release of chemical mediators such as cytokines
that are related to immunological and inflammatory reactions.

Structural properties also play a role in toxicity because of the role of structure
in determining surface electronic states. Crystalline silica, for example, has a more
deleterious effect on lung epithelial cells than similarly sized amorphous silica particles
[48]. Materials such as TiO2 that have multiple phases for the same chemical composition
may exhibit very different toxicity in the different phases [49].

9.2.2.3 Effect of Surface Chemistry. Other forms of toxicity may be produced
by unanticipated chemical reactions, including protein denaturation, membrane damage,
DNA damage, and immune reactivity. The requirement of putting nanomaterials in an
aqueous suspension adds another level of complexity because toxicity may be due to
functionalizing molecules [36] or unexpected reactions between the nanoparticles and
the functionalizing molecules [50].

Surface treatment is one route to mitigating surface reactions. Direct toxicity of
materials is a problem in semiconductor quantum dots, which are possible alternatives
to organic dyes. Most cadmium-based materials, such as cadmium selenide (CdSe) and
cadmium telluride (CdTe), are known to be toxic, due to the release of Cd and/or Se ions
[51–54]. A zinc selenide (ZnS) coating was used on CdSe to prevent Cd ion release;
however, DNA damage was produced by oxidation of the ZnS cap [55]. Exposure
to UV light appears to increase the amount of damage, likely due to exciton-induced
chemical reactions from the semiconductors. Although surface modifications may confer
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biocompatibility, many coatings can be removed by chemical reactions within the body
(such as oxidation), physical abrasion, or exposure to UV radiation [51, 56].

9.2.2.4 Effect of Surface Charge. Polycationic macromolecules interact
strongly with cell membranes, and the multiple positive charges appear to be an impor-
tant factor in the cytotoxicity for cells of all kinds [50, 57]. The addition of polyanionic
compounds appears to protect against polycationic cytotoxic effects [14]. The polyca-
tion effect also may explain why branched and flexible polymers, which can have more
attachments on a cell surface than rigid or globular polymers, have higher cytotoxic
effects. The configuration of the polymer on the cell surface produces a high charge
density [58, 59]. Globular polymers appear to be less cytotoxic than linear polymers.
Even 2-nm nanoparticles made of gold—a material known for its inertness—were toxic
when made with a cationic surface charge [60]. The mechanism was proposed to be
concentration-dependent lysis mediated by initial electrostatic binding. Surface charge
also affects the degree of agglomeration, which can affect particle uptake [24].

9.2.2.5 Carbon Nanostructures. Carbon nanostructures, such as fullerenes and
nanotubes, deserve special attention because these materials receive the most popular
press. Carbon nanostructures have many potential applications because they have a
unique free radical chemistry and, due to their strong attraction for electrons, antioxi-
dant properties. Some carbon-60 (C60) fullerenes have been found to bind strongly to
nucleotides and may hamper self-repair in double-strand DNA [61]. Carbon nanomate-
rials also have high electrical and thermal conductivity, high strength, and rigidity. The
many potential medical and nonmedical applications suggest that these materials may
be produced on an industrial scale, increasing concern about occupational or accidental
exposure.

There are a wide variety of reports regarding toxicity of carbon fullerenes
(closed cage structures), single-walled nanotubes (SWNT), and multi-walled nanotubes
(MWNT). Some studies suggest not only that fullerenes are nontoxic, but that they may
provide protection against pathologies such as acute or chronic neurodegenerative dis-
eases and liver disease [62–71]. Other reports show that carbon nanostructures produce
O2

− anions, lipid peroxidation, and cytotoxicity in plants and animals [72–78]. For
example, uncoated fullerenes in largemouth bass show lipid peroxidation in brain tissue
and glutathione depletion in gills [75]. Studies comparing carbon nanomaterials with
oxide and metal nanomaterials suggest that, in inhalation studies at least, the toxicity
mechanism may be quite different for carbon nanomaterials [29, 79, 80].

The disparity of results suggests that the problem is more complex than originally
realized. For example, one of the first reports of toxicity in C60 was samples in which the
surface was modified with PVP [81]; however, later studies showed that C60 can react
with PVP to produce highly stable charge-transfer complexes [82]. A similar concern has
been expressed that some fullerene samples are suspended in solution by dissolving C60

in THF and that not all of the solvent was removed prior to toxicity testing [68]. Although
C60 may not cross the blood–brain barrier, the THF may. As mentioned, metal catalysts
used in nanotube fabrication may be toxic, and sample preparation may exacerbate the
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toxicity of these metals [18, 77, 80]. Accurate and detailed characterization of samples
used for these studies is critical.

More derivatized C60 species appear to be less toxic, in part due to a lower efficiency
in generating ROS [72,83]. Derivatization originally was required because carbon nano-
materials are not water-soluble. Toxicity effects ranging over seven orders of magnitude
for different functionalizing molecules have been observed [72]. Aggregation becomes a
factor, because interior members of the aggregate may not be appropriately derivatized.
The most recent studies suggest that sidewall functionalization is significantly better at
reducing toxicity than surfactant coating [84].

9.2.3 In Vivo Studies

9.2.3.1 Inhalation. The largest number of studies of in vivo toxicity deal with the
respiratory route, and most focus on carbon black, TiO2, and diesel particulates. There
remains significant disagreement in the literature, much of which will likely be resolved
by more detailed physical and chemical characterization of the materials being studied.
The primary problems with respirated nanoparticles is that they can travel further into
the lung, have a higher probability for chemical reactions that cause oxidative stress,
and are more likely to persist in the body. Persistent nanoparticles may increase the risk
of tumor formation.

Inhaled particulate matter can induce pulmonary and airway inflammations, inter-
fere with the clearance and inactivation of bacteria in the lungs, and affect other organs
by translocation. Oxidative stress and inflammation may lead to atherosclerotic plaques,
failure to properly regulate heart rate, and decreased blood clotting ability.

Particles smaller than 2.5 �m can reach the alveoli, where clearance requires
macrophage phagocytosis. Macrophage phagocytosis can produce sustained inflam-
mation and some types of nanomaterials interfere with the efficiency of the clearance
[47]. Smaller nanoparticles can take a significantly longer time to clear from the body
and may promote translocation to interstitial sites and regional lymph nodes [85]. Dose-
dependent formation of epithelioid granulomas (combinations of living and dead tissue
that are signs of toxicity) observed with carbon nanostructures appear to originate in
aggregates of nanotube-containing macrophages [79, 86].

Although the primary impact is in the pulmonary system, translocation of nanopar-
ticles leads to circulatory access and allows distribution throughout the body [85, 87].
Translocation is very dependent on the specific properties of the nanoparticles. Many
nanomaterials translocate to the liver, with secondary uptake by the spleen, bone marrow,
heart, kidney, bladder, and brain [12]. Nanoparticles that migrate to the heart can affect
arrhythmia and coagulation [88]. There is evidence that inhaled micron-sized particles
affect the autonomic nervous system, so it is possible that similar or larger effects might
be seen with nanoparticles [89–91]. Recent data suggest that some nanoparticles can
move from olfactory nerve endings in the nose to the brain. Manganese appears to be
translocated in this manner, but iron does not [92, 93].

The lung epithelial barrier is an example of how size can impact translocation. The
epithelial barrier in a dog could be modeled by a three-pore system with pore radii of
1 nm, 40 nm, and 400 nm comprising 68%, 30%, and 2% of the pores, respectively. This
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suggests that smaller nanoparticles could more easily pass through the lung epithelial
barrier [94].

At high doses, toxicity has been observed due to physical blockage produced by
agglomerates. Carbon nanotubes, for example, have a strong electrostatic attraction and
easily form aggregates [79]. A potential advantage of this tendency to agglomerate is
that they may form unrespirable masses and thus decrease exposure [95].

9.2.3.2 Dermal Toxicology. Nanoparticle use in cosmetics (especially sun-
screen) is widespread, with the primary materials being nanoscale TiO2 and ZnO. The
primary barrier to absorption through the skin is physical: the outer layer of the epi-
dermis, which contains mostly dead skin cells. There is less information about dermal
toxicity nanoparticles than about other types, and specific skin conditions may affect
greatly the penetration of nanoparticles; however, the primary toxic mechanism appears
to be generation of ROS. Whether the nanoparticles penetrate the epidermis depends on
a number of factors. Movement of the skin or damaged skin can allow the penetration of
microscale beads to the dermis and may allow movement to regional lymph nodes, where
chemical reactions with proteins can affect the autoimmune system [96, 97]. There is
evidence that submicron particles penetrate the skin shallowly and may penetrate more
deeply via hair follicles [98, 99]. Smaller particles may penetrate far enough into the
skin to interact with the immune system [100], or they may not penetrate deeply enough
to be removed to the lymph nodes by macrophages and remain in the skin [101]. Even
when nanoparticles remain in the dermis, molecules associated with the nanoparticle
may detach and be transported through the skin.

An addition factor for dermal toxicity is the possibility of light-stimulated changes
to the nanomaterials. Semiconducting anatase TiO2 can create an electron–hole pair by
absorbing a photon of light in the UVA or UVB region; interaction of this pair with water
can produce ROS, including hydroxyl radicals, singlet oxygen, and superoxide [102].
Some researchers found that coating with inert oxides (silica, alumina, or zirconia) may
reduce ROS generation [18]; however, photostimulated ROS production has been seen
in commercial sunscreens [103].

9.2.3.3 Other Pathways. Nanoparticles can enter the gastrointestinal tract by
direct methods (eating and drinking), or as a result of clearance via the mucociliary
escalator in the respiratory tract. Most nanoparticles are rapidly eliminated through the
bowel [104, 105]. Particle size, surface charge, and attachment of ligands or surfactants
affect particle uptake [106–109]. In general, smaller particles are taken up more than
larger particles and can be transported to the liver, spleen, blood, and bone marrow
[110–112].

Ingestion of water-soluble radiolabeled fullerenes in rats show a 98% clearance in
feces, while 90% of radio-labeled fullerenes administered intravenously were retained
for at least a week with more than 70% residing in the liver [113, 114]. Intravenously
injected water-soluble-single-walled carbon nanotubes functionalized with chelating
molecule diethyletriaminepentaacetic and a radiotracer were found to be rapidly cleared
from systemic blood circulation in mice via renal excretion with a half-life of about
three and a half hours. Both functionalized SWNT and MWNT were excreted as intact
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nanotubes [115]. As in inhalation, aggregation plays a role in toxicity. Intestinal obstruc-
tion due to agglomerates of nanoscale zinc (Zn) powders produced mortality in some
mice, while no impairments were observed with microscale Zn [116].

9.3 CONCLUSIONS

The field of nanotoxicity is in the very early stages of development, but it is clear from the
available data that our knowledge of bulk material toxicity is not directly transferable to
nanoscale counterparts. The toxicology community is developing methods and protocols
to collect relevant and specific data on nanomaterial toxicity. Federal funding of studies
specifically aimed at determining toxicity is increasing. Improved physical and chemical
characterization of nanomaterials, combined with detailed reporting of these parameters,
will help in comparing toxicity studies. In some respects, the question of whether carbon
nanotubes are “safe” is academic because most biomedical nanosystems contain multiple
materials. A definitive determination as to whether C60 “is toxic” is not as important as
determining the toxicity of specific formulations.

Despite the potential for greater toxicity, nanomaterials will be an important tool in
toxicology because of the ability to tightly control size dispersion, surface characteristics,
and purity compared to naturally occurring materials. Toxicologists have an opportunity
to investigate in greater detail the mechanisms responsible for toxicity, especially in
the interactions of nanomaterials with cells. Once toxicity mechanisms are determined,
nanoparticles that do exhibit toxic effects may find use as antibiotics or anticancer
agents.

Finally, nanomaterials researchers need to be aware of the high visibility of any-
thing “nano” in the eyes of the public. Previous experiences with stem cell research,
dioxins, and genetically modified organisms should serve as lessons. Reports of poten-
tially toxic effects of fullerenes have received far more attention in the popular press
than have reports of nontoxic formulations. Special interest groups already have called
for a moratorium on nanomaterials research and development [117, 118]. One highly
publicized incident, even if minor, could prove a serious setback to progress. It is in the
best interests of nanomaterials researchers to educate the public so that they can make
informed decisions about the role that nanomaterials will play in their lives.
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Magnetic drug targeting, 35–36, 37, 41–43
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Magnetic microbubbles, 43–45, 46, 47, 48
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energy transfer therapy mechanisms, 71–77
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system, 125
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MMH (magnetically mediated hyperthermia), 72–75
MRI. See Magnetic resonance imaging (MRI)
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biosensing applications, 11–12
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Nuclear transport, 26, 27, 29, 119
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211–212
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deoxyoligonucleotide sequence, 193

melting behavior of motifs, 206–209
role of CD spectroscopy, 201–203
role of differential scanning calorimetry, 203–206
unfolding thermodynamics, 200–206

Tumors. See Cancer

U

Ultrasound, in localized delivery, 43–45, 46, 47,
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Figure 2.1. Viral entry into cells, schematic overview. Viruses bind to cell surfaces via

receptor–ligand interactions. Many virus species are taken up into cells by endocytosis, like

adenovirus (A) or membrane-coated viruses such as influenza virus (C). Other membrane-

coated viruses such as retroviruses (B) directly fuse their membranes with the plasma mem-

brane. Endocytosis proceeds via segregation of membrane-surrounded vesicles (endosomes)

from the plasma membrane. A proton pump in the endosomal membrane mediates the acid-

ification of the endosomal lumen. This pH change triggers conformational rearrangements

of viral proteins, which then by interaction with the endosomal membrane can lead to the

disruption of endosomes (like in the case of adenoviruses) or to the fusion of endosomal and

viral membranes (like in the case of influenza virus). These membrane disruption/fusion events

are essential parts of viral entry into cells, which ultimately leads to uptake/transport of viral

genetic information into the cell nucleus.
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Figure 2.2. Nonviral vectors for nucleic acid delivery (sometimes called artificial viruses) are

prepared by self-assembly of synthetic modules that mimic essential viral functions that allow

them to infect cells. The self-assembly process is mostly based on noncovalent interactions of

the individual modules such as electrostatic and hydrophobic interactions. The most important

interaction is the one between the nucleic acid and a polycation or a cationic lipid, which can

lead to the formation of a charged nanoparticle that is able to transfect cells. The functionali-

ties of receptor binding, membrane destabilization (such as endosome lysis), nuclear targeting,

and biocompatibility can be covalently coupled to a DNA binding/compacting moiety or can be

incorporated into the complex as individual molecules by noncovalent interactions. The center

of the figure shows toroidal nanoparticles that are typically formed upon mixing of plasmid

DNA and polycations.
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Figure 5.1. Progress of drug delivery from “macro” systems that interact at the organ level

to “micro” systems that interact at the cellular level to “nano” systems that interact at the

cellular level. Length scale has a significant influence on drug delivery in terms of reaching the

target site, modifying the biodistribution of the drug, and enhancing the efficacy of the drug.

(a) (b)

(c) (d)

Figure 5.6. Confocal images showing lung epithelial cells. (a) Under phase contrast. (b) Local-

ization of FITC-labeled PAMAM G4 hydroxyl terminated dendrimer in the cytoplasm. (c) Local-

ization of lysosomal marker (lysotracker) in the lysosomes. (d) Co-localization of FITC-labeled

dendrimer and lysostracker in the lysosomes. Images were captured 30 min after treatment.
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Figure 5.7. (a) Flow cytometry analysis of lung epithelial cells treated with FITC-labeled

ibuprofen–PAMAM G4 OH dendrimer conjugate at different time points. The shift in intra-

cellular fluorescence intensity indicates the rapid cellular uptake of the conjugate. Key: Red,

0 min; green, 5 min; black, 30 min; blue, 60 min; brown, 240 min (b) Confocal image showing

the localization of FITC-labeled ibuprofen–dendrimer conjugate in the cytoplasm after 2 hr of

treatment.
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Figure 6.5. Poly(ethyleneimine) cross-linked poly(ethylene oxide) nanogel. (Reproduced

with permission from Ref. 71, Figure 6.1. Copyright 2005, Elsevier Ltd.)

Figure 6.9. Y-shaped copolymer self-assembly to give micelle structures. (Reproduced with

permission from Ref. 113, Figure 6.8. Copyright 2006, John Wiley & Sons, Inc.)

Figure 6.10. Internal structural variation in micelle gels. (Reproduced with permission from

Ref. 117, Figure 6.1. Copyright 2001, Elsevier, Ltd.)
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Figure 6.11. Schematic representation of CHP nanogel preparation by physical cross-linking

(self-assembly). (Reproduced with permission from Ref. 128, Figure 6.1. Copyright 2004,

Elsevier, Ltd.)

(a)

(b)

Figure 6.14. Classical emulsion polymerization technique for nanogel preparation.
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Figure 6.16. Radiation mechanism for (a) bulk/micro gel and (b) nanogel formation. (Repro-

duced with permission from Ref. 203, Figure 6.2. Copyright 2003, American Chemical Society.)
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Figure 7.3. (a) OCT image of a gelatin phantom embedded with TiO2, and the concentration

of TiO2 was controlled at 1 mg/mL to nimic the background scattering of soft tissues. The right

portion of the phantom contained 1 nM of gold nanocages while the left portion did not

contain any gold nanocages. (b) Plots of the OCT signals on a log scale as a function of depth.

Note that the OCT signal recorded from the portion of phantom with gold nanocages decays

faster than the portion without nanocages. (Reprinted with permission from Nano Lett. 5 (3),

473–477, 2005. Copyright c© 2006 American Chemical Society.)
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Figure 7.5. (a) Schematic illustration of tumor targeting and surface attachment of nanopar-

ticles. (b) Gold nanoparticles mediated tumor therapeutic modalities.
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