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In this review, we describe the contribution of peptides to the biomedical applications of
metallic nanoparticles. We also discuss strategies for the preparation of
peptide-nanoparticle conjugates and the synthesis of the peptides and metallic
nanoparticles. An overview of the techniques used for the characterization of the conjugates
is also provided. Mainly for biomedical purposes, metallic nanoparticles conjugated to
peptides have been prepared from Au and iron oxide (magnetic nanoparticles). Peptides
with the capacity to penetrate the plasma membrane are used to deliver nanoparticles to the
cell. In addition, peptides that recognize specific cell receptors are used for targeting
nanoparticles. The potential application of peptide—nanoparticle conjugates in cancer and
Alzheimer’s disease therapy is discussed. Several peptide-nanoparticle conjugates show
biocompatibility and present a low degree of cytotoxicity. Furthermore, several
peptide-metallic nanoparticle conjugates are used for in vitro diagnosis.

Nanotechnology and nanoscience studies have
received much attention in the last decade. One
of the major developments in these fields is the
production and application of nanoparticles
(NPs) in biological sciences. In general, NPs are
smaller than 100 nm, contain 20-15000 atoms
and are present in a realm that straddles the
quantum and Newtonian scales. Metallic NPs
offer a number of applications of interest in bio-
medicine. The size of these particles can be con-
trolled from a few nanometers up to tens of
nanometers, which places them at dimensions
that are smaller than or comparable with those of
a cell (10-100 pm), a virus (20-450 nm), a pro-
tein (5-50 nm) or a gene (2nm wide and
10-100 nm long). The possibilities of these sizes
imply that they could get close to a biological
target of interest. When metallic NPs are mag-
netic, they can be manipulated by an external
magnetic field gradient. This action at a dis-
tance, combined with the intrinsic penetrability
of magnetic fields into human tissue, opens up
many applications involving the transport
and/or immobilization of magnetic NPs, or of
magnetically tagged biological targets 1. Thus,
NPs can be used to deliver a cargo, such as an
anticancer drug, or a cohort of radionuclide
atoms to a targeted region of the body, such as a
tumor. Furthermore, metallic NPs can be made
to resonantly respond to a time-varying mag-
netic field, with advantageous results related to
the transfer of energy to these particles. For
example, the NP can be made to heat up, which
leads to its use as a hyperthermia agent, thereby

10.2217/17435889.2.3.287 © 2007 Future Medicine Ltd ISSN 1743-5889

delivering toxic amounts of thermal energy to
targeted bodies, such as tumors, or as a chemo-
therapy and radiotherapy enhancement agent,
where a moderate degree of tissue warming
results in more effective destruction of malignant
cells. The special physical properties of magnetic
NPs allow these and many other potential appli-
cations in biomedicine, such as the in vivo mag-
netic resonance detection of cancer by using
multifunctional magnetic nanocrystals or the use
of nanoshells (formed by a silica core covered by
a thin metal shell, which is typically Au), for
imaging and cancer therapy [2.3].

Metallic NPs used in therapy and diagnosis
must be nontoxic, biocompatible and stable in
biological media. Furthermore, they must selec-
tively address the desired target. NPs can be
coated with biological molecules to make them
interact or bind to a biological target, thereby
providing a controllable means of ‘tagging’ or
targeting it. To ensure that the NP reaches the
desired target, it is important to anchor a vector
that specifically recognizes the target. From the
point of view of molecular recognition, peptides
have excellent properties that allow them to par-
ticipate in ligand-receptor and protein—protein
molecular interactions [4]. For instance, peptides
are involved in molecular recognition of anti-
bodies, which is relevant in the field of clinical
diagnosis of infectious diseases 5] and in the
design of new drugs and vaccines [6].

Mainly for biomedical purposes, metallic
NPs conjugated to peptides have been prepared
from Au and iron oxide (10; magnetic NPs),

Nanomedicine (2007) 2(3), 287-306 287
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and there are a few examples of other magnetic
NPs developed from Co. Gold nanoparticles
(AuNPs) have the advantage that they present a
high degree of stability and biocompatibility. By
contrast, magnetic NPs are less stable and bio-
compatible. Capping NPs with peptides
increases stability and biocompatibility and
allows them to be directed to the desired target.
In the first three sections of the review, we dis-
cuss the methods for the synthesis of the building
blocks required for the preparation of peptide—NP
conjugates, such as AUNPs, iron oxide naoparticles
(IONPs) and peptides. In the following sections,
the strategies for the preparation and characteriza-
tion of peptide—metallic NP conjugates are dis-
cussed. In the further sections, we address how
peptides can contribute to the biomedical applica-
tions of metallic NPs. It is important to mention
that several applications of these NPs have been
described in the literature; however, we provide a
few existent examples of the use of metallic NPs
conjugated to peptides for medical applications.
Finally, we draw conclusions and raise concerns
that must be addressed regarding the use of these
nanomaterials for biomedical purposes.

Preparation of AuNPs

Colloidal Au materials were discovered in ancient
times, as reported by Daniel and Astruc [7).
Many routes to synthesize AUNPs have been
described, but most start from Au (I11) salts,
which are then reduced to metallic Au. Almost
all methods use HAuCI, as the starting reagent
in H,O. However, methods that involve other
solvents are also available. The cornerstone of
this process is not allowing the metallic Au
nanocrystals produced to grow indefinitely.
Thus, a chemical agent is added to stabilize a
AuUNP. Given the small sizes of the crystals, the
interface between these and their medium is
large and, therefore, the surface exposed is also
extensive. Stabilizing agents lower interfacial
tension by covering the surface of the NP,
thereby forming a monolayer. This cover is
sometimes called capping, a key point in the syn-
thesis of NPs since it determines the stability of
these molecules. The resulting system has the
properties of a lyophobic colloidal dispersion of
metallic Au, rather than those of a dissolution.
However, if there is enough dispersant, the colloid
is transparent and resembles a dissolution.

Since crystallization cannot be controlled eas-
ily, the resulting AUNPs are not uniform in size.
Therefore, the size dispersion obtained is ana-
lyzed by a number of microscopy techniques,

Nanomedicine (2007) 2(3)

such as transmission electronic microscopy
(TEM), scanning electronic microscopy (SEM)
and atomic force microscopy (AFM). Variations
in size and size dispersion are obtained in func-
tion of the reducing reagent and technique used.
In recent years, several external-aid techniques
have been used to achieve an improved control
of size dispersion. These techniques are
described briefly below.

The classical sodium citrate reduction is one
of the oldest methods, and is by far the most
widely used. It was first described by Turkevich
and colleagues in 1951 [g]. In essence, it consists
of an aqueous HAUCI,, reduction with trisodium
citrate as the reducing and stabilizing agent. The
resulting NPs acquire a citrate layer over their
surface, which confers stability. However, citrate
can be easily displaced by several species that
form stronger interactions with Au. TEM has
shown that these NPs are approximately 20 nm
and show little dispersion. Later, it was discov-
ered that size can be controlled by changing the
HAuCI :citrate ratio [9. NPs could be conju-
gated with peptides directly conjugated with a
Cys or a bifunctional linker.

In addition, AuNPs can be prepared by
reduction of HAuUCI, using a surfactant
method. In this technique, the surfactant forms
micelles, which stabilize the NPs. In this case,
reduction reagents stronger than citrate are usu-
ally applied, such as NaBH,. Many surfactants
have been used for this purpose, most of which
are quaternary ammonium salts, such as cetyl-
trimethylammonium bromide (CTAB) and,
recently, didodecyldimethylammonium bro-
mide (DDAB) [10] and tetradodecylammonium
bromide (TTAB) have also been described [11].
Anionic surfactant syntheses are less frequent,
but a number have also been reported [12].

The resulting NPs usually have smaller mean
sizes than their citrate counterparts, although
they have broader size dispersion, unless a seed-
ing procedure is used. In this procedure,
smaller NPs (usually less than 6 nm in diame-
ter) are synthesized first, and they are known as
seeds. Later, these seeds are grown under
another HAuUCI,-reduction stage [13]. AUNPs
can be stabilized by thiols and other sulfur
compounds. In this case, the NPs are obtained
with a strong reducing agent, as in the previous
method, but the strong interaction between
sulfur and Au allows thiol compounds to form
a self-assembled monolayer (SAM) adsorbed
over the NP surface, thereby conferring the
NPs increased stability.

fsg

future science group



fsg

future science group

Peptides and metallic nanoparticles for biomedical applications — REVIEW

In recent years, several new techniques using
an external energy source have been tested. These
offer several advantages and disadvantages com-
pared with traditional techniques. Microwaves
have been applied to increase the solvent temper-
ature via microwave irradiation [14,15). In this
case, a slightly narrower size range is achieved.
This technique is also faster than the typical
reflux apparatus used in classical citrate reduc-
tion. In one of the methods described, a micro-
wave oven is modified to obtain reflux. In
addition, laser irradiation can be used through
direct ablation of a metallic Au surface [16] or to
control the standard reduction of HAuClI, [17]. In
the former case, no reduction is performed, the
process is completely physical and laser simply
destroys a Au bulk material leaving Au nanosized
pieces. The resulting particles show more irregu-
lar shapes, as shown by TEM micrographs. The
ultrasound technique is used to generate H and
hydroxyl radicals. Similar to traditional methods,
ultrasound methods start from Au salts, but H
radicals are used as the reducing agents and a
range of sizes and shapes are obtained [18-20].
X-ray and y-ray radiation have also been applied
for the preparation of Au colloids [21,22] and have
achieved efficient yields and small size disper-
sions, without requiring heat. The reduction
mechanisms for x- and y-rays have been studied
by Karadas and colleagues [23] and Gachard and
colleagues [24], respectively.

AuNPs can be stabilized with biological mole-
cules. The recent findings for the biological appli-
cations of these particles have introduced the
need for biocompatibility. In this case, the main
concern is the outer capping, which can make
NPs toxic per se or nontoxic. This capping can
also enhance rejection by the immune system.

Laser-ablation synthesis has been used to sta-
bilize AUNPs with known biocompatible mole-
cules, remarkably, cyclodextrins, 3-
mercaptopropionic acid and N-propylamine [25].
In this study, the authors note that traditional
chemical techniques require the presence of toxic
by-products, therefore, laser ablation and x-rays
are proposed as alternatives for the synthesis of
biocompatible NPs. However, another recent
study describes a simple synthesis using isoascor-
bic acid as a reducing reagent [26], which appears
to be a promising candidate for biologically
compatible NP dispersions. Another possibility
is simply to synthesize NPs with one of the
methods described above and later functionalize
them with known biomolecules. This method
will be described later.

www.futuremedicine.com

Preparation of IONPs
The synthesis of magnetic NPs with customized
sizes and shapes remains a scientific and techno-
logical challenge. IONPs have been used for bio-
medical purposes for 40 years and several studies
have addressed this subject. The preparation of
these NPs has been reviewed recently by Gupta
and Gupta [271. Physical methods, such as gas-
phase deposition and electron beam lithography,
are elaborate procedures that have the disadvan-
tage that the size of particles in the nanometer
range cannot be controlled. The wet chemical
routes for the preparation of magnetic NPs are
simpler, more tractable and efficient and allow
appreciable control over size, composition and
sometimes even the shape of the particles.
IONPs (either Fe;O, [magnetite] or y-Fe,O4
[maghemite]) can be synthesized through the co-
precipitation of Fe2* and Fe3* aqueous salt solu-
tions by the addition of a base [26]. The control of
size, shape and composition of NPs depends on
the type of salts used (e.g., chlorides, sulphates,
nitrates or perchlorates), the Fe2* and Fe3* ratio,
pH and ionic strength of the media [29,30]. Fur-
thermore, the precipitation to obtain the parti-
cles can be performed in constrained domains.
Advancement in the use of magnetic particles for
biomedical applications depends on the develop-
ment of new synthetic methods with better con-
trol over NPs size distribution, magnetic
properties and surface characteristics. Organized
assemblies [31] or complex structures have been
used as reactors [32] to obtain ultrafine magnetic
IONPs. Stable aqueous magnetic suspensions
can also be prepared using various saturated and
unsaturated fatty acids as primary and secondary
surfactants [33]. In practice, however, little con-
trol can be exercised over the size and size distri-
bution of the nanostructures. Moreover, owing
to the constraints of low reagent concentrations
required by this synthetic procedure, only small
amounts of IONPs can be obtained. A variety of
other methods based on the principle of precipi-
tation in highly constrained domains have been
developed; these include sol—gel preparation [34],
polymer matrix-mediated synthesis [35] and pre-
cipitation using microemulsions [36] and vesicles
137]. Small amounts of IONPs have been pro-
duced in apoferritin cages and laboratory-grown
bacteria [38].

Peptide synthesis

Although several methodologies have been
described for peptide synthesis [39], the one of
choice for the preparation of peptides to be
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linked to NPs is the solid-phase technique,
introduced by Merrifield in the 1960s [40]. Due
to its simplicity, this method can be performed
by nonspecialist chemists for the synthesis of
short peptides. Solid-phase peptide synthesis
(SPPS) is based on linking the first amino acid
of each sequence onto a solid support that is
insoluble and inert to all the reagents and sol-
vents used in the synthesis. SPPS is carried out
in a single reactor, reactions are driven to com-
pletion by using large excess of the soluble rea-
gents and excess of reagents and all soluble side
products are removed by filtration and wash-
ings. After the incorporation of the first amino
acid, a recurrent synthetic protocol is applied,
which consists of the addition of a new residue
at each time point. The a-amino group and lat-
eral side chains are protected to prevent possi-
ble side reactions. For the incorporation of each
amino acid, the carboxyl function must be acti-
vated. This is performed by using carbodiim-
ides in the presence of N-hydroxybenzotriazoles

or stand-up coupling reagents, such as uro-
nium/aminium or phosphonium salts [a1].
After coupling, the extent of the coupling is
verified by a colorimetric test, the ninhydrin
test being the most convenient. If this test is
positive (presence of free amines), the coupling
is repeated until the reaction is completed [42].
At the end of the synthetic process, the peptide
is released from the resin. Figure 1 shows the
SPPS methodology.

The most convenient chemical SPPS strategy
is the so-called fluorenylmethyloxycarbonyl
(Fmoc)/tert-butyl (tBu) [431. Thus, Fmoc, which
is removed by means of piperidine through a
B-elimination reaction, masks the a-amino func-
tion, and trifluoroacetic acid (TFA) labile
groups, such as the tBu, trityl (Trt) or activated
sulfonyl, are used for the side-chain functions.
When possible, peptides are synthesized in the
form of a C-terminal amide using, for instance, a
Rink amide resin. This resin is highly convenient
because the incorporation of all amino acids is

Figure 1. Solid-phase peptide synthesis strategy.
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Figure 2. Two strategies for the preparation of peptide-Au

nanoparticle conjugates.
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carried out through the formation of an
amide/peptide bond. When C-terminal acid
peptides are required, the chloro-2-chorotrityl
resin (CTC or Barlos resin), which can release
the peptide even in the presence of a low TFA
concentration solution, is recommended.

For the preparation of the peptide—AuNP
conjugate following strategy A (Figure 2), the pep-
tide is linked to the AuNP by a thiol group,
which can be present in the peptide through a
Cys residue. The peptide is synthesized using a
Cys protected with Trt, which is removed during
the final cleavage from the resin. The Trt group
also serves to protect the thiol group present in
the bifunctional linker through a carboxyl group
held in the linker. This Cys-protected amino
acid is usually incorporated at the end of the
stepwise elongation at the N-terminal a4). If nec-
essary, peptides can be purified by high-perform-
ance liquid chromatography (HPLC) before
incorporation to the NPs [45].

Preparation of peptide-metallic

NP conjugates

Two main strategies to bind peptides to AUNPs
have been reported. In strategy A, the conjugation
of a peptide with biological activity to a AUNP is
by means of the spontaneous reaction of a thiol
(present in a Cys moiety belonging to the peptide
sequence) (Figure 2, Strategy A) with the AUNP sur-
face. Thiols are the most important type of stabi-
lizing molecule for AUNPs of any size. It is an
accepted assumption that the use of thiols leads to
the formation of strong Au-S bonds [4e].

One example of this kind of conjugation is
the binding of the peptide CLPFFD (Cys—PEP)
to the Au surface, as recently reported by our
group 471. Other examples include the conjuga-
tion of CALNN peptides, reported by Levy and
colleagues [48-50]. By contrast, in strategy B, a
functionalized NP is capped with a linker,
which is then activated and functionalized with
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the biologically active peptide. The linker is a
bifunctional molecule containing a thiol, which
allows binding to the Au surface, and a functional
group (e.g., carboxyl group), which is bound to
the peptide. One example of this strategy is the
functionalization of AuNPs with tiopronine and
the conjugation of these functionalized NPs with
the peptide GRKKRRQRRR [51].

In the case of IONPs, they are first stabilized
with an adsorbed layer of a biocompatible poly-
mer, such as dextran or polymetacrylate, and the
peptide is then conjugated with the biocompatible
IONPs (Figure 3) [27].

Various biological molecules, such as anti-
bodies, proteins, peptides and targeting ligands,
can also be bound to the polymer surfaces on the
NPs by chemical coupling via amide or ester
bonds to make the particles target specific. Linker
molecules, such as N-succinimidyl 3-(2-pyri-
dyldithio) propionate (SPDP), N-hydroxysuccin-
imide or N,N"-methylene-bisacrylamide (MBA),
are commonly used to attach the peptide mole-
cules to the polymer surface on the NPs [52). Lig-
ands, such as the Tat sequence (which enhances
intracellular delivery) (5354 and RGD (which
increases cell spreading and differentiation and
enhances DNA synthesis), have been attached to
IONPs (Figure 4).

Characterization of peptide-metal

NP conjugates

The characterization of metallic NPs is an
extended field that is out of the scope of this
review. Our attention is focused on the tech-
niques that allow the characterization of pep-
tide—-metal NP conjugates. The characterization
of conjugated peptide—AuNPs requires the use of

Figure 3. Biocompatibilization of iron

oxide nanoparticles.

QR

CONH-peptide

(A) An iron oxide nanoparticle capped with a
biocompatible polymer and functionalized with a
peptide. (B) Transmission electron microscopy
micrograph ofiron oxide nanoparticles
biocompatiblized with polymetacrylate. The
diameter is 8 £ 2 nm.

(Kogan MJ et al. Unpublished Data).
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Figure 4. Triple-label cross-linked iron oxide nanoparticles-Tat.

45 nm

o | % /\/%/\

HO

The magnetic particle developed consists of a central superparamagnetic iron oxide core (dark purple core) sterically shielded by cross-
linked dextran (purple). The particle core measures approximately 5 nm and the overall particle size is 45 nm. The fluorescein
isothiocyanate-derivatized Tat peptide (blue) was attached to the aminated dextran, thereby yielding an average of four peptides per
particle. The dextran surface was also modified with the chelator diethylene triamine penta-acetic acid (pink) for isotope labeling.
Modified from [53].

.
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TAT sequence

Cys—Lys—Tyr—Gly—Arg—Arg—Arg—Gin—
Arg-Arg-Lys—Lys—Arg—Gly—H

COOH
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combined approaches. A preliminary evaluation
of the conjugation can be performed using tech-
niques such as ultraviolet (UV)-vis spectroscopy.
This technique provides information concerning
NP capping. Several procedures, such as x-ray
photoelectron spectroscopy (XPS), can be used to
characterize and determine the presence of Au-S
bonds. Vibrational spectroscopy methods, such
as infrared (IR) spectroscopy, are well suited for
the detection of chemical bonds. In addition to
the spectroscopic techniques, TEM and dynamic
light scattering (DLS), which allows determina-
tion of the size, shape and aggregation state of the
conjugates, have been described. Furthermore,
other useful approaches are available, such as

Nanomedicine (2007) 2(3)

amino acid analyses combined with HPLC,
which allows the determination of the ratio of
peptide molecules per NP. Furthermore, zeta
potential measurements give an idea of the sur-
face charge around the NPs. The next section
provides a brief description of these techniques
and representative examples are provided.

AuNPs display optical properties that could be
exploited in optoelectronic devices [s51. The
source of the optical absorption is the surface plas-
mon resonance (SPR). Small shifts in the position
of the SPR occur as a result of changes in the die-
lectric properties of the medium in which the Au
particles are found or the presence of materials
adsorbed on the surface of the Au particle. Mie’s
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scattering theory is frequently used to explain
shifts in SPR [se-58]. The theory predicts that
shifts in this resonance can also occur when parti-
cles deviate from spherical geometry. In this sce-
nario, the transverse and longitudinal dipole
polarizability no longer produces equivalent reso-
nances. Consequently, two plasmon resonances
appear, a broadened and red-shifted longitudinal
resonance and a transverse resonance whose
absorbance remains centered around 540 nm
[59,60]. Aggregation causes coupling of the plasma
modes of AUNPs, which results in a red shift and
broadening of the longitudinal plasmon reso-
nance in the optical spectrum [e1. Mandal and
Sin have systematically studied the effect of pH
on the assembly/disassembly of carboxylated pep-
tide-functionalized AuNPs  (peptide—AuNPs)
driven by H-bond interactions [62. The pep-
tide—AuNPs show a characteristic SPR band at
527 nm with an average particle size of 8.7 nm.
Figure 5 shows a set of UV-vis spectra with a
change in the SPR band of peptide—AuNP sus-
pensions at various pH values (viz., 2, 2.5, 3, 3.5,
4, 4.5 and 6-7) taken 15 min after acidification of
the medium occurs. The change in the SPR bands
indicates that aggregation of the AuNPs differs
depending on the pH.

Figure 5. UV-vis absorption spectra of peptide-Au
nanoparticles at a range of pH values taken 15 min after the

adjustment of the respective pH values.

Absorbance (Arbitrary unit)
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Reproduced with permission from [62]. ©2007, American Chemical Society.
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An example of the shift of the SPR band was
reported by Kogan and colleagues [471. These
authors observed that the conjugation of
AuNPs with Cys—PEP produces a red shift in
the SPR of the colloidal AuNPs (from 519 to
527 nm when Cys—PEP is attached to the
AuNPs). The small shifts in the position of the
SPR occur as a result of the presence of the
peptides adsorbed on the surface of the AuUNPs.
By contrast, UV-vis spectroscopy is useful to
determine the stability of the conjugates in a
range of ionic strengths and pHs. Levy and col-
leagues studied the stability of AuNPs capped
with the peptide CALNN and defined the
aggregation parameter to evaluate stability in
distinct conditions [4s].

The size, shape and aggregation state of NPs
can be determined by TEM. An example of this
characterization is the study published by De la
Fuente and colleagues, who reported the synthe-
sis of water-soluble AuNPs functionalized with
the Tat protein-derived peptide sequence [63].
Figure 6 shows the TEM image and core size
distribution histogram of these AUNPs.

Tkachenko and colleagues synthesized pep-
tide—AuNP complexes [64,65]. These were assem-
bled by conjugating peptides to bovine serum
albumin (BSA) and then attaching BSA—peptide
conjugates to AuNPs. The capped AuNPs were
observed by TEM. A low electronic density was
observed around these particles (Figure7). In
addition, BSA-peptide conjugates to AuNP
were analyzed by DLS. DLS and TEM together
revealed that these conjugates add 4 nm to the
hydrodynamic diameter of the particle.

XPS is a powerful technique widely used for
the surface analysis of materials. At low energy
resolution, it provides qualitative and quantita-
tive information on the elements present, while
at high energy resolution, it gives data on the
chemical state and bonding of these elements. In
the XPS technique, x-ray photons of a well-
defined energy hit the sample and eject photo-
electrons from the atomic core level and valence
levels. A computer-based data system helps to
differentiate the electron energies and accumu-
lates counts of the electrons detected, hence gen-
erating a photoelectron spectrum. The data
system is also used for subsequent manipulation
of spectra, such as element identification, quan-
tification, curve fitting and plotting. The x-rays
penetrate several micrometers (1-3 um) into the
sample, thereby producing photoelectrons
throughout the penetration depth of the rays.
The energy of the photoelectrons emitted is

293



REVIEW - Kogan, Olmedo, Hosta, Guerrero, Cruz & Albericio

Figure 6. Transmission electron microscope micrographs and
core size distribution histograms (inset) of AuNP-tiopronin

nanoparticles.
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Reproduced with permission from [63]. ©2005, American Chemical Society.
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characteristic of their original electronic states,
which include bonding state information. The
photoelectrons that escape into the vacuum are
collected, their energy resolved, slightly retarded
and counted, which results in a spectrum of elec-
tron intensity as a function of the measured
kinetic energy. The kinetic energy values, which
are source dependent, are converted into binding
energy (BE) values, which are source independ-
ent. The binding energies of the electrons meas-
ured are characteristic of the chemical structure
and bonding of the material. By comparing the
experimentally measured BE values with those
available in various reference sources, the chem-
ical nature, state or species of the surface can be
determined. Several examples of the use of XPS
for characterizing peptide-coated AuNPs can be
found in the literature [e6]. Another example of
XPS for the characterization of AUNP conju-
gates was described by Kogan and colleagues
[471. AUNPs were linked to the peptide Cys—PEP,
thereby forming the conjugated
AUNP-Cys—PEP. The relative intensity of the Au
peaks indicated that approximately 20-25% of
Au atoms shift to higher energies. This shift
would correspond to the atoms bound to the Cys
at the surface layer of the particle.

The preparation and properties of a series of
Au nanoclusters protected by thiolated peptides
based on the aminoisobutyric acid (Aib) unit
have been described by Fabris and colleagues [67).
AuNP-peptide conjugates were characterized
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using XPS. For all samples, signals from Au, C,
O, N and S were obtained and no other elements
were detected. The Au4f level was characterized
by a sharp doublet with a peak-to-peak separa-
tion of 3.6 eV. Within the series of peptides
bound to the AuNP series, the BE of the
Au4f7/2 peak was fixed to 84.0 eV, which is the
typical value expected when thiolate monolayers
self-assemble onto Au nanoclusters or extended
Au surfaces [68,69].

Together, XPS, UV-vis spectrophotometry,
analysis of amino acids (which determines the
amino acid composition of a peptide or protein)
and HPLC allow the determination of the
number of peptide molecules per AuNP. This
number can be estimated by combined tech-
niques. The concentration of NPs in the solution
(before conjugation) can be determined by read-
ing the absorbance at the peak (in the case of
10-nm AuNPs it is 520 nm) and taking into
account molar extinction coefficient [7o].

After conjugation, the peptide is separated
from the free fraction by centrifugation of the
conjugates. An analysis of the amino acids of the
AuNP-peptide pellet then allows the determi-
nation of the amount of peptide attached to the
Au surface. For amino acid analysis, the peptide
is normally hydrolysed in 6N HCI. The free
amino acids are then derivatized with phenyli-
sothiocyanate to produce phenylthiocarbamyl
(PTC) amino acids. The derivatized amino acids
are separated on a C,g4 reversed-phase column
with an acetonitrile gradient in NaAcO buffer.
Alternatively, amino acids can be separated by
ionic-exchange chromatography and detected by
reaction with ninhydrin.

In order to confirm the presence of peptide
in the pellet formed by the AuNP-peptide
complex, Kogan and colleagues performed an
amino acid analysis of the AuUNP—peptide pel-
let obtained after centrifugation of the conju-
gates [47]. The free fraction of the peptide (i.e.,
the nonconjugated peptide) was determined by
HPLC and the conjugated peptide was estimated
by difference.

NPs are also characterized by zeta potential
measurements. Zeta potential refers to the
electrostatic potential generated by the accumu-
lation of ions at the surface of a (colloidal) parti-
cle that is organized into an electrical double
layer consisting of the Stern layer and the diffuse
layer. Zeta potential is a measure of the magni-
tude of the repulsion or attraction between parti-
cles. Its measurement provides a detailed insight
into the dispersion mechanism and is the key to
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Figure 7. Transmission electron
microscope image of a bovine serum
albumin-peptide conjugate.

The arrows indicate an increase of approximately
2 nm around the radius of the Au nanoparticle.
Reproduced with permission from [64]. ©2004,
American Chemical Society.

electrostatic dispersion control. By measuring
fundamental parameters, such as the zeta poten-
tial, particle size, pH and conductivity, it is possi-
ble to estimate the stability of the colloidal
solution. Slocik and colleagues used several pep-
tides to obtain monodisperse and stable AUNPs
[711. In their study, the presence of the surface-
adsorbed peptides was confirmed by zeta potential
measurements and by fourier transform IR (FT-
IR) spectroscopy. The results of the latter showed
distinctive vibrations that arise as a result of the
surface-constrained peptides on the AUNPs.

Biomedical applications of

peptide-AuNP conjugates

The labeling of targeting molecules with NPs has
revolutionized the visualization of cellular or tis-
sue components ex vivo and in vivo by electron
microscopy. In this regard, De La Fuente and
Berry synthesized AUNPs functionalized with the
Tat protein-derived peptide sequence GRKKR-
RQRRR in order to transport the NPs to the cell
nucleus [e3]. AUNPs were first protected with the
nonamino acidic tiopronin and then functional-
ized with the peptide sequence, thereby obtain-
ing two types of NPs, AuNP-tiopronin and
AUNP-Tat (Figure 8). To compare their capacity
to enter the cell, the two NPs were incubated
with  hTERT-BJ1 human fibroblasts. TEM
images showed that both NIPs were taken up into
the cell, but only a few AuNP-tiopronin NPs
were taken up through membrane invaginations
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and accumulated in the mitochondrial sur-
rounding. By contrast, AUNP-Tat particles were
located mainly in the nucleus since they had a
nuclear-localization sequence and were small,
which allowed them to penetrate the cell mem-
brane and target the nucleus. The authors also
performed toxicity studies using a 3,4,5-dimeth-
ylthiazol-2-yl-2,5-diphenyl tetrazolium bromide
(MTT) assay in the same cell line. The metabolic
activity and proliferation of fibroblasts were
measured after 24 h of culture. No appreciable
cytotoxic effects were detected [63].

De la Fuente and colleagues also synthesized
AUNPs using several alkanethiolate capping agents
i51]. These AuNPs were derivatized with two dis-
tinct diamine-functionalized linkers, ethylenedi-
amine (EDA) and bis (3-amino-propyl)
poly(ethylene glycol) (PEG), plus the GRGDSP
peptide sequence. These authors used two meth-
ods to obtain AUNPs. In the first, NPs were pre-
pared by adding either an aqueous solution of L-
cysteine or a methanolic solution of 11-mercap-
toundecanoic acid (MUA) to an aqueous solution
of HAuCl,, followed by reduction with NaBH, to
obtain AuNP—cysteine and AUNP-MUA. Alter-
natively, codissolution of HAUCI, and tiopronin in
a MeOH/HOAc mixture gave a stable ruby-red
solution, which, by NaBH, reduction, provided
AuNP-tiopronin as a dark solution. These NPs
were modified with EDA and PEG, thereby
obtaining AuNP-tiopronin—-EDA and AuNP-tio-
pronin—PEG, which were then functionalized
with the GRGDSP peptide to target integrins on
the cell surface and evaluate parameters such as
stability, biocompatibility and cytotoxicity. Cell
viability was evaluated by the MTT assay in
hTERT-BJL human fibroblasts. Proliferation
and metabolic activity was thus measured after a
24-h culture. Cell viability was more favorable
for coated NPs (AuNP-tiopronin—-EDA and
AuNP-tiopronin—-PEG) than for uncoated ones.
At concentrations up to 2.5 uM, the AuNP-tio-
pronin-RGD conjugate did not have cytotoxic
effects on fibroblasts. At concentrations higher
than 2.5uM, AuNP-tiopronin-RGD and
AuNP-tiopronin-PEG-RGD conjugates affected
metabolic activity, although, below this concentra-
tion, this activity did not change in comparison
with controls. SEM images of cell morphology in
response to particle incubation taken at 24 h
showed that each NP type with different surface
characteristics caused a distinct cell response
(Figure 9). Thus, incubation with AuNP-tio-
pronin—RGD produced large aggregates, probably
due to the interactions between the carboxyl
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Figure 8. Preparation of AUNPs-Tat.

+ HAuCI, NaBH,
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EDC: 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide;
Modified with permission from [63].
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NHS: N-hydroxy-sulfosuccinimide; NP: Nanoparticle.

groups on the surface of the NP with culture
medium proteins. Cells reacted strongly with the
AuNP-tiopronin-EDA-RGD conjugate, form-
ing lamellipodia and filopodia on the cell mem-
brane.  Moreover  Au-tiopronin~-EDA-RGD
conjugates were internalized via endocytosis.
Although these NIPs cannot be considered a system
for cell labeling, they may be useful as internaliza-
tion vehicles, particularly given their low toxicity,
even at high concentrations. Regarding AUNP-tio-
pronin—-PEG-RGD conjugates, as a result of their
PEG surfaces, nonassociation with culture medium
protein was observed. These NPs were isolated and
highly adhered to the cell surface, probably via
RGD peptide—integrin interaction. This observa-
tion indicates that these types of NPs can be used
to label receptors on the cell membrane to be visu-
alized by SEM. In conclusion, AuNPs protected
with tiopronin induce either endocytosis or adhe-
sion to the cell membrane, depending on the
chemical composition of the NP surface [51].

For cancer therapies that involve DNA-drug
interactions, genes, short interfering RNA or
antisense strategies that target RNA splicing, the
nucleus is undoubtedly the target of interest;
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however, therapeutic agents must meet several
requirements. A cell-specific nuclear probe must
satisfy the following requirements:

e It must be small enough to enter cells and
cross the nuclear membrane (<100 nm for
uptake by receptor-mediated endocytosis
[RME] and <30 nm for import through
nuclear pores)

» Penetrate cellular membranes or bind to
cell-specific plasma membrane receptors

 Bypass or escape endosomal/lysosomal pathways

« Penetrate nuclear membranes or access import-
ins to pass through the nuclear pore complex

< Have low toxicity

A study in this field compared a 20-nm AuNP
modified with distinct nuclear-localization pep-
tides and evaluated cellular trajectories of pep-
tide—AuNP complexes in the following three cell
lines: HeLa, 3T3/NIH and Hep G2 [64]. These
lines were chosen to illustrate cell-specific differ-
ences in nuclear targeting for each peptide stud-
ied. AUNPs were modified with four peptides: M1
(CGGGPKKKRKVGG), a peptide with a
nuclear-localization signal derived from the T large
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Figure 9. Effect in cell morphology of fibroblasts incubated with nanoparticles.

Scanning electron micoscope images of (A & B) control cells, (C & D) cells incubated with Au
nanoparticle (NP)-tiopronin—-RGD, (E & F) AuNP-tiopronin—ethylenediamine (EDA)-RGD and

(G & H) AuNP-tiopronin—poly(ethylene glycol) (PEG)-RGD; white arrows show NP location. Large
aggregates with few isolated AuNPs are observed in (C & D). Formation of many lamellipodia and
filopodia projecting from the cellular membrane was observed in cells treated with
AuNP-tiopronin—-EDA-RGD, while AuNP-tiopronin—-PEG-RGD was attached at the cell membranes.

Reproduced with permission from [51].

antigen of the SV-40 virus; M2 (CGGRKKRR-
QRRRAP), a peptide derived from the HIV Tat
protein; M3 (CGGFSTSLRARKA), an adenovirus
fiber protein; and M4 (CKKKKKKGGRGD-
MFG), which contains only the integrin-binding
domain and a segment of six basic lysine residues
i64]. Cellular trajectories of the peptides revealed a
strong dependence on the cell line and type of pep-
tide (Figure 10). M1 NPs entered all the cell lines,
but there was little or no nuclear transport of these
particles. M3 NPs entered the HeLa cell, escaped
endosomes and passed through the nuclear pore
complex; however, in 3T3/NIH cells, these parti-
cles clustered in endosomes and, in HepG2 cells,
no uptake of M3 NPs was observed. The synthetic
peptide M4 was the only one with the capacity to
target the nucleus of HepG2 cells. Finally, M2 NPs
did not enter any of the three cell lines, even
though M2 contains the arginine-rich sequence of
the Tfr24 peptide from the HIV Tat protein,
which binds tightly to cell membranes.

On the basis of existing knowledge of protein
structure and amino acid side chain pack-
ing/bonding properties, Levy and colleagues
designed a peptide called CALNN, which self-
assembled into a dense layer that excludes water.
The Cys, which has a strong affinity for Au
(because of the presence of a S atom that binds
spontaneously to the Au surface), was incorpo-
rated at the N-terminal position of the sequence
to anchor the peptide to the AuNP. Thus,
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CALNN-capped AuNPs can be freeze-dried and
stored as powder for further use and, when redis-
solved in water, they maintain the same UV-vis
absorption spectrum as before freeze-drying. The
introduction of a specific recognition group on the
AuUNP surface is a simple strategy to achieve specific
recognition of distinct motifs in a bioanalytical
assay. In the same study, Levy and colleagues pre-
pared NPs functionalized with biotin, as well as
particles modified with a peptide analogue of
biotin, Strep-tag 11 (WSHPQFEK). AuNPs were
conjugated using a peptide mixture containing
mainly CALNN and, in lesser proportions,
CALNNG—KbiotinG or CALNNGG-strep—tag.
To detect the presence of biotin and its peptide ana-
logue, a streptactin peroxidase was used; a recom-
binant protein containing strep-tag was used as a
positive control and CALNN-AuUNP conjugates
were used as controls for nonspecific interactions.
AuNPs functionalized with biotin and a peptide
analogue of biotin specifically interacted with
streptavidin peroxidase [4].

Similarly, this research group also prepared
peptide-capped AuNPs with another two biomo-
lecular recognition sites expressed on their sur-
face. They used CALNN pentapeptide, which
provides a fast and simple approach to DNA
functionalization, in order to obtain bifunctional
NPs carrying both DNA and biotin moieties.
These motifs were readily incorporated in a single
stabilization—functionalization ~ step via the
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Figure 10. M1 Au nanoparticles incubated with Hela cells.

After 1 h, NPs were observed by (A) video-enhanced color differential
interference contrast microscopy and (B) transmission electron microscopy in
the cytoplasm. (C) NPs accumulated around the nuclear membrane after 2 h
Reproduced with permission from [64]. ©2004, American Chemical Society.
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CALNN peptide. AuUNPs were prepared via citrate
reduction, and were stabilized and functionalized
by adding an aqueous mixture of the
CALNN-DNA (18-base recognition sequence)
and CALNNGK (biotin) G conjugates. To dem-
onstrate the binding specificity of these bifunc-
tional NPs, the researchers prepared two
experiments: a protein microarray containing spots
with avidin and control spots with protein A; and a
DNA microarray containing spots with comple-
mentary DNA and control spots with DNA pos-
sessing mismatches of one, two and three bases.
The results of specific binding of the bifunctional
NPs to these microarrays showed that these parti-
cles bound to both avidin and complementary
DNA with high specificity [49).

Another study with the CALNN peptide, devel-
oped by Wang and colleagues, is based on a colori-
metric assay for kinase inhibitors by replacing the
natural substrate of the kinase by functionalized
AUNPs [50]. The synthesized 13-nm AuNPs were
stabilized by the CALNN peptide and additionally
modified with two further oligopeptide sequences:
CALNN-AALRRASLG and CALNN-AAKKL-
NRTLSVA. These sequences are known substrates
of the cAMP-dependent protein kinase A (PKA)
and the calmodulin-dependent kinase (CaM K)IlI,
respectively. AUNP—peptide conjugates were incu-
bated with either PKA or CaM-Il, both in the
presence of y-biotin—-ATP as a cosubstrate. The
phosphorylation reaction resulted in the biotinyla-
tion of AUNPs. The conjugates were then mixed in
solution with avidin-modified particles and, as a
result of specific binding between biotin-avidin,
aggregates formed. A change of color from red to
blue indicated kinase-catalyzed biotinylation of
substrate particles, while no change in color indi-
cated efficient inhibition of the kinase reaction
(Figure 11) [50].

Furthermore, the same authors also developed
a route to protein-like metal NPs based on self-
assembled peptide monolayers [72). To separate
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peptide-capped NPs with a distinct number of
molecular labels, these authors reported an
immobilized metal ion affinity chromatography
(IMAC) method for the purification of recom-
binant proteins. AUNPs were conjugated with a
mixture of CALNN peptide and a functional
peptide with two distinct entities: a His-tag (a
sequence of six histidines), which is used due to
its capacity to bind to immobilize chelated transi-
tion metal ions such as nickel, followed by a label
(Gly—Lys—biotin-Gly), which could be any
water-soluble molecular label, for instance, any
peptide. The reaction of a mixture of CALNN
and functional peptides resulted in populations
of NPs bearing varying numbers of labels. IMAC
is based on the separation of labeled NPs carrying
one or more functional peptides from unlabeled
NPs with no functional peptide. The mixture of
labeled and unlabeled particles is applied to the
IMAC gel and the immobilized Ni-nitrilotriace-
tic complex (Ni-NTA) specifically binds with
His—Tag on the labeled NPs. Therefore the unla-
beled NPs can be washed off. Finally, labeled NPs
are eluted using imidazole as a competitor. Exper-
iments showed that IMAC differentiates between
NPs with none and one or more labels. This find-
ing indicates that this sensitive method can be
used for all types of nanomaterial capped with a
peptide shell [72).

Recently, a study on neurodegenerative dis-
eases, which are characterized by spontaneous
self-assembly of proteins into insoluble fibrous
deposits, has reported NP-mediated heating to
dissolve amyloid deposits of AB;_4, [471, & small
protein involved in Alzheimer’s disease (AD).
These deposits were remotely and locally dis-
solved through the combined use of weak micro-
wave fields and AuNPs. These AuNPs were linked
to the peptide Cys—PEP, which has the capacity to
selectively recognize AB aggregates, thereby form-
ing the conjugate AUNP-Cys—PEP. The conju-
gate was incubated with a solution of AB;_4,, in
which fibrils spontaneously started growing and
forming precipitates. At a range of times and
growth stages, a weak microwave field (0.1 W)
was applied. The AuNP-Cys—PEP conjugate
bound the fibrils, absorbed the radiation and dis-
sipated energy, thereby causing the disaggregation
of the amyloid deposits and aggregates (Figure 12).
This disaggregation led to the formation of
smaller species and amorphous aggregates. These
findings were supported by TEM images of the
aggregates before and after the irradiation, by
thioflavin T assay and by size-exclusion chroma-
tography analysis. These methods showed an
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Figure 11. Section of a multiwell microplate containing substrate Au nanoparticles and six combinations
(columns 1-3) of three potential inhibitors and two kinases (calmodulin-dependent kinase Il and protein

kinase A) after addition of avidin-modified nanoparticles.

Calmodulin-dependent
kinase Il

Protein kinase A

H89 KN62

SB 203580
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Control experiments were carried out in the absence of inhibitor (column 4) and in the absence of kinase (column 5). Red indicates no
aggregation of particles (i.e., effective inhibition of the respective kinase), while dark blue/gray indicates aggregation (i.e., effective
phosphorylation/biotinylation by the respective kinase).
Reproduced with permission from [50].
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increment of low-molecular-weight species, such as
monomers and oligomers. This in agreement with
the conversion of high-molecular-weight aggre-
gates to more soluble low-molecular-weight species
during irradiation. Alternatively, the control
(Ap;_4, alone incubated for 48 h and irradiated for
8 h) samples did not show the same effect [47.

In the field of enzymology, AUNPs can be used
in a simple assay that allows the visual detection of
a protease. This method, which is based on the
aggregation of AuNPs when a AuNP colloid is
treated with dithiols, allows the observation of a
color change from pink to violet-blue since this
band is shifted to a longer wavelength when clus-
tering of colloid occurs. As thiols interact strongly
with AuNPs, citrate-stabilized AUNPs were treated
with a peptide of general formula Cys—(AA),—Cys
and the color of the solution turned from pink-red
to violet-blue. However, when AuNPs were treated
with a peptide lacking a terminal Cys, no change
in color was observed. Thus, the cleavage of a
Cys—(AA),—Cys peptide in two fragments, each
with a single Cys, does not induce aggregation of
AuNPs. This observation was applied to design an
assay for the qualitative detection of proteases,
because the two Cys-containing peptides can be
selectively recognized and cleaved by a specific
protease. The authors synthesized a heptapeptide
(Ac—Cys[Ac]-Gly—-Dphe—Pro-Arg—Gly—Cys[Ac]
—OH) as a substrate for thrombin, a serine pro-
tease involved in hemostasis. Treatment of the

www.futuremedicine.com

AuNP colloid with the heptapeptide caused the
solution to turn from pink-red to blue. However,
when an aliquot of solution resulting from the
reaction of the peptide with thrombin was added
to the Au colloid, no change in color was
observed. This lack of change is attributed to the
complete hydrolysis of the peptide, thereby
obtaining two proteolytic fragments
Ac—Cys(Ac)-Gly—Dphe-Pro-Arg—-OH and
H-Gly-Cys(Ac)-OH. The measure of absorb-
ance at 600 nm, which is an indication of the for-
mation of the cluster, allowed the authors to
quantitatively follow the hydrolysis catalyzed by
thrombin. Finally, the authors demonstrated that
NP-based assays could be used for the preliminary
analysis of biological fluids 73].

Mo and colleagues demonstrated the potential
of NP-labeling techniques in detecting structur-
ally unstable domains in collagen fibers, which are
related to many debilitating human diseases [74].
They showed for the first time that a biochemi-
cally inert but highly helicogenic cartilage matrix
protein (CMP; Pro—Hyp-Gly), (Hyp = hydroxy-
proline), binds preferentially to the gap regions on
the surface of intact type | collagen fibers. This
binding behavior was demonstrated by synthesiz-
ing CMP conjugated to AuNPs of distinct sizes
(NP-3 and -4) (Figure 13) that are colloidally stable
under a wide range of aqueous conditions, and by
TEM observation of their attraction to type I col-
lagen fibers under physiological conditions
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Figure 12. Transmission electron micrographs of the solutions before and

after irradiation.

O—Cys-LPFFDNH2+AB
\ Time

Microwave
field

Rl

(A) Images of the AuNP-Cys—PEP bound to AB,_,, aggregates after incubation of AuUNP-Cys—PEP with
10-uM AB,_4, for 48 h. (B) Images of the previous AuUNP-Cys—PEP bound to AB,_4, after 8 h of irradiation.
Horizontal arrows indicate the presence of dimers and trimers, vertical arrows indicate the presence of
isolated particles and circles indicate the presence of small fibers.

Reproduced with permission from [47]. ©2006, American Chemical Society.

(Figure 13). The authors claimed that the results sug-
gested that this binding affinity is present in other
natural proteins/peptides that hold collagen-like
sequences [75].

Biomedical applications of
peptide-IONP conjugates

IONPs have magnetic properties and offer many
advantages. They can be used as contrasting
agents in the field of magnetic resonance imag-
ing (MRI) since the inclusion of magnetic parti-
cles within tissues allows a very large signal to be
obtained from an MRI scanner. As IONPs travel
through the bloodstream, they can increase the
contrast signal and, hence, allow the study of a
broad range of biological targets. The main
requirement for MRI is the efficient capture of
the magnetic NPs by the cell and, when a cell is
sufficiently loaded with magnetic material, MRI
can also be used for cell tracking [76,771. Surface
modification of superparamagnetic contrast
agents with the HIV-1 Tat peptide is an effective
technique for intracellular magnetic labeling
because the conjugation of the Tat peptide to
NPs facilitates their cellular uptake [7g]. In addi-
tion, cells labeled with these conjugates can be
readily detected by MRI.

Nanomedicine (2007) 2(3)

Recently, ultrasmall superparamagnetic 10
(USPIO) NPs have been conjugated to the HIV
Tat peptide to label CD4* T cells for MRI.
USPIO NPs were prepared for conjugation of the
Tat peptide by functionalization to the dextran
that covers the magnetic NP surface [79]. Two
USPIO-functionalized NPs were obtained. In the
first, the mean valence (number of Tat peptide
molecules per NP) of the NIPs was estimated to be
15 and, in the second, it was 45. The uptake and
loading of the USPIO NPs in CD4* T cells was
examined using inductively coupled plasma opti-
cal emission spectrometry (ICP-OES), a tech-
nique that allows measurement of the Fe content
of treated cells. A concentration-dependent
increase in cell labeling was observed when Tat-
derivatized NPs were used in a 5-min reaction,
with no uptake of Fe when unconjugated USPI1O
NPs were used. The NPs with increased valence
labeled over 95% of T cells within 5 min, whereas
those with a lower valence (i.e., only 15) achieved
a labeling efficiency of 20-40%. Furthermore, the
authors of the study demonstrated that labeled
CD4* T cells retained their proliferative and regu-
latory function in vitro and, similarly, no differ-
ences were observed in their transmigratory
behavior. The imaging potential of this contrast
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Figure 13. Transmission electron microscopy micrographs.
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Reconstituted type | collagen fibers after incubation with (A) NP-4 (particle
size = 16.2 = 3.1 nm) and (B-D) NP-3 (26.9 + 4.6 nm) functionalized with
cartilage matrix protein. Functionalized NP-4 NPs show little affinity for collagen
fibers. By contrast, NP-3 shows strong affinity for collagen fibers. Binding
occurred preferentially to the dark bands (arrows in (B) and gray boxes in (C)) of
collagen fibers when the experiment was performed at 25°C. (D) There was no
such preference when the collagen fibers and NP-3 were incubated at 40°C and
cooled to room temperature.

Reproduced with permission from [74].

agent for MRI was measured, and Tat
USPIO-NPs provided effective contrast enhance-
ment in vitro, while the unlabeled cells did not
yield any contrast. Moreover, cell viability was
reduced at high concentrations of Tat-USPIO
NPs. Above 50%, cell death was visible by light
microscopy 1 h after incubation with the highest
concentration assayed.

Another study in the same field addressed the
feasibility of using MRI to monitor T cells in vivo
after loading the cells with monocrystalline
superparamagnetic IONPs modified with a pep-
tide sequence from the Tat protein of HIV-1.
The Tat peptide sequence was conjugated to a
small 10 (5 nm) core coated with cross-linked
(CL) aminated dextran, thereby vyielding
CLIO-Tat NPs. The Tat peptide was modified to
carry a fluorescein isothiocyanate (FITC) tag in
order to follow the peptide during conjugation
and as a marker for fluorescence microscopy. This
study showed that the presence of FITC-conju-
gated CLIO-Tat in T cells was dose dependent,
that is, 97% of cells were FITC-positive after
loading with 8000 ng/ml of FITC-CLIO-Tat
NPs. Confocal microscopy images of labeled cells
showed strong FITC staining in most of the
loaded T cells (>95%). The FITC label was dis-
tributed in clusters throughout the cytoplasm
and nuclei. Moreover, there was no alteration in
the cells’ cytoplasmic or nuclear morphology, as
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shown by confocal microscopy. Analysis of apop-
tosis by flow cytometry revealed that the
FITC-CLIO-Tat conjugate did not increase the
percentage of apoptotic cells compared with
unloaded T cells. This study also examined
whether loading of T cells with
FITC-CLIO-Tat NPs interfered with cell func-
tions. The results indicated that labeling of
T cells with more than 8000 ng/ml of magnetic
NPs did not affect activation, proliferation or
upregulation functions. Finally, to measure the
effects of T cells labeled with Tat peptide-
derived NPs on the spleen by MRI, a group of
six B6 mice were injected intravenously with a
suspension of T cells loaded with 8000 ng/ml
of FITC-CLIO-Tat. Changes in image inten-
sity caused by the agent were measured by MRI,
thereby proving that these particles can be used
to analyze T-cell distribution events in vivo
[52,80]. In addition, superparamagnetic NPs of
maghemite (y-Fe,O) have been conjugated to
another peptide as potent intracellular carriers
for a molecular MRI diagnosis agent. NPs were
prepared by a chemical coprecipitation method,
encapsulated with an Arg-containing cell-pene-
trating peptide (RRRRRRRRCK-FITC) and
conjugated with poly (b, L lactide-co-glycol-
ide) (PLGA) (Figure 14). The FITC was conju-
gated to observe the intracellular translocation
of magnetic NPs into human mesenchymal
stem cells, and cellular internalization was
examined using a confocal laser scanning
microscope (CLSM). Cells were incubated with
y-Fe,0,—PLGA-Arg—FITC NPs for 2-18 h. Par-
ticles were effectively adsorbed onto the mem-
brane of stem cells (Figure 15). The cytotoxicity of
this intracellular carrier was checked using an
MTT and lactate dehydrogenase release assay.
Cell incubation with NP—peptide conjugates did
not show significant cytotoxicity up to 200 pg/ml
of IONP concentrations [s1].

A method to detect AB plaques in the brain of
transgenic mice that overexpress amyloid pre-
cursor protein (APP) or both mutant APP and
presenilin (PS)-1 by micro-MRI has also been
reported [82]. This procedure uses the AB; 4o
peptide magnetically labeled with monocrystal-
line IONPs (MIONS). Dextran-coated MION
particles were linked to the AB;_,, peptide to
asses their capacity to bind AB,_,, peptide, the
major constituent of AD plaque amyloid. In an
in vivo assay, the magnetically labeled peptides
were coinjected with mannitol, an agent to
increase blood-brain barrier (BBB) permeabil-
ity. This preparation was injected directly into
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Figure 14. Preparation of y-Fe,O;-PLGA-Arg-FITC nanoparticles.

Poly(lactic-co-glycolic)
acid

Encapsulation

- >

Iron oxide Iron oxide nanoparticles

nanoparticles encapsulated

NH NH

NH

NH
NH g

(0]
NH 0 S
: —~ Cys-Lys—Arg—Arg—Arg—Arg—Arg—
N Arg—Arg—Arg—Arg
NH, NH - g
o “

Iron oxide nanoparticles

Conjugation

Arginine peptides

Cys- and Lys-conjugated
arginine peptide

A Peptide-conjugated iron oxide nanoparticles encapsulated

B Arg-Arg-Arg—Arg-Arg-Arg—Arg—Arg-Lys—Cys—SH:
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Reproduced with permission from [81]. ©2005, American Institute of Physics.

the common carotid artery of AD transgenic
mice and nontransgenic controls. The systemic
injection of AB,_4, peptide adsorbed onto
MION particles with mannitol detected Ap
plaques by micro-MRI in the brain of AD trans-
genic mice. This study showed that AB;_,, pep-
tide, in this case, is essential for targeting to A
plaques, because, when the MION particles
were injected alone in transgenic mice, plaques
were not detected.

Biomedical applications of peptide-Co
NP conjugates

Thanh and colleagues were the first to report the
use of peptides as capping ligands for in situ syn-
thesis of water-soluble CoNPs with the aim to
apply these particles for biological purposes [g3].
The peptide TLVNN facilitates the formation of
NPs and partly protects these particles from oxi-
dation. Furthermore, a recently described ele-
gant application is the use of peptides to control

302 Nanomedicine (2007) 2(3)

the nucleation and growth of inorganic NPs
in vitro. The authors identified a unique set of
sequences that bind to Ag and CoNPs from a
phage peptide display library using a polymerase
chain reaction (PCR)-driven method. The pep-
tides identified by the method described in this
study also work as templates for the synthesis of
Ag and Co platinum NPs [84].

Conclusion

In this review, we have discussed the current use
of peptides conjugated to metallic NPs in bio-
research and, to a limited extent, in biomedi-
cine. In addition, the preparation and
characterization of the conjugates have been
examined. Characterization of the conjugates
involves the standard techniques used for pep-
tides and NPs. However, other techniques
remain to be examined for a more complete
characterization, that is, methods that allow
determination of the secondary structure of the
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information could improve our understanding
of the contribution of the peptide to biocom-
patibility and also of the biological recognition
of NPs to the target.

We have also discussed the advantages of pep-
tides in increasing the stability, biocompatibility
and tagging of NPs. However, it is important to
point out that few toxicity studies have been per-
formed. To date, cytotoxicity tests are not com-
plete in terms of assessing the effects of
nanomaterials on cellular metabolism. MTT and
cell viability assays are not sufficient and a more
thorough approach is required. Peptides that

Figure 15. Image of stem cells after incubation with the
y-Fe,05—PLGA-Arg-FITC nanoparticles.

(A) Confocal laser scanning microscopy image of stem cells after incubation

with y-Fe,05 -PLGA-Arg-FITC nanoparticles (NPs) at 37°C for 2 h. (B) The offer a W'_de range . of therapeutic properties,
optical microscope image for Prussian blue staining with y-Fe,Oj together with metallic NIPs that present proper-
—PLGA-Arg-FITC NPs. ties of interest, create new avenues for the design
Reproduced with permission from [81]. ©2005. of novel biomedical strategies,

peptides anchored to the NPs. Furthermore, one  Future perspective

of the main concerns is how peptides interact The applications of metallic NPs in new thera-
and pack on a NP surface. Our group is cur- peutic strategies are promising. However, several
rently conducting research in this regard. This concerns, such as toxicity, stability and tagging,

Executive summary

Preparation of AuNPs & IONPs

= Au nanoparticle (NP) size can be controlled by changing the HAuCl:citrate ratio. However, iron oxide (IO)NPs (either Fe;O,
[magnetite] or y-Fe,05 [maghemite]) can be synthesized through the coprecipitation of Fe?* and Fe3* aqueous salt solutions by the
addition of a base. Organized assemblies or complex structures have been used as reactors to obtain ultrafine magnetic IONPs.

Peptide synthesis

< Although several methodologies have been described for peptide synthesis, the one of choice for the preparation of peptides
linked to NPs is the solid-phase technique.

Preparation of peptide-metallic NP conjugates

« Two main strategies to bind peptides to AuNPs have been reported. In strategy A, the conjugation of a peptide with biological
activity to a AuNP is via the spontaneous reaction of a thiol, present in a Cys moiety belonging to the peptide sequence, with the
AuNP surface. By contrast, in strategy B, a functionalized NP is capped with a linker, which is then activated and functionalized
with the biologically active peptide. In the case of IONPs, they are first stabilized with an adsorbed layer of a biocompatible
polymer, such as dextran or polymetacrylate, and the peptide is then conjugated with the biocompatible NP.

Characterization of peptide-metal NP conjugates
« The characterization of conjugated peptide-AuNPs requires the use of combined techniques.
Biomedical applications of peptide-AuNP conjugates

« Peptide—AuNP conjugates have potential applications in cancer and Alzheimer’s disease therapy and diagnosis. Furthermore,
capping AuNPs with peptides increases stability and biocompatibility and allows them to be directed to the desired target.

« Applications of metallic NPs conjugated to peptides in new therapeutic strategies are promising. However, several concerns, such
as toxicity, stability and tagging, must be addressed.

< In the field of enzymology, peptide—AuNPs can be used in a simple assay that allows the visual detection of a protease.

Biomedical applications of peptide-IONP conjugates

« Peptides conjugated to IONPs can be used as contrasting agents in the field of magnetic resonance imaging. Surface modification
of superparamagnetic IONP contrast agents with peptides is an effective technique for intracellular magnetic labeling.

Biomedical applications of peptide—~CoNP conjugates

« Peptides are used as capping ligands for in situ synthesis of water-soluble Co NPs with the aim to apply these particles for
biological purposes.
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must be addressed. Also, a field of debate is the
mechanism of NP delivery to the cell. From our
point of view, the cellular uptake and targeting of
NPs could be improved using peptide carriers
that have the capacity to cross the cell membrane,
thereby allowing the NPs to target the cellular
compartment of interest. The success of particle
development and the application of these parti-
cles in clinical and biological laboratories requires
an interdisciplinary focus. Collaboration in the
fields of materials science, chemistry, magnetic
characterization, cell engineering and testing, as

REVIEW - Kogan, Olmedo, Hosta, Guerrero, Cruz & Albericio

well as clinical trials, is one of the great challenges
of this line of research.
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