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Functionalizing nanoparticles (NPs) with biological signals is critical for many biomedical and biotechnological applications. While most
synthetic monomers allow creating NPs with carefully tuned structures and properties, they lack any biologically recognized functionality, and at
best, facilitate non-specific interactions (e.g., protein adsorption) that can be exploited with limited control. Thus, the development of strategies
to tether biological signals on biologically compatible nano-metric systems is of great interest. We have developed new NPs well tolerated both
in vitro and in vivo with the particularity that peptide synthesis can be carried out on their surface. The platform composed of the NPs and
the synthetic peptide is a useful tool for developing imaging methods for intracellular localization of the NPs using microscopy and for in vivo
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Introduction

The main motivation for synthesizing peptides on nanometric
supports would be to use them in biological applications while
linked to the NPs. The NPs serve as nucleation centers for the
targeting ligand by increasing its local concentration, and as
flags for tracking bio-relevant ligands exposed on their surface.
A platform composed of a NP and a peptide synthesized on its
surface, might be exploited for several biological applications such
as in vitro/in vivo screening, high throughput screening or in vivo
tracking. During the last 20 years, controlled peptide mixtures
have been synthesized on macro-particles (beads) using various
combinatorial approaches and screened “on-bead”-based in vitro
assays for affinity to isolated proteins/antibodies with significant
Biocompatible Nanoparticles for Organic Chemistry

success [1-7]. Nevertheless, these combinatorial systems had only
a limited number of applications in live cells screening since the
particle carrying the peptide is significantly bigger than cells.
Finally, due to the nature and size of the particles carrying the
peptides they were excluded from any in vivo application.

The synthesis of peptides on NPs open the nano-metric scale
to combinatorial chemistry and allows planning combinatorial
screening on live cells or even in vivo. However, the basic
condition for any biological application of such platform is the
biocompatibility of the NPs. Thus, before embarking on NPs
peptide synthesis, it is necessary to generate NPs well suited for
peptide synthesis but, at the same time, to be compatible with
biological applications.
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Figure 1: Schematic illustration of the suggested mechanism for the formation of NPs.
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In a recent research [8], we have presented a new type of NPs
with varied sizes (from 20 to 400 nm) having the particularity of
being generated from very same materials combined in a core-
shell like structure composed of a core, rich in poly-N-isopropyl
acrylamide- polypropylene oxide (PNIPAAM-PPO), and a shell,
rich in polyethylene oxide (PEG) well-known as one of the most
biocompatible materials [9,10]. The NPs are obtained by a
mechanism where a mixture of monomers and macro-monomers
form first self-assembled micelles at high temperature facilitated
by the thermo-responsiveness of the monomers mixture.

Different ratio of the monomers in the mixtures allows generating
micelles of different sizes at high temperature. The presence of an
initiator and cross linker freeze the micelles’ structure by radical
polymerization producing NPs of varied sizes (see mechanism in
Figure 1).

The peculiar composition allows keeping intact the
biocompatibility along the different sizes of NPs as proved by
their lack of cell toxicity (tested up to 5 mg/ml concentration) and
their in vivo compatibility in zebra fish model (see Figure 2).
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Figure 2: a) Fluorescence, (b) Fluorescence (c) Fluorescence and (d) bright-field channels of single cell water injected embryos at ~65 hpf.
(e) bright-field channels of single cell (Alexa Fluor® 488)-labeled NPs injected embryos at ~65 hpf. (f) bright-field channels of yolk (Alexa
Fluor® 488)-labeled NPs injected embryos at ~65 hpf. Scale bar: 2 mm. )

The shell of the NPs bears free amino groups that can be
used for labeling or peptide synthesis. Furthermore, the NPs
are robustly cross-linked to permit repeated chemical reactions
on their surface using organic solvents without promoting their
chemical/physical degradation. Fluorescently labeled NPs were
injected to zebra fish embryos at one cell stage and observed

in real time along the development of the animals. No apparent
toxicity could be established: the animals developed normally (see
Figure 2) and interestingly, the fluorescent NPs were distributed
into different organs in their body (see Figure 3). These results
suggest that the NPs can be used for in vivo tracking of stem cells
loaded with NPs without significant risk of toxicity.
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Figure 3: The NPs were tested in vivo using the zebrafish model system. The impact on embryonic development was observed (right pan-
el). 20 nm NPs were labeled with Alexa Fluor® 488 (Aex = 488 nm, Aem = 519). The qualitative toxic effect of two kinds of administration
was monitored: 1) microinjection into the yolk sac (right panel bottom) and 2) microinjection directly into the zygotic cell (right panel middle).
In addition, the NPs were tracked in vivo and their intra-body fate in the developing embryo was assessed in both cases (left and middle

panels, bright areas of the body are fluorescent NPs).
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The new NPs can be tracked in live-cell assays using confocal
microscopy and their uptake can be quantified (see Figure 4,
panels A and B). We have shown that the uptake of fluorescently
labeled NPs into cells is inversely proportional to their size (see
Figure 4, panel C). The effect is substantial since we observed
exponential increments from size to size. On the other hand, the
incubation time for a given NP size showed only a linear increase.
At this time, we could establish the kinetic tracking-window

of the NPs that can be used for tracking ligand-modified NPs
in the future. Figure 4 display results calculated from confocal
microscopy experiments carried out on PC-3 cells.

A New Method for Peptide Synthesis on Biocompatible
Nanoparticles

With these biocompatible NPs in hand it was possible to
envision peptide synthesis on their surface. NPs modification
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techniques are mostly based on the conjugation of a single
molecule (protein etc.) by covalent bonding of complementary
functional groups found on both components. Because of the
difficulty in isolating NPs by filtration/precipitation or dialysis,
conjugation is mostly restricted to a single coupling reaction due

to the difficulty in removal of excess reagents after reactions.
Some multistep reactions have been done using nano-carriers
that are soluble in organic solvents under conjugation conditions
and precipitate upon washing with protic solvents. In this way,
peptides were synthesized on polymers and gold NPs [11,12].
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of the fluorescence per cell is shown at the top of each bar.

Figure 4: (A) DIC image from confocal microscopy. (B) three orthogonal slices of a typical cell which has internalized NPs. The cell bound-
aries are outlined in red and were computed from the sulforhodamine B (SRB) images using the ImageJ edge detector. The green image is
from the fluorescein channel and represents the emission of the fluorescein labeled NPs. The orthogonal slices allow to see that the NPs
are internalized and are not simply bound or adsorbed to the cell surface. (C) Total intracellular NP fluorescence/cell volume vs NP diameter,
for 3 hour and 24-hour incubations; Log plot of data normalized to the relative fluorescence/particle. The standard error of the mean (SEM)
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One of the big challenges for NP functionalization is peptide
conjugation. Up to now, peptides have been tethered to NPs
by conjugating a pre-synthesized peptide with a NP using
complementary functional groups that react to form a bridge
between the two moieties. We choose to develop a model for full
peptide synthesis on NPs as an option to conjugation. Despite
to bio and chemical compatibility of these developed NPs, their
surface modification by multi-steps reactions remains a difficult
task due to their non-aggregative behavior that prevents their
precipitation or filtration since they undergo extrusion or merely
cross filters. This physical barrier was overcome by a new
approach that exploits materials with magnetic susceptibility for
easy and fast separation of NPs [13].

While searching for an approach to “trap” NPs, we focused
on a known method for fabricating mesoporous inorganic
catalysts. With this method, an inorganic material is prepared

in the presence of an organic polymer. The obtained product is
composed of crystals of the inorganic material in a network
that contains a large number of cavities filled with the organic
polymer. In the classical method this product is burned at high
temperature, resulting in a mesoporous material with a high
number of free catalytic cavities previously occupied by the
organic polymer [14]. We thought that this approach might be
useful for our purpose if the inorganic shell is removed at the end
of the process (instead of burning the organic material), leaving
the filling organic polymer intact. Thus, the magnetic material
is a permeable, external and disposable matrix that embeds and
retains the NPs during the multistep peptide synthesis, and then
can be removed at the end of the process. The strategy allows the
conservation of the biocompatible chemical composition of the
NPs, and avoids the biocompatibility limitations associated with
previous approaches, where the NPs contained in their structures
magnetic material suspected to be toxic [15].
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Figure 5: (A) XRD patterns of pure magnetic matrix (gray pattern) and magnetic matrix embedded NPs (190 nm) (black pattern); (B) TGA
curves of (1) pure magnetic matrix; (2) magnetic matrix embedded NPs (93 nm); (3) magnetic matrix embedded NPs (190 nm).
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As proof of concept, we described the synthesis of bio-relevant
fluorescently labeled model peptides that were fully characterized
[13]. This technique is especially interesting because it can be
applied to organic/polymeric NPs of different sizes, without

utilizing tedious washing methods such as ultracentrifugation
or dialysis, which in the past has always been necessary for
intermediate steps of reactions on the surface of NPs.
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Formation of a magnetic matrix with embedded NPs was
accomplished by impregnation of the hydrophilic NPs with a
mixture of Fe+2/Fe+3 followed by their co-precipitation in an
ammonia solution. This process generated a “matrix” composed
of a magnetic network with the NPs “embedded’ within this
network. We adapted a method for obtaining super-paramagnetic
microspheres, to our system [16]. The obtained matrix can be
easily retained by a Nd-Fe-B magnet for repeated washings
after reactions. The embedment of the NPs was proved by X-ray
diffraction (XRD) where the pure magnetic matrix (grey pattern
in Figure 5A) showed the classic fingerprint obtained for a
crystalline iron phase. On the other hand, a magnetic matrix
with embedded NPs (black pattern in Figure 5A) showed a very
broad peak at small angles, known to be generated by amorphous
material such as our polymeric NPs that appears together with
the diffraction peaks belonging to the crystalline iron oxide phase
exactly as in the grey pattern. Both samples produced several
relatively strong and slightly broadened reflection peaks in the 20
region of 200-800, quite similar to those of pure-phase maghemite
particles reported by other groups, indicating that the particles

have mainly the maghemite crystal structure [17].

Direct proof for the presence of the NPs in the magnetic
matrix was obtained by thermo-gravimetric analysis (TGA). A
pure magnetic matrix (Figure 1) behaved as expected, with a very
small weight loss change (~ 5%) over the temperature range of
100-8000C. On the other hand, the magnetic matrix embedded
NPs displayed a significant weight loss in the same temperature
range (Figure 1). The total weight loss was about 30% for 100 nm
and 71% for 190 nm embedded NPs, which represents the relative
quantity of NPs within the magnetic matrix.

The overall nanoparticle peptide synthesis (NPPS) process
recently published [13] is shown in scheme 1. The method consists
of embedding appropriate NPs into a magnetic matrix (step 1),
followed by the multistep synthesis of the desired peptides
facilitated by the magnetic susceptibility of the magnetic matrix
necessary for washings/reactions along the intermediate steps
(step 2). Once the synthesis is complete, the matrix is treated
with HCl for 6 h and after appropriate neutralization, the NPs are
dialyzed once for removal of iron salts (step 3).
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As proof of feasibility, we synthesized a nuclear localization
sequence (NLS) peptide from the sv40 large T antigen (PKKKRKV)
[18] and a HIV Tat-derived peptide (GRKKRRQRRRPPQ) [19]
using NP of various diameters. These peptides have been shown to
penetrate into cells and/or localize in the nucleus. In addition, we
synthesized a tumour homing pro-apoptotic peptide [KLAKLAK]2
fused to GGKRK (KLA). This peptide has been shown to be
specifically targeted to tumours [20]. Cell penetration processes
mediated by these peptides, can be observed if fluorescent probes
are linked to the peptide-NPs. One of the possible applications
for NLS/TAT NPs is the facilitated penetration of NPs loaded
with drugs into targeted cells, but they can also be exploited for
observing transport to and from the nucleus.

Conclusion

Overall, we have designed and synthesized biocompatible
non-toxic NPs and developed a new matrix assisted peptide
synthesis method for peptide synthesis on NPs. Embedding the

NPs into a magnetic matrix allows multistep peptide synthesis
on them using the well-known Merrifield synthetic methodology.
The peptide-NPs can be recovered and eventually used “as is”
for cell signaling via the molecules synthesized on their surface
and appropriate molecular probes. A crucial advantage of the
current approach is that magnetic susceptibility for the synthesis
on the NPs is mediated by an external, permeable and disposable
magnetic matrix that embeds the NPs and can be removed at the
end of the multistep process, leaving the polymeric biocompatible
NPs intact, with no residual toxic magnetic material. This method
might be useful for different types of organic NPs which we are
currently testing, and for a variety of applications such those
we have recently shown in the field of cell and combinatorial
screening [21,22].
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