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Conjugation of Kahalalide F with Gold Nanoparticles to Enhance in Vitro
Antitumoral Activity
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Two Cys-containing analogues of the anticancer drug Kahalalide F are synthesized and conjugated to 20 and 40
nm gold nanoparticles (GNPs). The resulting complexes are characterized by different analytical techniques to
confirm the attachment of peptide to the GNPs. The self-assembly capacity of a peptide dramatically influences
the final ratio number of molecules per nanoparticle, saturating the nanoparticle surface and prompting multilayered
capping on the surface. In such way, the nanoparticle could act as a concentrator for the delivery of drugs, thereby
increasing bioactivity. The GNP sizes and the conjugation have influence on the biological activities. Kahalalide
F analogues conjugated with GNPs are located subcellularly at lysosome-like bodies, which may be related to the
action mechanism of Kahalalide F. The results suggest that the selective delivery and activity of Kahalalide F

analogues can be improved by conjugating the peptides to GNPs.

INTRODUCTION

Nanotechnology offers tremendous potential for medical
diagnosis and therapy. Various types of nanoparticles have been
explored for biomedical applications (/ —3), having been widely
employed in biological systems (4—6). Nanoparticles have been
suggested for imaging (7—13), screening (/4), and bio-
sensing (/5—17), not using only gold nanoparticle optical
properties but also electrical (/8—23), and furthermore are
known to carry higher payloads of drugs than other vehicles
and are currently used in gene and drug delivery (24—26), as
well as in cancer diagnostics and therapeutic applications (27—29).
Gold NPs (GNPs) display several features that make them well-
suited for biomedical applications, including straightforward
synthesis, stability (30), and the facile ability to incorporate
secondary tags such as peptides targeted to specific cell types
to afford selectivity (31, 32). On the other hand, GNPs have
been used in photothermal therapy for the destruction of cancer
cells or tumors. When irradiated with a focused laser in the
near-infrared region (NIR) of suitable wavelength, targeted
aggregates of GNPs, nanorods, or nanoshells can kill bacteria
(33) and cancer cells (34).
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The conjugation of GNPs to an antitumoral drug could play
two parallel roles: to enhance the delivery of a drug to the cell
by presenting numerous peptide copies anchored to the nano-
particle surface and to help in the delivery of the nanoparticle
to the pathological cell favoring the local aggregation of
nanoparticles in tumor cells by increasing absorption in the NIR
where tissues present low NIR region radiation absorption, after
irradiation.

Nanobiotechnology is expected to widen the therapeutic index
of current cancer therapies. For example, tumor-targeting drug
delivery vectors are now approaching “true” nanometer size,
which allows them to arrive in close proximity to several
biological targets (35). Cellular delivery involving the transfer
of various drugs and bioactive molecules (e.g., peptides,
proteins, and DNA) through the cell membrane into the
cytoplasm has generated great interest because the general
administration of drugs and biomolecules suffers from inef-
ficiency and enzymatic degradation, among other problems.
Hence, there is a pressing need to develop safe and efficient
transport vehicles to deliver drugs into cells (36). Taking into
account the advantages of GNPs for drug delivery, in this work
we have conjugated a Kahalalide F analogue, an antitumoral
drug candidate, with GNPs to enhance the delivery of Kahalalide
F to tumoral cells by increasing its cytotoxic effect. Kahalalide
F is a marine cyclodepsipeptide isolated from a mollusk, Elysia
rubefescens, with antitumoral activity (37). Two synthetic
diasteromeric analogues of the Kahalalide F (Figure 1) were
synthesized and conjugated with GNPs. Kahalalide F is the most
bioactive member of the Kahalalide family of peptides. The
presence of the compound appears to cause alterations in cell
lysosomes, meaning that lysosomes become a target for Ka-
halalide F action (38, 39). Kahalalide F exerts a potent in vitro
cytotoxic activity toward several tumor cell lines and specimens
derived from various human solid tumors. In contrast, nontumor
cell lines are 5 to 40 times less sensitive to Kahalalide F (40).
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Figure 1. Structures of Kahalalide F, P1, and P2; amino acid sequences and linear cyclopeptides are represented in a one-line text formula using

the protocol of Spengler et al. (43).

Kahalalide F shows in vitro activity against prostate and colon
cancer cells, and to a lesser extent, antiviral, antifungal, and
bactericide activity (47). Two clinical phase I trials in adult
patients with advanced prostate cancer and pretreated solid
tumors have established the recommended dose for two distinct
treatment regimes (once a week and five consecutive days every
3 weeks) (40, 42). Kahalalide F phase II clinical trials in
hepatocellular carcinoma, non-small cell lung cancer (NSCLC),
and melanoma finished in 2006. Moreover, Kahalalide F is being
tested in phase II clinical trials in patients with severe psoriasis.

Herein, we report on the ability of Kahalalide F analogue—
GNP complexes to enter HeLa cells. The penetration, localiza-
tion, and in vitro cytotoxicity of the conjugates in HeLa cells
were evaluated.

MATERIALS AND METHODS

Materials. C1-TrtCl-resin (100 mg, 1.56 mmol/g), protected
Fmoc-L-amino acids and Fmoc-D-amino acids derivatives, were
purchased from Iris Biotech GmbH (Marktredwitz, Germany),
Luxembourg Industries (Tel-Aviv, Israel), Neosystem (Stras-
bourg, France), Calbiochem-Novabiochem AG (Laiifelfingen,
Switzerland), and Bachem AG (Bubendorf, Switzerland). Di-
isopropylcarbodiimide (DIC) was obtained from Fluka Chemika
(Buchs, Switzerland); HOAt, from GL Biochem (Shanghai,
China); PyBOP, from Calbiochem—Novabiochem AG; and N,N-
diisopropylethylamine (DIEA), from Merck (Darmstadt, Ger-
many). Solvents for peptide synthesis and RP-HPLC were
obtained from Scharlau (Barcelona, Spain). Trifluoroacetic
(TFA) acid was supplied by KaliChemie (Bad Wimpfen,
Germany). Other chemicals used were obtained from Aldrich
(Milwaukee, WI) and were of the highest purity commercially
available.

Peptide Synthesis and Purification. Both peptides were
synthesized on solid phase using a method previously reported
by our group (44). HPLC was performed using a Waters
Alliance 2695 (Waters, MA) chromatography system with a
PDA 995 detector, a reverse-phase Symmetry Cig (4.6 x 150
mm) 5 um column, and a linear gradient of MeCN with 0.036%
TFA into H,O with 0.045% TFA. The system was run at a flow
rate of 1.0 mL/min. HPLC-MS was performed using a Waters

Alliance 2796 with a UV/vis detector 2487, ESI-MS Micromass
7ZQ (Waters) chromatography system, a reverse-phase Symmetry
300 Cig (3.9 x 150 mm) 5 um column, and H,O with 0.1%
formic acid, and MeCN with 0.07% formic acid, as mobile
phases. Mass spectra were recorded on a MALDI Voyager DE
RP time-of-flight (TOF) spectrometer (PE Biosystems, Foster
City, CA).

Synthesis of GNPs. GNPs were produced by reduction of
hydrogen tetrachloroaurate (HAuCly; x H,0) obtained from
Aldrich (Milwaukee, WI).

20 nm Nanoparticles. HAuCly x HO (8.7 mg) was added
to a sodium citrate solution (100 mL, 2.2 mM) at 150 °C reflux.
The reducing agent was added rapidly, and the reaction was
allowed to continue under uniform and vigorous stirring until a
red wine color was observed (45).

40 nm Nanoparticles. Same procedure as above except that
a lower concentration of reducing agent was used (100 mL of
a 1.22 mM solution of sodium citrate).

Conjugation of Peptides with GNPs. An excess of peptide
was used for the conjugation (6). Peptide solutions (I mg/mL
in MilliQ water) were added dropwise to 10 mL of GNPs
solution at room temperature with magnetic stirring, and
agitation was then maintained for 15 min. The conjugates were
then purified by dialysis over three days in a Spectra/Por MWCO
membrane: 6—8000 against 2.2 mM sodium citrate. The solution
was refreshed six times to eliminate the excess peptide (P1 or
P2).

UV—visible. UV—vis absorption spectra were recorded at
room temperature with a 2501PC UV —vis recording spectro-
photometer (Shimadzu Corporation, Kyoto, Japan).

High-Resolution Transmission Electron Microscopy (HR-
TEM). Drops of GNPs conjugated to both Kahalalide F
analogues under uranyl acetate staining were deposited over
carbon-coated Formvar films on copper grids. To obtain the
transmission electron microscopy (HRTEM) results, a field
emission gun microscope JEOL 2010F was used, working at
200 kV and with a point-to-point resolution of 0.19 nm.

Electron Energy Loss Spectroscopy (EELS). Electron
energy loss spectra (EELS) were obtained in a Gatan Image
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Figure 2. UV—vis spectra of GNPs and their respective conjugates; a shift in the maximum is representative of the conjugation. (a) GNP-20,
GNP-20-P1, and GNP-20-P2; and (b) GNP-40, GNP-40-P1, and GNP-40-P2.

Filter (GIF 2000) coupled to the JEOL 2010F microscope, with
an energy resolution of 1.2 eV.

X-ray Photoelectron Spectroscopy (XPS). Gold surfaces
were purchased from Arrandee (Germany), and PMMA surfaces,
from GoodFellow (Huntingdon, United Kingdom). XPS studies
were performed by depositing a drop of GNPs or the conjugates
over PMMA surfaces, and then drying the samples under
reduced pressure before analysis. Gold surfaces functionalized
with P1 were obtained by immersion of P1 (0.1 mg) in a CHCl3
(1 mL) solution for 24 h.

Cell Culture and Incubation with the Conjugates. HelLa
cell line was obtained from ATTC no CCL-2 (Manasas, VA)
and maintained in DMEM low-glucose medium (Biological
Industries) containing 10% fetal calf serum (FCS), 2 mM
glutamine, 50 U/mL penicillin, and 0.05 g/mL streptomycin.
For experiments, exponentially growing HeLa cells were
detached from the culture flasks using a trypsin—0.25% ethyl-
enediaminetetraacetic acid (EDTA) solution, and the cell
suspension was seeded at a concentration of 3.5 x 10° cells/
cm” onto glass coverslips (Nalge Nunc International, Rochester,
NY). Experiments were carried out 24 h later, when the
confluence was approximately 70—80%. Non-adherent cells
were washed away and attached cells were incubated at 37 °C
in 5% CO; in DMEM with a known concentration of GNPs.

WST-1 Assay. Hel a viability in the presence of unconjugated
or conjugated nanoparticles was tested using a WST-1 assay,
including a control with no nanoparticles added. For each assay,
3.5 x 107 cells/cm? were seeded onto a 96 well plate (Nalge
Nunc) and cultured for 24 h. The conjugates were added in a
1:4 (conjugate/DMEM) ratio. Cells were incubated for 24 h at
37 °C under a 5% CO, atmosphere. After 20 h, 10 uL of WST
1 were added. The cells with the conjugate solutions were
incubated for another 4 h. Cell viability is expressed as a
percentage ratio of cells treated with the different compounds
against untreated cells.

Confocal Laser Scanning Microscopy (CLSM). For the
cellular localization of GNP conjugates, HeLa cells were plated
on glass coverslips, grown to 60% confluence, and then
incubated (at 37 °C under a 5% CO, atmosphere) with either
P1— and P2—nanoparticle conjugates for 24 h. At indicated
time points, the coverslips were rinsed extensively with
phosphate-buffered saline (PBS), and the cells were fixed with
4% paraformaldehyde in PBS for 20 min at room temperature
and then rehydrated in PBS.

Once the cells were fixed, the coverslips with cells were
mounted onto glass slides with Mowiol mounting media
(Calbiochem, CA), and then allowed to dry overnight prior to
microscopy analysis. The samples were examined using an
Olympus Fluoview 500 confocal microscope with a 60x/1.4
NA objective.

Nanoparticle Localization by Transmission Electron Mi-
croscopy (TEM). HeLa cells were incubated with conjugated
or unconjugated gold nanoparticles for 24 h. Cells were fixed
with 2.5% glutaraldehyde in phosphate buffer, and then kept

in the fixative at 4 °C for 24 h. The cells were then washed
with the same buffer, and postfixed with 1% osmium
tetraoxide in the same buffer containing 0.8% potassium
ferricyanide at 4 °C. The samples were then dehydrated in
acetone, infiltrated with Epon resin for 2 days, embedded in
the resin, and polymerized at 60 °C for 48 h. Ultrathin
sections were obtained using a Leica Ultracut UCT ultrami-
crotome, and then mounted on Formvar-coated copper grids.
The sections were stained with 2% uranyl acetate in water
and lead citrate, and then observed under a JEM-1010
electron microscope (Jeol, Japan).

RESULTS AND DISCUSSION

Modification of Kahalalide F for Conjugation with GNPs.
Two Kahalalide F analogues P1 and P2 (Figure 1) were
synthesized and conjugated to NPs. For conjugation with GNPs,
a free thiol containing Cys that facilitates the attachment to the
gold surface was introduced in the peptide sequence. In P1,
the p-'?Val was replaced by a D-Cys residue that does not seem
to be crucial for biological activity. To determine whether the
Cys configuration affects toxicity, P2 was obtained from where
the D-Val had been replaced by a L-Cys instead a D-Cys, as in
P1.The change of chirality from D-Cys (P1) to L-Cys (P2) should
induce a decrease in antitumoral activity from P1 to P2. These
results are in agreement with Jimenez et al., who reported that
when the chirality of a residue of the Kahalalide F tail changes,
the activity decreases (46).

P1 and P2 were synthesized using a Fmoc/tBu solid-phase
synthesis strategy (Supporting Information) (44).

Conjugation of P1 and P2 with GNPs. GNP cellular uptake
is heavily dependent on nanoparticle size (47). In this work,
P1 and P2 were conjugated to two different GNP sizes, i.e., 20
and 40 nm (GNP-20 and GNP-40, respectively) obtaining
conjugates GNP-20-P1, GNP-20-P2, GNP-40-P1, and GNP-40-
P2 in order to determine the influence of nanoparticle size on
the penetration and cytotoxicity of the conjugates.

GNPs were obtained via the sodium citrate reduction
method (48—52), which allows the synthesis of clusters between
6 and 60 nm by adding varying amounts of the reducing agent.
The GNPs were characterized by UV—vis and TEM (Supporting
Information). The peptide-capped GNPs were prepared by
mixing a colloidal gold solution with an excess of peptide to
obtain functionalized gold surfaces. The conjugates were
exhaustively characterized by using UV—vis spectroscopy,
amino acid analysis (AAA), transmission electron microscopy
(TEM), electron energy loss spectroscopy (EELS), and X-ray
spectroscopy (XPS).

Characterization of Conjugates. UV—uisible Spectroscopy.
UV —vis spectra of GNPs were taken (Figure 2). The charac-
teristic correlation between surface plasmon resonance band and
nanoparticle size (53) (520 nm for the 20 nm size, and 530 nm
for the 40 nm size) was observed. In peptide—GNP conjugates,
the wavelength of maximum absorption was shifted to longer
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Figure 3. (a) bare GNP-20 and (b) GNP-20-P1.

wavelengths (Figure 2), which could be explained by the
capping of the nanoparticle surface with the peptide molecules.

High-Resolution Transmission Electron Microscopy (HR-
TEM). Figure 3 shows high-resolution TEM micrographs
(HRTEM) of GNP-20 (Figure 3a) and GNP-20-P1 (Figure 3b).
The presence of a layer around the nanoparticle core (Figure
3b) corresponding to the peptide was observed following uranyl
acetate staining. As observed, the peptide covered the whole
surface of the nanoparticle and increased the hydrodynamic size
of the peptide-capped nanoparticle by 6 nm (the GNP metallic
core as 20 nm in diameter, while the GNP-20-P1 was ap-
proximately 25 nm). The capping of GNPs by the adsorption
of proteins was observed by TEM by other authors (54).
However, in our case, although the nanoparticle was capped
with a short peptide (approximately 1 nm long in an extended
form), the formation of a wide layer (5 nm) was observed. This
result led us to conclude that the nanoparticle was capped by a
peptide multilayer.

Further characterization of the conjugates was carried out as
described next. EELS (electron energy loss spectroscopy) and
XPS (X-ray photoelectron spectroscopy) were used to confirm
the presence of S—Au bonds on the surface, and amino acid
analysis was performed to determine the number of peptide
molecules that were conjugated to the GNPs.

Electron Energy Loss Spectroscopy (EELS). An accurate
analysis of the electron energy loss near edge spectra (ELNES)
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at the Au O, 3 edge (54 eV), showed that the shape of the edge
changed slightly when the spectrum was obtained on the
unconjugated GNPs with regard to the P1-conjugates (Figure
4b,e, respectively). The change of the ELNES shape at the Au
0,3 edge can be directly attributed to a bonding variation on
some of the Au surface atoms. To determine the cause of this
bonding variation, we also analyzed the S L, 3 edge placed at
around 165 eV. In this case, energy-filtered spectra obtained
on the Au conjugated nanoparticle surfaces showed a clear signal
around 165 eV (Figure 4f), indicating the presence of S atoms
on the Au nanoparticle surface as detailed by Olmedo et al.
(55).

The same energy region analyzed on the unconjugated
nanoparticle surfaces showed a noise signal only, as indicated
in Figure 4c. Given that the unconjugated sample was assumed
to have a low quantity of S atoms, it was used to evaluate the
signal-to-noise ratio at the S L, 3 energy region. The average
ratio between the maximum on the Au O3 peak and the
maximum noise signal after background subtraction found at
the S L3 energy region was 4 x 10> for the unconjugated
nanoparticles. However, values of up to 8 x 10~* were found
for the functionalized nanoparticles, indicating that the increase
in the signal-to-noise ratio may be due to bound S atoms. This
last result corroborates the presence of S atoms on the Au
surface, which would be responsible for the slight change in
the Au O3 ELNES spectra due to their bonding. Consequently,
the presence of bound S atoms would indicate the functional-
ization of the GNPs with P1.

X-ray Photoelectron Spectroscopy (XPS). The gold colloids
were further characterized by X-ray photoelectron spectroscopy
(XPS). XPS studies were carried out on P1-conjugate and
unconjugated gold nanoparticles deposited on polymethyl-
methacrylate surfaces (PMMA). This polymeric surface was
used to minimize interference coming from the substrate, a
problem commonly observed when sulfur-containing compounds
are analyzed on silicon surfaces (56).

The S, spectrum gave a weak signal due to the presence of
only one sulfur atom per attached peptide (Figure 5). The signal
consists of a broad band with a maximum at 163.2 eV that
corresponds to sulfur grafted onto gold, indicating the presence
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Figure 4. (a) EELS spectrum obtained on the surface of a non-functionalized GNP-20. (b) Detail of the Au O,3 ELNES spectrum bound by the
blue rectangle in (a). (c) Detail of the S L,3 edge bound by the cyan rectangle in (a). (d) EELS spectrum obtained on the surface of GNP-20-P1.
(e) Detail of the Au O,3 ELNES spectrum bound by the dark orange rectangle in (d). (f) Detail of the S L,3 edge bound by the pale orange

rectangle in (d).
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Figure 6. Representation of the functionalization of GNPs with the
Kahalalide F analogues and the formation of adlayers. The peptide chain
is depicted in green; the thiols belonging to the cysteins are depicted
in orange.
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Figure 7. Antiproliferation results of the incubation of P1- and P2-
conjugated 20 nm (a) and 40 nm (b) gold nanoparticles with HeLa
cells for 24 h. Cell culture media and SDS were used as negative and
positive controls, respectively. The conjugated and nonconjugated
peptides were screened against the HeLa cells at a concentration of 1
x 107> M. The GNP concentration is the same in all samples.

of Au—S bonds. Although S>3/ and Szp12 signals can usually
be observed separately, we observed a single broad band,

presumably due to shielding of the electron emission by the
large peptide. A similar Sy, signal was obtained when the peptide
was on a non-functionalized gold surface (57).

Determination of the Number of Peptide Molecules per
GNP. To determine the number of peptide molecules per
nanoparticle, nondialyzed aliquots of the conjugated solutions
(2.5 mL) were centrifuged at 13 500 rpm for 30 min. The
supernatant was lyophilized and then analyzed by HPLC to
determine the amount of unconjugated peptide. Approximately
85% of the peptide used in the conjugation was attached to the
GNPs. The number of peptides per particle was calculated by
dividing the concentration of grafted peptide by the amount of
GNPs in solution, which was determined spectrophotometrically
considering the molar extinction coefficients detailed in ref 58.
Despite the GNP’s size (GPN-20 or GPN-40), the conjugates
showed ratios of 60 000 £ 5000 peptide molecules per nano-
particle. However, assuming that the surface of a GNP-20 is
1256 nm? or 5024 nm? for a GNP-40 and that the surface of a
single peptide molecule in an extended conformation is 0.6 nm?
(data obtained from molecular modeling calculation using the
Insight II software package), the theoretical number of molecules
that would completely cover a GNP-20 surface is only 2090
and 8373 for a GNP-40. This indicated to us that not all peptide
molecules were chemisorbed to the nanoparticle surface through
the sulfur bond, with the excess of peptide being attached to
the nanoparticle by another sort of interaction (Figure 6). One
option is the formation of peptide adlayers due to the hydro-
phobic character of KF, which prompts the assembly of the
peptide on the GNP surface in aquous media. Kahalalide F
spontaneously self-assembles in aqueous solution, forming
spherical supramolecular structures as has been observed by
TEM (Supporting Information). This formation of peptide
adlayers is a relevant issue to consider when the conjugation
of a peptide to a GNP is considered and dramatically influences
the final ratio of molecules per nanoparticle, saturating the
nanoparticle surface and prompting multilayered capping on the
surface. In such a way, the nanoparticles are acting as a
concentrator for the delivery of drugs, thereby increasing
bioactivity. The influence of the conjugation of P1 and P2 on
cytotoxic activity was examined as follows.

Cytotoxicity Studies. The degree of cytotoxicity of single
peptides (P1 and P2), single GNP solutions (GNP-20 and GNP-
40), and their respective conjugates was determined by the
WST-1 assay in HeLa tumor cells following 24 h of incubation.
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Figure 9. TEM images of HeLa cells incubated with (A) GNP-20-P1. The arrows indicate the presence of the GNPs inside lysosome-like structures.
(B) Higher magnification of the accumulated GNP-20-P1 inside lysosome-like structures. (C) GNP-40-P1 and (D) bare GNP-20. NU (nucleus),

RER (rough endoplasmic reticulum), GA (Golgi apparatus).

Cell culture medium and SDS were considered as negative and
positive controls (0% and 80% of inhibition, respectively). The
results showed that GNPs displayed residual cytotoxicity against
HeLa cells, determined in approximately 22% inhibition for
GNP-20 and GNP-40 (Figure 7 and Supporting Information).
Regarding the cytotoxicity of single peptides, P2 was found to
be less cytotoxic than P1 (10% vs 50% inhibition, respectively).
The cytotoxicity of conjugates P1 and P2 with GNP-20 did not
change with respect to the free peptides (Figure 7 and Supporting

Information). In contrast, for P1 and P2 conjugated with GNP-
40 the cytotoxicity is higher with respect to the free peptides
(Figure 7). This enhancement could be the result of better cell
uptake of the former conjugate, which would be consistent with
the findings of Chithrani et al. (47). The authors reported that,
among nanoparticles of different sizes, those of 50 nm dem-
onstrated the highest level of uptake by HeLa cells. In agreement
with these results, Osaki et al. (59) qualitatively showed that
50 nm nanoparticles entered the cells via receptor-mediated
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endocytosis more efficiently than smaller ones. We attributed
the enhanced toxicity of GNP-40-P1 and GNP-40-P2 with
respect to P1 and P2 to a synergic effect between the peptide
and the GNP-40 that favored the penetration and targeting to
the lysosome (the putative target of Kahalalide F) (38). Confocal
and TEM observations to evaluate the accumulation and
localization of the conjugates in the cells were carried out.

Cellular Localization of Conjugates. Accumulation of the
Peptide—GNP Conjugates by Confocal Laser Scanning Mi-
croscopy (CLSM). To study the influence of the peptide
conjugation on the penetration and distribution of GNPs in cells,
both conjugated and unconjugated nanoparticles were observed
under confocal microscopy for detection of their reflections. It
is important to mention that, in this technique, single GNPs
could not be observed; however, if the nanoparticles had been
localized together in a cell region, then their detection would
have been possible. The cells were fixed with paraformaldehyde
and the membranes and nuclei stained. Figure 8 shows how
GNPs and peptide—GNP accumulate in cells. Bare GNPs
accumulate in cells in low proportion with respect to the
conjugates. As expected, the accumulation of GNP-40 is higher
than GNP-20, which is in accordance with the results Chitriani
et al. (47), who hypothesized that GNP uptake is mediated by
nonspecific adsorption of serum proteins onto the gold surface;
these proteins induce the nanoparticles to enter into cells via
the mechanism of receptor-mediated endocytosis. On the other
hand, functionalized nanoparticles with peptides presented a
higher degree of accumulation in HeLa cells with respect to
bare GNPs, with the GNP-40-P1 conjugate showing the highest
accumulation. The functionalization of GNPs with P1 and P2
introduces a positive charge into the nanoparticle. This charge
is achieved by Orn (see Figure 1), which is charged positively
at pH = 7.4. This positive charge favors interaction with the
membrane (charged negatively) and consequently enhances
penetration into the cell. There are several examples in the
literature describing the addition of Lys or Arg residues for
transfecting molecules into cells (60, 61). The lower accumula-
tion of GNPs that are capped with citrate ions in comparison to
functionalized nanoparticles could be explained by the fact that
the charge of the GNPs is negative (due to the citrate stabilizing
ligand). Anionic molecules and structures bind less efficiently
to cell surfaces than neutral or cationic molecules, since
electrostatic repulsion between the negatively charged surface
membrane and cellular environment will repel nanoparticles.
Thus, to gain entry, these GNPs must be capped with serum
proteins.

Localization of the Conjugates by Transmission Electron
Microscopy (TEM). Localization of the peptide—GNP conju-
gates in the cells was investigated with by TEM. HeLa cells
were incubated for 24 h with either conjugated or unconjugated
GNPs. TEM images (Figure 9) showed that the penetration of
GNP was lower than that of peptide—GNP. Both GNPs and
peptide—GNPs were localized in lysosome-like structures. This
behavior was not surprising due to lysosomal compartmentaliza-
tion and was certainly the expected result in most cell uptake
processes.

CONCLUSIONS

In summary, conjugating Kahalalide F analogues to GNPs
improves the ability of the peptide to target tumoral cell
lysosomes (the putative target for Kahalalide F) by using GNPs
with high capacity to enter into the cell, thus allowing higher
concentrations of peptide molecules which in turn enhances
cytotoxicity, as observed for peptides conjugated to GNP-40.
The conjugation of bioactive peptides such as Kahalalide F to
GNP could be used to direct the drug to the desired pharma-
cological target, thereby widening the therapeutic index of
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current cancer therapies. In addition, the peptides conjugated
to GNP-40 could find application in treatments based on the
destruction of tumoral cells by applying NIR radiation to cells
that contain accumulated nanoparticles.
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