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ABSTRACT
Purpose To design and synthesize fatty acid-RGD peptide amphi-
philes with ADA linker for their potential delivery of hydrophobic
drugs like paclitaxel targeted to αvβ3 integrin overexpressing tumors.
Methods Four amphiphiles - C16 or C18 fatty acid–RGD
peptide and ADA linker were designed and synthesized.
CMC, size and zeta potential of the amphiphiles were deter-
mined. FITC loaded micelles uptake into A2058 melanoma cells
was investigated at 4°C and 37°C using confocal microscopy.
Paclitaxel was loaded into micelles, their encapsulation efficiency
and cytotoxicity of micelles was evaluated. The stability of the
micelles was determined using FRET method.
Results Mass, 1H NMR and HPLC analysis confirmed the forma-
tion of amphiphiles and their purity. Among the amphiphiles, C18-
(ADA)2-RGD amphiphile exhibited lowest CMC (9.00±1.73 μM)
and its micelles had suitable size (194.63±44.86 nm) and zeta
potential (0.27±1.96 mV) for targeting. The cellular uptake of the
micelles was temperature dependent and the micelles were stable.
The IC50 of paclitaxel loaded in micelles decreased 50% in αvβ3
integrin overexpressing cells and showed a 4 fold increase in
normal cells when compared to free paclitaxel.
Conclusion Amphiphiles of fatty acids–ADA-RGD were synthe-
sized. These amphiphiles formed stable micelles and were effective
as targeted delivery carriers to αvβ3 integrin overexpressing tumors.
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INTRODUCTION

Peptide amphiphiles (PA) are molecular structures com-
posed of either hydrophobic and hydrophilic domains in
peptide itself or a peptide that is conjugated to long chain
alkyl moieties. PAs are biocompatible, biodegradable and
easy to synthesize. Their amphiphilic nature renders them
to self-assemble into nanostructures above the critical micel-
lar concentration (CMC) in aqueous media. During the self-
assembly, hydrophobic segments assemble to form inner
core of the nanostructure and hydrophilic segments are
displaced into outer surface to have hydrophilic interaction
with aqueous surroundings. This free energy driven aggre-
gation behaviour is enhanced by intermolecular hydropho-
bic interactions and hydrogen bonding while electrostatic
repulsion disfavours it. The self-assembly leads to formation
of different kinds of nanostructures like micelles (1), nano-
fibers (2), ribbons (3), nanotubes (4) and nanobelts (5). Mor-
phology of the nanostructures can be tuned by altering
structure of PA, amino acid sequence and assembly atmo-
sphere (1,6–8). β-sheet forming peptide linkers between
hydrophobic chain and bioactive peptide, facilitate intermo-
lecular hydrogen bonding and bring on assembly of one-
dimensional nanofibers, which arrange themselves into a
three-dimensional gel network and these have proved their
efficiency in the delivery of bone marrow mononuclear cells
(BMNCs) (9), sonic hedgehog (SHH) (10), angiogenic factors
such as vascular endothelial growth factor (VEGF), and
basic fibroblast growth factor (FGF2) (11) for tissue engi-
neering and regenerative medicine. PA nanofibers were also
utilized for controlled release of antisense oligonucleotides
(12) and genetic materials (13).
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For the above applications, therapeutic agents are em-
bedded in the self-assembled fibrillar hydrogel structure
formed by intermolecular hydrogen bonding of the peptide
segment assisted by multivalent ions. Another event that
occurs during the course of self-assembly is the collapse of
hydrophobic segment spontaneously creating tiny dense
hydrophobic pockets in aqueous environment. This presents
an ideal scenario to encapsulate hydrophobic molecules
inside the core of nanostructures. Such non-covalent entrap-
ment of hydrophobic drugs eliminates the need for covalent
conjugation of drugs to carrier. Even though applications of
PA nanostructures were extensively studied for delivery of
cells and proteins, science of drug delivery with PA nano-
structures is still in its infancy. Reasons for limited use of PA
nanostructures in drug delivery are cost of production, dif-
ficulties related to prediction of size and shape of nano-
structures formed after self-assembly and lack of
quantitative drug encapsulation efficiency to achieve desired
biological effect. The encapsulation and delivery of model
hydrophobic molecules like pyrene (14), porphyrin (15) and
doxorubicin (13,16) inside the hydrophobic core of the self-
assembled PA nanostructures were demonstrated but limit-
ed in number. In addition, the ability of self-assembled
nanostructures to display bioactive peptide epitopes in outer
shell surface provides a unique opportunity for active target-
ing. Active targeted drug delivery is based on the interaction
of ligands on drug delivery vehicle with targeted biomole-
cules, which are overexpressed in disease state cells than
normal cells. One such broadly studied system for active
targeting of tumor endothelium is interaction between Arg-
Gly-Asp (RGD) peptide epitome and αvβ3 integrin. The
RGD tripeptide sequence found in the extracellular matrix
proteins including vitronectin, fibronectin and collagen,
plasma proteins such as fibrinogen is recognised by αvβ3
integrin to induce diverse biological processes (17). The
αvβ3 integrin is heterodimeric glycosylated protein made
up of 125 kDa αv subunit and a 105 kDa β3 subunit and is
implicated in tumour angiogenesis, metastasis and invasion
(18,19). It is overexpressed in variety of cancer cells includ-
ing melanoma, glioblastoma, breast, prostate, cervical, ovar-
ian and pancreatic cancers.

Active targeting to integrin overexpressing cells using
liposome prepared from lipopeptides was studied by Hölig
et al. (20). The lipopeptides consisted of a 1,2 dipalmitoyl-
glycero-3-succinyllysine and RGD10 motif demonstrated
high binding with short circulation half-life and exhibited
rapid elimination from blood stream which was shortcoming
of the system. In comparison to the liposome system, PAs
micelles are easy to formulate and their in vivo stability as
well as circulation half-life can be improved by controlling
the size and zeta potential of the micelles also by modulating
the hydrophilic and lipophilic balance (HLB) of the amphi-
philes. PAs of RGD peptide and fatty acids, including capric

acid (C10), lauric acid (C12), myristic acid (C14), palmitic
acid (C16), stearic acid (C18) were designed and synthesized
in our laboratory. The data indicated that C16-RGD and
C18-RGD amphiphiles were able to self-assemble into
nanostructures and paclitaxel loaded nanostructures were
able to bind specifically to αvβ3 integrin overexpressing
tumor cells (21). However, these amphiphiles were extreme-
ly hydrophobic posing challenges in their evaluation as
vehicles for drug delivery. Use of hydrophilic linkers in the
PA of C16 and C18 fatty acids conjugated with RGD is
hypothesized to improve hydrophilicity and enhance micel-
lar formation. Oligo ethylene glycol linkers such as 8-amino-
3,6-dioxaoctanoic acid (ADA), are known to improve both
hydrophilicity and biological profile of peptide conjugates
(16,22). The HLB of the PA can be tuned by varying the
number of ADA units. Furthermore, such poly ethylene
glycol (PEG) related compounds are approved by the FDA
to use in the formulations because PEG is non-toxic, does
not produce immunogenic responses and is safely eliminated
from the body. Additionally, PEG solubilises in both organic
and aqueous solvents with low polydispersity.

Hydrophobic anticancer drug paclitaxel is extensively
used anticancer drug and approved for the treatment of
solid tumors of ovary, breast, and lung, acute leukaemia
and neck carcinoma. Clinical use of paclitaxel suffered from
serious adverse effects such as neutropenia and peripheral
sensory neuropathy developed during the course of treat-
ment (23). Paclitaxel is available for intravenous administra-
tion in a micellar formulation with Cremophor EL.
However, this formulation is known to cause severe hyper-
sensitivity reactions (24). To overcome the problems associ-
ated with physicochemical properties and to circumvent side
effects, RGD decorated polymeric micelles (25,26) and poly-
meric nanoparticles (27,28) loaded with paclitaxel were
studied for active targeted drug delivery. Findings from
these experiments revealed that decoration of paclitaxel
loaded drug delivery vehicle with RGD peptide significantly
enhanced paclitaxel bioavailability, specificity and efficacy
than free drug in tumor active targeting. However, conven-
tional amphiphilic copolymers used in these formulations
are nonbiodegradable causing long term toxicity, lack of
specificity and induce haemolysis in red blood cells (RBC)
by colloid osmotic lysis (29). Therefore, there is significant
scope for the development of novel drug delivery systems for
paclitaxel with improved pharmacokinetics profile, less tox-
icities as well as better active targeting capability.

In this study, PAs of RGD peptide with C16 and C18
fatty acids, containing one or two units of ADA linker in
between RGD peptide and fatty acid were designed, syn-
thesized and characterized for their CMC. The self-
assembled micelles were characterized for their size and zeta
potential. The cellular uptake of the fluorescein isothiocya-
nate (FITC) loaded C18-(ADA)2-RGD micelles was studied
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using confocal microscopy and evaluated for their ability to
enhance solubility of the hydrophobic anticancer drug pac-
litaxel. The cytotoxicity of paclitaxel loaded micelles in
comparison with free paclitaxel was determined in A2058
melanoma cells and Detroit 551 keratinocyte cells with
sulforhodamine B (SRB) assay. Kinetic stability of the
micelles was studied by förster resonance energy transfer
(FRET) analysis.

MATERIALS AND METHODS

Materials

The Wang resin preloaded with Fmoc-Asp (OtBu)-OH and
piperidine were purchased from Advanced Chemtech
(Louisville, KY, USA). Fmoc-Gly-OH, Fmoc-Arg(Pbf)-
OH, triisopropylsilane (TIS), N-hydroxybenzotriazole
(HOBT), 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethy-
luronium hexafluorophosphate (HATU), ADA and
benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluor-
ophosphate (PyBOP) were brought from Chem-Impex In-
ternational Ltd(Wood Dale, IL, USA). Diethyl ether,
trifluoroacetic acid (TFA), diisopropylethylamine (DIPEA),
N,N′-diisopropylcarbodiimide (DIC), N,N′-dimethylforma-
mide (DMF), stearic acid and palmitic acid were all
obtained from Acros Organics (New Jersey, USA). Acetoni-
trile (ACN) and dichloromethane (DCM) were purchased
from Fisher Scientific (Pittsburgh, PA, USA). Pyrene and
SRB assay kit were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Paclitaxel was purchased from LC laboratories
(Woburn, MA, USA). The fluorescent probe FITC was
obtained from Calbiochem (San Diego, CA, USA). Alexa-
Fluor 594 wheat germ agglutinin, SlowFade®, 1,1′-diocta-
decyl-3,3,3,3′-tetramethylindocarbocyanine perchlorate
(DiI) and 3,3′-dioctadecyloxacarbocyanine perchlorate
(DiO) were purchased from Invitrogen (Carlsbad, CA,
USA). All chemicals and solvents were used without further
purification.

Cell Culture

A2058 melanoma cells and Detroit 551 keratinocyte cells
were obtained from ATCC (Manassas, VA, USA). The
A2058 melanoma cells were cultured in dulbecco’s modified
eagle medium (DMEM, Invitrogen corporation, Carlsbad,
CA) containing 10% heat inactivated fetal bovine serum,
1% L-Glutamine (200 mM, Gibco, Invitrogen corporation,
Japan) and 1% penicillin-streptomycin (5000 I.U./mL, Cell-
gro, Mediatech Inc, VA). Detroit 551 keratinocyte cells were
cultured in eagle’s minimum essential medium (EMEM,
ATCC, USA) supplemented with 10% fetal bovine serum,
1% L-Glutamine (200 mM, Gibco, Invitrogen corporation,

Japan) and 1% penicillin-streptomycin (5000 I.U./mL, Cell-
gro, Mediatech Inc, VA). Both cell lines were incubated in a
humidified environment at 37°C and 5% CO2. Cells were
used for experiments when they reached a confluency of
approximately 80–85%.

Synthesis of Peptide Amphiphiles

The amphiphiles were synthesized employing the standard
Fmoc/tBu chemistry protocols. The synthesis was carried out
on Wang resin preloaded with Fmoc-Asp (OtBu)-OH
(0.8 mmol/gm substitution) at 0.4 mmol scale. RGD peptide
was built by coupling of Fmoc protected amino acid mono-
mers, Fmoc-gly-OH and Fmoc-Arg(Pbf)-OH using Fmoc-
amino acids (3 equiv), DIC (3 equiv) and HOBT (3 equiv) in
DMF (8 mL) and shaking for 2 h. Once the RGD peptide
synthesis was completed, one or two units of ADA linker were
conjugated to amino group of arginine. This conjugation was
carried out with ADA (3 equiv), HATU (3 equiv), HOBT (3
equiv) and DIPEA (4 equiv) in DMF (8 mL) and shaking for
3 h. Amino group of ADA unit was acylated with C16 or C18
fatty acid using fatty acid (3 equiv), PyBOP (3 equiv) and
DIPEA (4 equiv) in the 50:50 mixture of DMF: DCM (8 mL)
and shaking for 3 h. During the entire synthesis Fmoc group
deprotection was carried out using solution of 20% piperidine
in DMF (2×8 mL) and shaking for 3 min and 30 min, respec-
tively. After each acylation and deprotection reaction, the resin
was washed with DMF (3×8 mL) and DCM (3×8 mL) and
shaking each time for 2 min. The coupling and deprotection
reactions were monitored by performing the Kaiser test (ap-
proximately 10 beads treated with 1 drop of each three Kaiser
test reagents and heated at 100°C, deprotection of Fmoc group
lead to a positive Kaiser test, indicated by the development of a
blue colour, while completion of coupling yielded a negative
test, demonstrated by the development of a yellow colour).
Assembled PA cleavage and deprotection of side chain protec-
tion groups were performed by treating with cleavage cocktail,
containing TFA, deionized water and TIS in the 95:2.5:2.5
ratios. After shaking for 3 h, the TFA solution was collected and
concentrated by rotary evaporation at 30°C. The viscous solu-
tion was cooled to −10°C and cold diethyl ether was added to
precipitate the PA. Precipitate was collected through filtration,
washed with cold diethyl ether and cold deionized water and
further dissolved in the 50:50 mixture of ACN and water
followed by lyophilization. Dried PAs were stored at −20°C
until their further use. The purity of the PA was determined by
high pressure liquid chromatography (HPLC) using Waters
2690 Separations Module HPLC system (Waters Corp, Mil-
ford, USA) equipped with photodiode array model 996 detec-
tor and Phenomenex Gemini C18 column (Phenomenex,
Torrance, USA) having 250×4.6 mm dimensions. The mobile
phase solvents used were water with 0.1% TFA (A) and ACN
with 0.1%TFA (B), elution was performed with linear gradient
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from 40 to 60% B over 10 min at 1.0 mL/min flow rate and
from 60 to 80% B over next 5 min at 1.0 mL/min flow rate.
The same gradient was maintained further for 10 min at
1.0 mL/min flow rate and back to 40% B in last 10 min of
analysis to achieve equilibrium for the next injection. The peak
area was measured at 210 nm. Mass spectral analysis was
carried out on Varian 1200 LC-MS electron spray ionization
(ESI) mass spectrometer (Varian Inc, Walnut Creek, USA). 1H
NMR was performed with JEOL ECA 600 MHz NMR in-
strument (JEOL USA Inc, MA, USA).

Determination of Critical Micellar Concentration

Critical micellar concentration was measured with fluores-
cence spectroscopy using pyrene as fluorescence probe. Brief-
ly, a stock solution of 2 mg/mL of amphiphile was prepared in
methanol. Different volumes of this stock along with 50 μL of
1.8×10−4 M solution of pyrene in DCM were added to
20 mL vials and vortexed thoroughly. Organic solvents were
evaporated and 15 mL of distilled water was added to the
amphiphile and pyrene film, yielding a final amphiphile con-
centrations ranging from approximately 0.2 to 120 μMas well
as pyrene concentration of 6.0×10−7 M. Samples were then
equilibrated for 24 h at 37°C and 85 rpm. Pyrene emission
spectrum was recorded with Shimadzu RF-5301 PC spectro-
fluorometer (Shimadzu Corporation, Pleasanton, USA) using
an excitation wavelength of 337 nm and emission spectra
ranging from 350 to 500 nm. The first (I1) and third (I3)
vibrionic emission peak fluorescence intensities were mea-
sured and CMC was determined from the inflection point in
the plot of log amphiphile concentration and I3/I1 ratio.

Measurement of Zeta Potential and Size Distribution

For zeta potential and size distribution analysis, solution of
amphiphile was prepared in methanol and dried with nitro-
gen gas stream at 25°C. The formed film was then hydrated
with 10 mL of distilled water to yield a final concentration of
ten times the CMC, solution was equilibrated for 24 h at 37°C
and 85 rpm. The zeta potential and size distribution of self-
assembled micelles were measured by phase analysis light
scattering (PALS) and dynamic light scattering (DLS), respec-
tively at 37°C, using Malvern Zetasizer Nanoseries ZS90
(Malvern Instruments Inc,Westborough,USA) equippedwith
He-Ne laser at 633 nm.

Cell Uptake Studies

Cell uptake studies of FITC loaded micelles were analyzed by
confocal microscopy. Suitable aliquots of 2mg/mL amphiphile
stock in methanol were used to bring the final concentration to
10 times above its CMC when suspended in aqueous growth
medium. A 1 mL of 2 mg/mL stock solution of FITC was

added to the amphiphile and separately to another tube as a
free FITC control. Both samples were dried with nitrogen gas
stream at 25°C. Samples were then suspended in 10 mL serum
free DMEM, vortexed, and equilibrated for 1 h at 37°C and
85 rpm. A2058 melanoma cells seeded on glass coverslips were
washed with hank’s balanced salt solution (HBSS) followed by
serum free medium and incubated with free FITC or FITC
loaded micelles at 37°C or 4°C for predetermined time period.
Cells were then washed twice with HBSS to remove any
unboundmicelles or free FITC and incubated with AlexaFluor
594 wheat germ agglutinin to stain cell plasma membranes.
These cells were fixed with 4% paraformaldehyde and treated
cover slips weremounted on slides and imaged with an inverted
Leica DMIRE2 fluorescence microscope (Leica Biosystems
Richmond Inc, Richmond, USA) using a Yokogawa CSU-
X1 confocal scanner unit.

Average fluorescence intensity of FITC taken up by cells
was calculated based on the measurement of 12 individual
cells from each treatment group. To maintain consistency,
region measurements were based on fixed dimensions of
70×50 (width × height). A t-test was conducted to deter-
mine the significance level of FITC internalization within
groups treated at 37°C versus 4°C, results were considered
statistically significant if p value <0.05.

Paclitaxel Loading into Micelles

The paclitaxel loaded micelles were prepared by the solid
dispersion method. A 1:1 v/v solution of paclitaxel (1 mg/mL)
and amphiphile (10 mg/mL) in methanol was co-dissolved by
vortexing followed by shaking in a water bath at 100 rpm and
25°C for 4 h. Methanol was evaporated by passing a nitrogen
gas stream. The resulting film was hydrated with 10 mL of
distilled water andmixed thoroughly by vortexing. The solution
was equilibrated by shaking in the water bath at 25°C and
100 rpm for 12 h. The undissolved drug and excess amphiphile
was removed by centrifugation at 16000 rpm for 25 min. The
supernatant micellar solution was analyzed for paclitaxel con-
tent by HPLC using Waters 2690 Separations Module HPLC
system (Waters Corp,Milford, USA) equipped with photodiode
array model 996 detector and Phenomenex Gemini C18 col-
umn (Phenomenex, Torrance USA) having 250×4.6 mm
dimensions. The analysis was performed using gradient elution
with water and acetonitrile mixture and increasing the concen-
tration of acetonitrile from 50% to 90%, at time zero to next
10 min and 1 mL/min flow rate. Paclitaxel content was mon-
itored at the wavelength of 227 nm.

Determination of Cytotoxicity

The cytotoxicity study of free paclitaxel and paclitaxel loaded
micelles on A2058melanoma cells andDetroit 551 keratinocyte
cells was performed using the SRB colorimetric assay. A2058
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melanoma cells or Detroit 551 keratinocyte cells were cultured
to 80% confluency in T75 culture flasks using DMEM and
EMEM as growth medium, respectively. The cells density was
determined using Coulter Counter. The cells were seeded onto
96 well plates at a density of 7000–8000 cells/ well and grown
for 24 h to reach 50% confluency. This was followed by
treatment with various concentrations of free paclitaxel and
paclitaxel loaded micelles ranging from 0.1 to 100 nM for
72 h at 37°C. At the end of the incubation period, the cells
were fixed using 10% trichloroacetic acid, followed by washing
with distilled water and drying. The cellular proteins were
stained using 50 μL of 0.4% SRB in 1% acetic acid. Unbound
SRB was washed with 1% acetic acid and the plates were dried
overnight. The cell bound SRB was then solubilized using
200 μL of 10 mM unbuffered Tris base solution. SRB absor-
bance was measured at 560 nm wavelength using a TriStar LB
941 Plate Reader (Berthold Technology, Oak Ridge, USA).
The percentage viability of cells was plotted as a function of log
paclitaxel concentration and data was analysed in Graph Pad
Prism Version 5.0d software (GraphPad Software Inc, CA,
USA) using nonlinear-regression curve fit (variable slope four
parameter equation).

In Vitro Stability Using FRET Analysis

The in vitro stability of micelles was assessed using FRET
method. FRET pair, DiI and DiO were loaded into micelles
by dissolving in DMF (at a concentration of 2.5 mM each)
and mixing with a solution of amphiphile in DMF at con-
centration of 30 times over CMC. Further, the solution was
heated at 50°C on a water bath for 5–6 h, followed by
dialysis through a 1000 kDa membrane. The dialysis was
performed for 24 h and water in the bath was exchanged
with fresh water three times in this duration. The FRET
pair loaded micelles were diluted 10 fold (three times above
CMC) and 30 fold (at CMC) in water and in acetone.
Fluorescence spectra were recorded at excitation wave-
length of 484 nm and emission wavelength range of 495 to
600 nm. The FRET efficiency was obtained from the ratio
I565/(I565 + I501). Further, time resolved spectra were
obtained after 10 fold dilution of micelles in water. Using
the same procedure, DiO loaded micelles and DiI loaded
micelles were prepared and diluted with water in the ratio
1:1:8 and time resolved spectra were measured.

RESULTS

Peptide Amphiphiles Synthesis

Four amphiphiles (shown in Fig. 1) with one or two units of
ADA linker having either C16 or C18 fatty acid were
synthesized. The synthesis of the amphiphiles was carried

as shown in the schematic (Fig. 2) by solid phase peptide
synthesis on Wang resin using standard Fmoc chemistry
(30). In the first phase of synthesis, RGD peptide was ex-
tended on preloaded aspartic acid, followed by conjugation
of one or two units ADA linker to amino group of arginine.
Finally, the C16 or C18 fatty acid was added to NH2

terminus of group of ADA linker. Data from mass spectros-
copy, H1NMR and HPLC confirmed the formation of PAs
along with corresponding high purity. As an example, the
yield of C18-(ADA)2-RGD amphiphile was 38%, purity
determined by HPLC was 93.62%, confirmed mass was
903.6. The 1H NMR spectra of this amphiphile in
DMSO-d6, at 600 MHz showed δ 0.80–0.82 (t, J06.7 and
7.2 Hz,3H), 1.19 (s, 30H), 1.39–1.47 (m, 4H), 1.50–1.56 (m,
1H), 1.65–1.71 (m, 1H), 1.99–2.02 (t, J07.3 and 7.4 Hz,
2H), 2.53–2.57 (dd, J06.8, 9.8 and 6.7 Hz, 1H), 2.62–2.66
(dd, J05.7, 10.9 and 5.6 Hz, 1H), 3.03–3.07 (q, J06.9 and
6.3 Hz, 2H), 3.13–3.16 (q, J05.8 and 6 Hz, 2H), 3.20–3.29
(m, 2H), 3.35–3.37 (t, J06 Hz, 2H), 3.40–3.42 (t, J06.1 and
6 Hz, 2H), 3.49–3.59 (m, 8H), 3.71–3.72 (d, J06.9 Hz, 2H),
3.83 (s, 2H), 3.89 (d, J02.7 Hz, 2H), 4.32–4.35 (q, J07.8,
5.8 and 8.0 Hz, 1H), 4.48–4.52 (q, J06.7, 7.3 and 6.5 Hz,
1H), 7.40–7.41 (t, J05.6 and 5.7 Hz, 1H), 7.65–7.68 (q, J0
5.8, 7.3 and 8.2 Hz, 2H), 7.78–7.80 (t, J06.0 and 5.4 Hz,
1H), 8.20–8.21 (d, J07.8 Hz, 1H), 8.30–8.32 (t, J05.8 Hz,
1H) confirming the formation. The mass spectrum and 1H
NMR spectrum of C18-(ADA)2-RGD amphiphile is shown
in Figs. 3 and 4, respectively. Similarly, mass spectra and 1H
NMR spectral analysis of other compounds also confirmed
their formation.

Critical Micellar Concentration, Size and Zeta
Potential Determination

The CMC data with fluorescence spectroscopy technique
using pyrene as probe indicated that all amphiphiles self-
assembled into micelles. Pyrene is a polycyclic aromatic
hydrocarbon, widely used for determination of CMC be-
cause of its monomer fluorescence spectra exhibits distinct
vibrational bands (31,32). The intensities of these vibrational
bands depend upon solvent environment around pyrene
monomers, which is influenced by both dipole moment
and dielectric constant of solvent (33). As shown in the
excitation spectra of pyrene in various concentration of
C18-(ADA)2-RGD (Fig. 5), below CMC the ratio of I3/I1
is low due to the pyrene surrounded by aqueous environ-
ment. Conversely, an increase in the concentration of am-
phiphile leads to micelle formation, which is driven by the
hydrophobic collapse of long alkyl chains. During this self-
assembly, pyrene partitions into the hydrophobic core of
micelles, resulting in a high I3/I1 fluorescence ratio. The
intersection point of the flat line drawn through the concen-
trations below CMC and another sharply rising line drawn
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through the concentrations above CMC, represents CMC
value. The CMC values of amphiphiles determined with
fluorescence spectroscopy method are shown in Table I. It is
evident that CMC values of amphiphiles decreased signifi-
cantly by increasing the fatty acid chain length from C16 to
C18. In contrast, increase in number of ADA units did not
significantly impact CMC.

Hydrodynamic diameter measurements using DLS anal-
ysis indicated that amphiphiles self-assembled to form
micelles with unimodal distribution, a representative size
distribution chart of C18-(ADA)2-RGD micelles is given in
Fig. 6. The size of micelles increased with increase in alkyl
chain length from C16 to C18, whereas variation in the
number of ADA units did not exhibit any discernible trend.
Correspondingly, ADA incorporation in both C16 and C18
series brought down micelles size to favourable targeting
size range of 20–200 nm (34), when compared to C16-
RGD and C18-RGD micelles. Similarly, the zeta potential

measurements with PALS method revealed that incorpora-
tion of ADA and increase of ADA units in amphiphile
structure decreased negative zeta potential of micelles to
near zero in C18 series and to high positive zeta potential
in C16 series, in contrast with negative zeta potential of
C18-RGD micelles and C16-RGD micelles (Table I). The
C18-(ADA)2-RGD micelles were chosen for cellular uptake,
cytotoxicity and kinetic stability studies because of their
lower CMC, smaller size and near zero zeta potential
(35,36).

Cellular Uptake of C18-(ADA)2-RGD Micelles

FITC was loaded into C18-(ADA)2-RGD micelles by hy-
drating the co-dispersed film of FITC and C18-(ADA)2-
RGD amphiphile with serum free cell culture medium.
Hydrodynamic diameter of these micelles was analysed by
DLS method as described above and it was found to be

C16-(ADA)-RGD

C16-(ADA)2-RGD

C18-ADA-RGD

C18-(ADA)2-RGD

Fig. 1 Molecular structures of
synthesized peptide amphiphiles.
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n

mn

n m

n=1,2    m=14,16

2. Fmoc-Gly-OH

DIC, HOBT

1.Fmoc-Arg(Pbf)-OH
 DIC, HOBT
2. 20% piperidine in DMF

3. 20% piperidine in DMF

Fatty acid
PyBOP, DIPEA 

TFA,TIS, H2O

1.Fmoc-8-amino-3,6-dioxaoctonoic acid
 HATU, HOBT, DIPEA
2. 20% piperidine in DMF

1. 20% piperidine in DMF

Fig. 2 Schematic representation
of the solid phase synthesis of
peptide amphiphiles.
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133.13±7.64 nm. In preliminary experiments, A2058 mel-
anoma cells were incubated with FITC loaded C18-(ADA)2-
RGD micelles at 2, 5, and 10 min time points to determine
binding and optimal internalization periods. Results from
these studies suggested that maximum uptake was seen at a
10 min treatment period.

Subsequent studies were aimed to determining the mech-
anism by which FITC loaded C18-(ADA)2-RGD micelles
internalize in A2058 melanoma cells. This was carried out
by performing temperature dependent studies in which
A2058 melanoma cells were incubated at 4°C and 37°C
for 10 min. Confocal microscopy images of FITC loaded

Fig. 3 Mass spectrum of C18-
(ADA)2-RGD amphiphile.

Fig. 4 1H NMR spectrum of
C18-(ADA)2-RGD amphiphile in
DMSO-d6.
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C18-(ADA)2-RGD micelle internalization in melanoma
cells are shown in Fig. 7. At 37°C, A2058 melanoma cells
incubated with C18-(ADA)2-RGD micelles showed marked
cellular uptake of FITC when compared to cells incubated
with free FITC (Fig. 7a and b). Reducing the incubation
temperature to 4°C significantly decreased cellular uptake
of FITC loaded C18-(ADA)2-RGD micelles by A2058 mel-
anoma cells (Fig. 7a and c). In difference, there was no
appreciable variance in cellular uptake of FITC into
A2058 melanoma cells treated with free FITC either at
37°C or 4°C incubation temperature (Fig. 7b and d). The
small molecular weight of free FITC can account for minor
amount of its internalization in cells by passive diffusion. It is
evident from confocal microscopy images that the intracel-
lular uptake of FITC was increased not only when delivered
through C18-(ADA)2-RGD micelles, but also when driven
by an energy dependent mechanism, which can only occur
when the cells are subjected to the metabolically active
temperature of 37°C.

The fluorescence intensity from confocal microscopy
analysis was quantified and the data is shown in Fig. 8. A
3 fold increase in average intracellular fluorescence intensity
when A2058 melanoma cells were treated with micelles at

37°C when compared to cells treated with free FITC at the
same temperature (p<0.05). Importantly, C18-(ADA)2-
RGD micelles also showed significant intracellular uptake
of FITC when treated at 37°C versus 4°C (p<0.05). There
was not a significant difference in average fluorescence
intensity in A2058 melanoma cells incubated with either
FITC loaded C18-(ADA)2-RGD micelles or free FITC at
4°C. Collectively, the data suggested that C18-(ADA)2-
RGD micelles can efficiently deliver entrapped hydrophobic
agents to cancer cells by an active process. Our data is
consistent with reported role of receptor mediated endocy-
tosis in the uptake of RGD micelles, and based on the
temperature dependent analysis (37).

Paclitaxel Loaded C18-(ADA)2-RGD Micelles
Cytotoxicity Studies

Solid dispersion method was adopted to load paclitaxel into
C18-(ADA)2-RGD micelles using methanol as organic me-
dium. HPLC analysis for determination of paclitaxel con-
tent in C18-(ADA)2-RGD micelles revealed an increase in
the paclitaxel aqueous solubility from 0.4 μg/mL to
9.05 μg/mL. To determine cytotoxicity of free paclitaxel
and paclitaxel loaded in C18-(ADA)2-RGD micelles in αvβ3
integrin overexpressing A2058 melanoma cells and normal
Detroit 551 keratinocyte cells, different concentrations of
paclitaxel and paclitaxel loaded C18-(ADA)2-RGD micelles
were incubated with these cell lines for 72 h and cell viability
was measured with SRB assay. IC50, which the concentra-
tion of drug required to achieve 50% inhibition of cell
proliferation, was measured. The IC50 values calculated
using the hill slope obtained from the cytotoxicity profiles
of free paclitaxel and paclitaxel micellar formulation, con-
firmed the specific role of αvβ3 integrin in the uptake of these
paclitaxel loaded micelles. In αvβ3 integrin overexpressing
A2058 melanoma cells, IC50 value of paclitaxel decreased
from 7.85×10−3 μM (for free paclitaxel) to 4.70×10−3 μM
when loaded in C18-(ADA)2-RGD micelles (Fig. 9a and b).
In the normal cell line, Detroit 551 keratinocyte cells, IC50
value of paclitaxel increased from 4.77×10−3 μM (for free
paclitaxel) to 22.53×10−3 μM when loaded in C18-(ADA)2-
RGD micelles (Fig. 9c and d). The results of the cytotoxicity
studies further elicit the specific role of αvβ3 integrin in the
cellular uptake of the micelles.

In Vitro Stability Using FRET Analysis

The DiO+DiI loaded C18-(ADA)2-RGD micelles exhibited
emission maximum around 565 nm when undiluted and
also upon 10 fold dilution with water. This spectrum was
obtained due to the close proximity of the FRET dyes
loaded in the hydrophobic core of the micelles, which en-
abled fluorescence quenching (Fig. 10). Dilution in organic
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Fig. 5 Fluorescence spectra of C18-(ADA)2-RGD amphiphile showing
CMC (n03).

Table I Characterization of Amphiphiles and Self-Assembled Micelles

Amphiphile CMC
value(μM)

Size (nm) Zeta
Potential (mV)

C16-RGD 60.67±0.58 266.5±1.6 −39.6±0.2

C16- ADA-RGD 30.07±0.12 149.87±25.91 −0.80±2.24

C16-(ADA)2-RGD 30.07±0.12 96.09±8.33 9.50±0.89

C18-RGD 43.43±1.01 450.2±65.3 −13.5±10.2

C18- ADA-RGD 13.17±0.76 179.00±13.41 −2.62±0.74

C18-(ADA)2-RGD 9.00±1.73 194.63±44.86 0.27±1.96
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solvent resulted in the disruption of self-assembly structures
(micelles) solubilizing the dye and shifted the peak to
501 nm. The FRET efficiency was found to be 0.99 on 10
fold dilution in water and it decreased to 0.19 on dilution in
acetone. Even upon 30 fold dilution in water, a high FRET
efficiency of 0.96 was observed. From this data it was clear
that the dyes were loaded inside strong micellar core as
opposed to presence of any loose aggregates on dilution in
water. Further, when the DiI+DiO loaded C18-(ADA)2-
RGD micelles were diluted in water and emission spectrum
was recorded over a period of 24 h, no significant change in
the FRET efficiency over time was observed (Fig. 11). To
confirm the kinetic stability of the micelles, the dyes were
also loaded individually in the C18-(ADA)2-RGD amphi-
philes and then diluted up to 10 fold in water. The leakage
of the dyes from the micellar core and exchange between

individual micelles was assessed from the increase in FRET
efficiency over time. The observed FRET efficiency in-
creased by approximately 12% over 24 h (Fig. 12). The
C16-RGD and C18-RGD micelles without ADA linker
were loaded with the dyes, however, the micelles formed
aggregates with low dye incorporation. This observation is
similar to the hydrophobic interactions found in the size and
drug loading characterizations.

DISCUSSION

Fatty acid conjugation to peptides is a known strategy in the
field of peptide therapeutics. Such approaches have been
employed to stabilize the secondary structure of peptides,
enhance biological activity, better membrane permeability

Fig. 6 Size distribution of C18-
(ADA)2-RGD micelles in aqueous
medium by DLS method.

ba

c d

Fig. 7 Confocal microscopy
images of A2058 melanoma cells
incubated for 10 min, at 37°C
with FITC loaded C18-(ADA)2-
RGD micelles (a), at 37°C with
free FITC (b), at 4°C with FITC
loaded C18-(ADA)2-RGD
micelles (c), and at 4°C with free
FITC (d).
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and improve pharmacokinetics profile (38–40). Amphiphilic
nature of fatty acid conjugated peptide can be utilized in drug
delivery as they self-assemble in aqueous environment to
encapsulate the hydrophobic drugs in their nanostructures.
If nanostructure are designed to have ligands on their surface
to interact with a particular biological target, their potential as
drug carriers for the active targeted drug delivery significantly
improves. Recent reports pertaining to development of PAs
nanostructures for drug delivery applications are emerging
from many research groups (41,42). In this report, four

amphiphiles of C16 and C18 fatty acid-RGD peptide amphi-
philes with either one or two units of ADA linker were
designed and synthesized to target αvβ3 integrin overexpress-
ing tumor cells. These amphiphiles were designed to have
three segments, polar RGD peptide segment for the binding
of αvβ3 integrin, ADA hydrophilic linker, and C16 or C18
aliphatic acid. Several peptide sequences containing the RGD
motifs with improved or reduced affinity have been discovered
for αvβ3 integrin binding, however tripeptide RGD has im-
portant contacts and suffices for use as a targeting ligand (43).
ADA hydrophilic linker was incorporated in between RGD
and long alkyl chain interface to overcome excess hydropho-
bicity of previous amphiphiles. C16 and C18 long alkyl chains
were used as hydrophobic segment to aid in self-assembly. In
the designing, emphasis was given to optimal hydrophobicity
because too much hydrophobicity causes toxicity to cells,
difficult to solubilize them in aqueous media used in their
evaluation, and leads to non-specific binding to the cell mem-
branes. Initially, PAs synthesis was carried out by synthesizing
RGD peptide on Wang resin and pentafluorophenyl ester of
C16 or C18 - ADA acid with the reported procedure (44)
separately. Eventually, both precursors were conjugated in
solid phase synthesis. The purity of the amphiphiles obtained
from this procedure was very low, possible reason for the low
purity is degradation of pentafluorophenyl ester precursor in
reaction conditions. So, the entire amphiphile was synthesized
in solid phase by the chain elongation. Several coupling agents
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were screened to optimize coupling of ADA linker and fatty
acids. Of these, HATU and PyBOP were found to be suitable
coupling agents for the coupling of ADA linker and fatty acids,
respectively. C18 amphiphiles have shown higher retention
time in HPLC analysis than C16 amphiphiles, demonstrating
higher hydrophobicity for C18 amphiphiles. The molecular
weight of the amphiphiles determined through mass spectros-
copy, are in good agreement with calculatedmolecular weights.
Peak assignment for 1H NMR spectrum confirmed distinctive
peaks attributed to RGD, ADA and fatty acid segments.

The four amphiphiles synthesized have self-assembled at
micro molar range concentration. These amphiphiles self-
assembled at 100 times lower CMC values than that of low
molecular surfactants, that have typical CMC range of 103–

104 M (45). The low CMC values are indicative of high
stability of self-assembled nanostructures upon dilution in
physiological fluids, and longer circulation time. Increase in
the chain length from C16 to C18 considerably decreased
CMC, while there was no significant change in the CMC
when number of ADA linker units increased. Modification
of block copolymers in the length of hydrophilic block had
no significant effect on CMC, because thermodynamic
parameters of micellization such as entropy, enthalpy and
free energy are not affected by these modifications and the
current amphiphiles confirmed that (46). The lower CMC
values also suggest that the hydrophobic tails of PAs are self-
assembled with strong Van der Waals interactions forming
the core of micelles. This enables tight encapsulation and
prevents the leakage of hydrophobic molecules from
micelles, maximizing the amount of loaded drug cargo to
the site of action (47), and among the amphiphiles C18-
(ADA)2-RGD showed lowest CMC. Size and zeta potential
of the micelles are important factors in determining the
outcome of their behaviour in biological system. Smaller
size micelles (5–10 nm) are eliminated through the kidney,
while larger micelles (>600 nm) may not cross the tumor
vasculature (48). The C18-ADA2-RGD exhibited the lowest
CMC amongst all the amphiphiles, which was the main
criteria for its selection. The C18-ADA2-RGD micelles
had a zetapotential of 0.27 mV, that could improve phar-
macokinetics by suppressing plasma protein adsorption and
minimizing nonspecific cellular uptake (49,50). Though
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C16-(ADA)2-RGD micelles exhibited suitable size, their
CMC and positive zeta potential are higher and could cause
short plasma half-life due to dissociation upon dilution and
interactions with blood components (36). Based on the lower
CMC, size and zeta potential analysis C18-(ADA)2-RGD
micelles were further characterized for cellular uptake, cyto-
toxicity and kinetic stability studies.

FITC was used as fluorescence probe for cellular uptake
studies in A2058 melanoma cells due to lack of intrinsic
fluorescence property for paclitaxel. In addition, the moderate
hydrophobicity of this probe served as a model cargo for
cellular uptake studies in both its free and encapsulated form.
Both qualitative and quantitative cellular uptake studies of
FITC loaded C18-(ADA)2-RGD micelles using confocal mi-
croscopy showed enhanced fluorescence in the cells incubated
with FITC loaded C18-(ADA)2-RGD micelles at 37°C in
comparison of cells incubated with free FITC at 10 min time
points. The amount of fluorescence intensity was 65% higher
in the cells incubated with FITC loaded C18-(ADA)2-RGD
micelles. The maximum uptake in short duration suggested
fast uptake and delivery of FITC loaded in C18-(ADA)2-RGD
micelles into the cells, and these results are similar to previ-
ously reported findings of Castel et al. with cyclo-RGDfK-
carboxyfluorescein (51). To prove energy dependent uptake
mechanisms, similar experiments were conducted at 4°C

incubation temperature. There was 70% reduction in the
fluorescence intensity in the cells incubated with FITC loaded
C18-(ADA)2-RGD micelles in comparison of 37°C incuba-
tion temperature. This data suggested that cellular uptake of
FITC loaded C18-(ADA)2-RGD micelles is driven by energy
dependent mechanism. The amount of fluorescence in cells
incubated with free FITC at both 4°C and 37°C temperature
is lower than the micellar treated cells, indicating some FITC
diffused across the cell membrane by passive diffusion. Poorly
soluble anticancer agent, paclitaxel, was loaded into C18-
(ADA)2-RGD micelles by solid dispersion technique, in order
to assess the utility of these peptide amphiphiles as carriers for
targeted delivery of hydrophobic anticancer drugs to tumor
endothelium. The micelles have anisotropic distribution of
water molecules, which means that there is decrease in con-
centration of water from shell to core (52). Owing to this
difference in polarity in the various regions of the micelle,
the aqueous solubility of paclitaxel was increased by 20 folds,
which is attributed to entrapment of the hydrophobic drug
into the hydrophobic core of micelles during self-assembly.
Cytotoxicity of free paclitaxel and paclitaxel loaded into C18-
(ADA)2-RGD micelles was determined in two cell lines that
had different levels of αvβ3 integrin expression. In A2058
melanoma cells that have higher αvβ3 integrin expression,
C18-(ADA)2-RGD micelles containing paclitaxel showed
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Fig. 12 Time resolved emission
spectra of separate DiO loaded
C18-(ADA)2-RGD micelles and
DiI loaded C18-(ADA)2-RGD
micelles, mixed and diluted up to
10 fold in water (n03).
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IC50 value that is almost half in comparison to free drug. This
decrease in the IC50 value in the αvβ3 integrin overexpressing
cells indicated that RGD decorated micelles can target to these
cells. On the other hand, a four fold increase in the IC50 value
observed in the Detroit 551 keratinocyte cells when compared
to A2058 melanoma cells showed the specificity of these RGD
carriers towards αvβ3 integrin overexpressing cells.

FRET is an excellent tool for the determination of sta-
bility of micelles and the stability kinetics of the C18-
(ADA)2-RGD micelles on dilution with water, was studied
using this method. FRET pairs exhibit different emission
spectra based on the distance between the individual FRET
dye molecules (53,54). The DiI+DiO loaded micelles
exhibited a high FRET efficiency even on dilution in water
up to 30 fold due to close proximity of the dyes in the
micelle core. Alternatively, upon dilution in acetone, the
energy transfer disappeared and FRET efficiency decreased
significantly due to escape of the dye molecules from the
core. The micelles upon 10 fold dilution in water were stable
when observed up to 24 h and did not disassemble as seen
from the nearly constant FRET efficiency over the time. To
support this data further, the DiI and DiO were also indi-
vidually loaded into the micelles and the diluted in water to
determine the dye exchange between micelles. Since the
dyes are hydrophobic, upon leakage from the micelle, they
might partition into the hydrophobic core of another mi-
celle. The FRET efficiency from these micelles increased by
12% over a 24 h period, suggesting a low dye exchange
between the micelles, in spite of the system not being highly
cross-linked (55). These studies revealed that the micelles
showed good kinetic stability upon several fold dilution.
C18-RGD and C16-RGD micelles exhibited a low dye
loading and hence could not be analyzed further for com-
parison purposes, indicating hydrophilic linker such as ADA
is essential for the accurate characterization of micelles.

CONCLUSION

Amphiphiles of fatty acid- RGD with ADA linker having
improved hydrophilicity were designed and synthesized for
active targeted delivery of paclitaxel. The amphiphiles were
characterized for their micelle forming properties and spe-
cific uptake by αvβ3 integrin expressing cells. Lower CMC
values of PAs containing the ADA linker may contribute to
their improved kinetic stability in vivo (56). Incorporation of
ADA linker between interface of RGD peptide and fatty
acid reduced the size and zeta potential of micelles. The
CMC, size and zeta potential analysis results proposed that
C18-(ADA)2-RGD micelles were found to be suitable for
further investigation. FITC loaded C18-(ADA)2-RGD
micelles were taken up by αvβ3 integrin expressing cells
through energy dependent mechanism. The cytotoxicity

evaluation revealed specific role of αvβ3 integrin in the
uptake of these carriers. The FRET studies revealed the
kinetic stability of the micelles. The dye loaded micellar core
was intact upon dilution with water and exchange of molecules
betweenmicellar cores was low. In conclusion, the feasibility of
synthesis and characterization of fatty acid-RGDmicelles with
ADA linker for active targeting of hydrophobic drugs to αvβ3
integrin expressing cells was demonstrated.
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