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Abstract

Purpose: Breast cancer is the second leading cancer type among people of advanced
countries. Various methods have been used for cancer treatment such as chemotherapy and
radiotherapy. In the present study we have designed and synthesized a new group of drug
delivery systems (DDS) containing a new class of Cell Penetrating Peptides (CPPs) named
Peptide Amphiphiles (PAs).

Methods: Two PAs and anionic peptides were synthesized using solid phase peptide
synthesis (SPPS), namely [KW]4, [KW]5, E4 and E8. Then nano-peptides were synthesized
by non-covalent binding between PAs and poly anions as [KW]4-E4, [KW]4-E8, [KW]5-
E4 and [KW]5-ES.

Results: Flow cytometry studies showed that increased chain length of PAs with a higher
ratio between hydrophobicity and net charge results in increased intracellular uptake by
MCF7 cells after 2h incubation. Moreover, nano-peptides showed greater intracellular
uptake compared to PAs. Anti-proliferative assay revealed that by increasing chain length
of PAs, the toxicity effect on MCF7 cells is reduced, however nano-peptides did not show
significant toxicity on MCF7 cells even at high concentration levels.

Conclusion: These data suggest that due to the lack of toxicity effect at high concentration
levels and also high cellular uptake, nano-peptides are more suitable carrier compared to

PAs for drug delivery.

Introduction

Cancer is among the most prevalent causes of death in
the world. We often neglect that cancer is not a single
disease,"” but a set of diseases.® There are several
methods for cancer treatment, one of these methods is
chemotherapy.*® In cancer chemotherapy the cell is
affected by cytotoxic materials more in the process of
division than in rest attitude.”’” Chemotherapy can cause
many different side effects. Some are more likely to
occur than others, a major one of which is resistance to a
specific dose of anticancer drugs.>™ In order to improve
the intracellular delivery of cargo molecules in the
cellular membrane such as drugs and biologically
important molecules, novel drug delivery systems (DDS)
are used.’®*® One of these systems is peptide-mediated
drug delivery which has been extensively applied to a
wide range of cargo molecules.** Cell-Penetrating
Peptides (CPPs) provides a promising solution to the
problems commonly related to the drug delivery of
conventional cancer chemotherapeutics as well as
oligonucleotide based treatments. CPPs are short
peptides which have the ability to move through the
cellular plasma membrane; they can move on their own
or together with cargoes. Normally CPPs have a length

of 5-30 amino acids; they generally have basic amino
acid side chains; and they are often amphipathic.*>*® The
reason which makes CPPs a promising class of drug
delivery vehicles is the ability to carry cargoes over the
cellular plasma membrane. This method has some certain
advantages including the relatively easy preparation, and
also that a single peptide sequence can be exploited for a
range of different cargoes without chemical
modification. Moreover the peptides are potentially able
to protect the cargo from exposure to serum proteins and
therefore they can extend the length of blood circulation
in vivo. The ability to carry cargoes into the cell makes
CPP-based delivery a promising method for delivery of
cancer drugs.”>*" Among various types of CPPs, Peptide
Amphiphies (PAs) appear to be efficient means for drug
transporting.***® PAs generally consist of hydrophobic
and charged segments.’** It was found out that PAs are
promising vehicles for drug and gene delivery because of
their biocompatibility and bioactivity.?% Using linear
CPPs which are positively charged as drug carriers for
biologically active cargos has been mentioned already.”?°
It was reported that Polyarginines, TAT (trans-acting
activator of transcription), and Penetratin improve the
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cellular uptake of various drugs.?”?® Therefore, the
determining factor for the efficiency and application of
the delivery system is the proper combination of amino
acids in the structure of peptide.”” We presented a new
range of amphiphilic peptides containing lysine (K) and
tryptophan (W) such as [KW]4, (Lys-Trp- Lys- Trp-
Lys- Trp- Lys- Trp) and [KW]5, (Lys- Trp- Lys- Trp-
Lys- Trp- Lys- Trp- Lys- Trp); these peptides were
suitable carriers for different applications. Addition of
negatively charged poly glutamates (E4, E8 ) (Glu- Glu-
Glu- Glu), (Glu- Glu- Glu- Glu- Glu- Glu- Glu- Glu)to
the positively charged [KW]4 or [KW]5 led to the
formation of nanostructures through intermolecular
interactions.

Materials and Methods

Solid-phase peptide synthesis

Classical glass reaction vessels made by glassblowers or
purchased from manufacturers are suitable for
performing Solid-phase peptide synthesis (SPPS). CPPs
were synthesized by solid-phase synthesis applying N-
(9-fluorenyl) methoxycarbonyl (Fmoc)-based chemistry
and employing Fmoc-L-amino acid building blocks. N,

N, N/, N'-Tetramethyl-O-(benzotriazol-1-yl)uronium
tetrafluoroborate (TBTU) and N,N-
diisopropylethylamine (DIPEA) in N,N-

dimethylformamide (DMF) were employed as coupling
and activating reagents, respectively. At each step Fmoc
deprotection was performed using piperidine in DMF
(20%). To wash the resin at each step N, N-
dimethylformamide (DMF) and Dichloromethane
(DCM) were used. Trifluoroacetic acid (TFA), Phenol
and triisopropylsilane (T1S) were used for cleavaging of
peptides from resin. All amino acids and Rink amid-
resine were purchased from Aapptec, USA. TBTU and
fluorescein isothiocyanate (FITC), DIEA, DCM, and
DMF were purchased from Sigma-Aldrich Chemical Co.
USA. KCN, Phenol, Ninhydrin, and Piridin were
purchased from Merck, Germany. The chemical
structures of Solid-Phase synthesis of [KW]4 and [KW]5
are shown in Figure 1.

Linear peptide synthesis

The linear peptide was assembled on Fmoc-Rink amide
resin by solid-phase peptide synthesis strategy applying
Fmoc-protected amino acids [FMOC-Trp(Boc)-OH and
Fmoc-Lys(Boc)-OH] on a classical glass reaction vessels
at room temperature.®. FMOC-Rink amide resin (0.049
mmol, 0.3 mmol/g ) was swelled in DMF (4ml) for about
1h under dry nitrogen. The excess solvent was filtered
off . The steps of swelling and filteration were repeated
for two more times and then coupling reactions were
performed. After removing the Fmoc group at the N-
terminal of resin linear peptide sequence was assembled
on the resin using piperidine in DMF (20% v/v, 2 mL, 30
min). Fmoc-Lys (Boc)-OH (0.148 mmol) was coupled to
the N-terminal of Rink amide resin in the presence of
TBTU (0.148 mmol) and DIPEA (0.148 mmol) in DMF
(2 mL) by mixing for 1.5 h. Then the coupling was

completed (which was confirmed by Kaiser test), the
reaction solution was filtered off, and then the resin was
collected by filtration and washed with DMF (3%2 mL)
and DCM (3x2 mL, followed by N-terminal Fmoc-
deprotection using piperidine in DMF (20% v/v, 2 mL,
30min). The resin was washed with DMF (3x2 mL) and
DCM (3%x2 mL). The subsequent amino acids, Fmoc-
Lys(Boc -OH (0.148 mmol) and Fmoc-Trp (Boc)-OH
(0.148 mmol), were coupled for four times alternatively,
and for five times respectively, in a similar manner. To
support the linear peptide on SPPS, Fmoc-deprotection at
the N-terminal was carried out in the presence of
piperidine in DMF (20% v/v, 10 mL, 2 x 30min). The
resin was washed with DMF and DCM, respectively
(each 3 x 2 mL). After that the resins were dried in
vacuum for 24 h.”® Fresh cleavage cocktail composed of
TFA/phenol/ /water/Tis (88:5:5:2 viviviv, 10 mL), was
added to the resins.®* The mixture was shaken at room
temperature for 2 h. Through filtration the resin was
collected and then washed with another 2 mL of cleavage
cocktail. Using dry nitrogen, combined filtrates were
evaporated and reduced into a minimum volume. The
crude peptide was precipitated by adding cold diethyl
ether (Et,0).° Therefore the attained crude mixture was
centrifuged, and the ether was removed by decantation.™
Finally the product was lyophilized.?

Synthesis of Peptide Nano-particles

In this study, for synthesis of peptide nano-particles,
synthesized peptide sequences of [KW]4 and [KW]5
were conjugated to poly glutamate [E]4 and [E]8 with
self assembly manner, through which a new structure
with new and different characteristics and size was
created. For preparing the nano-particle, after synthesis
and cleavage processes, the PAs [KW]4 and [KW]5 were
dissolved in DMSO with 1:1, 1:5, and 1:10 proportions
and added to the polyglutamate dissolved in DMSO. It
was then sonicated so that the sequences congucated as
self assembly and the nano-particles was synthesized.

Fluorescently-Labeled Conjugate of peptides

The  linear  peptides, (KWKWKWKW) and
(KWKWKWKWKW), were assembled on SPPS using
Fmoc/tBu SPPS methodology. Appropriately protected
amino acids were assembled on Fmoc-Rink amide resin
(0.124 g, 0.049 mmol, and 0.3 mmol/g) according to the
solid-phase synthesis strategy described above. In order
to label the peptide, the Fmoc protecting group was
removed from end of the peptide using piperidine in
DMF (20%, 2 mL, 30min), then FITC was attached to
peptide.** This was achieved by adding resin-bound
linear peptide (0.049 mmol) into a solution of 1:1
equivalent of FITC that was provided in
pyridine/DMF/DCM (12:7:5). The solution was allowed
to be blended overnight. The reaction completion was
investigated using ninhydrin test. If the coupling of FITC
to the amino group is not complete, ninhydrin test will
give a blue color. The coupling with FITC would have
been repeated if needed. The resin was washed with
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DMF (2x), isopropanol (2x), and DCM (2x).% After that,
as stated above, the prepared Fluorescently-Labeled
conjugate of peptides was cleavaged from resin by
shaking the resins with a mixture of TFA/Phenol/
/water/Tis (88:5:5:2 viviviv, 10 mL). Then different
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concentrations of peptides (10, 25 and 50pum) were
prepared. The chemical structures of preparing
Fluorescently-labeled conjugates of [KW]4 and [KW]5
are shown in Figure 2.
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Figure 1. Chemical structures of Solid-Phase synthesis of [KW]4 and [KW]5
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Figure 2. Chemical structures of preparing Fluorescently-labeled conjugates of [KW]4 and [KW]5.
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Cell Culture

MCF-7 (human breast adenocarcinoma) cells were
obtained from the Institute of Hematology and Blood
Diseases Hospital (Tehran, Iran). The cells were grown
on 25 or 75 cm® cell culture flasks with RPMI-1640
medium supplemented with 10% FBS, 100 units/ml
penicillin, and 100 pg/mL streptomycin. Cells were
cultured in an incubator maintained at 37°C with 5%
CO, under fully humidified conditions. All experiments
were performed on cells in the exponential growth
phase.*

Antiproliferative Assay
MCF-7 cells (2 x 10 *) were seeded in 96-well plates 24
h prior to the experiment. The old medium (RPMI

containing 10% FBS was replaced with medium
containing different oncentrations of [KW]4, [KW]5,
[KW]4-E8, [KW]4-E4, [KW]5 -E8, and [KW]5 -E4 (10,
25, and 50 pM) and incubated for 24 or 48 hat 37 ° C in
a humidified atmosphere of 5% CO,.” Then 20 uL of
MTT solution (2 mg/mL) was added to each well, and
the plates were incubated for another 4 hours. After that
the MTT medium was replaced by mixture of 200 pL of
dimethyl sulfoxide (DMSO) and 25 pl Sorensen’s
phosphate buffer in each well, and the mixture was
shaken at room temperature to dissolve the reacting dye.
Employing a microplate reader (Bio-Tek) optical density
was measured at 570 nm.** The cell survival rate was
measured using the following equation.”

[(OD value of treated cells) — (OD value of DMSO solvent)]

100

Cell survival rate =

Fluorescence Microscopy

The cellular uptake studies of FITC-[KW]4 and FITC-
[KW]5 were imaged using an Olympus florescence
microscopy. MCF-7 cells were grown on a coverslip in a
6-well plate (2 x 10° cells per well) for 24 hours.?
Phosphate-buffered saline (PBS; 0.1 M, pH 7.4) were
used to wash the cells. Cells were preincubated with
different concentrations of FITC-conjugated peptide (10,
25 and 50 pm) in 3 mL of blank culture medium for 2h at
37°C.* Subsequently the cells were washed with PBS
three times, and then were fixed with 2% formaldehyde
followed by washing with PBS three times. Finally the
cells were observed under a fluorescence microscopy.”

Cell Uptake Quantification by Flow Cytometry

MCF-7 cells were seeded in 6-well plates (2 x 10° cells
per well) and were allowed to grow for 24 hours. Cells
were washed with phosphate-buffered saline (PBS; 0.1
M, pH 7.4) and preincubated with different
concentrations of FITC-conjugated [KW]4 and [KW]5
(10, 25, and 50 um) in 3ml of blank culture medium for
2h at 37 °C. The cells were washed three times with PBS
after the incubation. A total volume of 1.5 mL of 0.25%
trypsin solution was added to each six-well plate, and
then by incubation for 3 minutes at 37°C, the cells were
detached from cell culture plate. The cell suspensions
were centrifuged for 5 minutes and resuspended in 0.5
mL PBS. Finally, the cells were resuspended in PBS and
subjected to flow cytometry analysis using a FACS
caliber.®

Results and Discussion

Fmoc/tBu solid-phase peptide synthesis on the Rink
amide resin was used for synthesizing linear peptide
[KW1]4, [KW]5 with hydrophobic (W) and charged (K)
residues. After synthesizing the peptide sequences, the
last Fmoc group on the N-terminal of tryptophan was
deprotected by piperidine (20% v/v, DMF). To produce
the linear peptides [KWKWKWKW],
[KWKWKWKWKW] with the average size of 43-100

X
[(OD value of control cells) — (OD value of DMSO solvent)]

nm which were used for the next steps of experiment, the
resin-peptide was dried, and the cleavage of the peptide
from the resin was carried out using the cleavage cocktail
containing TFA/Phenol/ /water/Tis (88:5:5:2 viviviv, 10
mL). After synthesis and cleavage processes peptide,
nano-particles were synthesized by dissolving the CPPs
[KW]4, [KW]5 in DMSO, and then were added to the
polyglutamate dissolved in DMSO. The average size of
nanopeptides was 47-54nm.

Cytotoxicity

Evaluation of cytotoxic effects of different
concentrations (5, 10, and 25 puM) of peptides and
nanoparticles were performed after 24 and 48 h
exposure. As shown in Figure 3 and Figure 4, the
results indicated that both of PAs didn’t show any
toxicity after 24 h, but [KW]4 had toxicity effect after
48 h at concentration of 25uM, while [KW]5 didn’t
show any toxicity effect. The interesting result was
obtained that after connecting E8 and E4 to establish
[KW]4 and [KW]5, and synthesize nano-particles,
toxicity markedly decrease. PAs —E8 showed less
toxicity compared to PAs —E4. In total increased chain
length of PAs and nanoparticles results in decreased
toxicity.

120

100
W (KW)4-24

80 W (KW)5-24

60 M (KW)4-E4-24

M (KW)5-E4-24
40

Cell Viability%
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)

M (KW)4-E8-24
)

20 M (KW)5-E8-24

0 ! B - i _—
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Figure 3. Effect of synthesized peptides on MCF-7 cells after
24h exposure (Data are expressed as the mean of 3
measurements)
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Figure 4. Effect of synthesized peptides on MCF-7 cells after
48h exposure (Data are expressed as the mean of 3
measurements)

Flow Cytometry

The fluorescent-labeled compounds were synthesized
according to the procedure described above. Cultured
MCF-7 cells were treated by FITC-[KW]4, FITC-
[KW]5, FITC-[KW]4-E8, and FITC-[KW]5-E8 at
concentrations of 10 pM, 25 uM and 50 pM for 2h at
37° in a humidified atmosphere of 5% CO,. Then the
cells were detached using trypsin and intracellular uptake
was measured by FACS device. Results indicated that
cellular uptake for both CPPs, [KW]4 and [KW]5 ,is
higher at concentration of 25 pM than other
concentrations. For nanoparticles, at concentration of 50
UM, cellular uptake was significantly increased. Whereas
at concentrations of 10 uM and 25uM fluorescent signal
was declined (Figure 5 and Figure 6). Comparing the two
CCPs, [KW]5 showed higher cellular uptake at all
concentrations' levels.
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Figure 5. Intracellular uptake of [KW]4 (a: 10uM, b: 25uM, c: 50uM ), [KW]4-E8 (d: 10uM, e: 25uM, f: 50uM ), [KW]5 (g: 10pM, h: 25uM, i:

50pM) [KWI5-E8 (j: 10uM, k: 25 pM, I: 50pM) in MCF-7 cells

Fluorescent microscopy

Cellular uptake is detectable using fluorescent
microscopy. Just like Flow cytometrics, MCF-7 cells
were preincubated with [KW]4, [KW]5, [KW]4-ES8, and
[KW]5 -E8 at concentrations of 10, 25, and 50 uM for 2
hours at 37°. Fluorescent imaging data illustrated that
compared to lower concentrations, high level
concentrations (25 and 50 puM) treatment by
[KW]4,[KW]4-E8, [KW]5 and [KW]5-E8 increased cell

permeability. As shown in Figure 7, [KW]4, [KW]4-ES8,
[KW]5 and [KW]5-E8 were penetrated into the
cytoplasm and nuclear. These data showed that treatment
by [KW]4 and [KW]4-E8, [KW]5 and [KW]5 -E8
increased cellular permeability and thereby [KW]4 and
[KW]4-E8, [KW]5, [KW]5 -E8 can be suitable carriers
for insertion of macromolecules into cytoplasm and
nuclear.
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Conclusion
In summary, linear amphiphilic peptides were synthesized
both separately and conjugated to polyglutamate as DDS.

The effect of different peptides and nano-peptides types
against breast cancer cell lines including [KW]4, [KW]5,
[KW]4-E4, [KW]4-E8, [KW]5-E4 and [KW]5-E8 were
evaluated. Nano-peptides and amphiphilic peptides offered
several advantages including low cytotoxicity, capability
to conjugate to the macromolecules and improving cellular
uptake. Nano-peptides showed greater intracellular uptake
and less toxicity in higher concentration levels compared
to PAs. These results suggest that hano-peptides are more
suitable carriers for cellular delivery in high concentration
levels compared to PAs.
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Figure 7. Fluorescent microscopy images of [KW]4, [KW]5, [KW]4-E8, and [KW]5-E8 uptake by MCF-7 cells after 2h incubation.
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