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[4]arene turns peptide aggregates
into an efficient cell-penetrating peptide†

Mahsima Heydari,a Najmeh Salehi,b Reza Zadmard, c Werner M. Nau,d

Khosro Khajeh,e Zahra Azizif and Amir Norouzy*a

A novel cell-penetrating peptide (CPP) called FAM-Y4R4, with FAM as a fluorescent probe, was developed.

Initially, we aimed to use Y4 as a supramolecular host for water-insoluble drugs, with R4 driving the complex

into cells. However, an unexpected hurdle was discovered; the peptide self-assembled into amorphous

aggregates, rendering it ineffective for our intended purpose. Molecular dynamics simulations revealed

that intermolecular cation–p interactions between arginine and tyrosine caused this aggregation. By

decorating the R4 sidechains with p-sulfonatocalix[4]arene (CX4), we successfully dissolved most of the

aggregates, significantly improved the peptide's solubility and enhanced the cell uptake with MCF7 and

A549 cells via both direct penetration and endocytosis. The binding strength between CX4 and R4, as

well as the interaction between curcumin and tyrosines was quantified. Encouragingly, our results

showed that FAM-Y4R4, with CX4, effectively delivered curcumin – as a model for poorly water-soluble

drugs – into cells which exhibited potent anticancer activity. Using R4/CX4 instead of the conventional

R7–9 oligoarginine-based CPP simplifies peptide synthesis and offers higher yields. CX4 shows promise

for addressing aggregation issues in other peptides that undergo a similar aggregation mechanism.
Introduction
The poor solubility and cell membrane impermeability oen
limit the effectiveness of many therapeutic agents.1 Although
signicant progress has been made in drug delivery, intracel-
lular delivery of many drugs and therapeutic agents still
remains a challenge.2 Among the various drug carriers, cell-
penetrating peptides (CPPs) are capable and effective carriers
for the intracellular delivery of a variety of cargoes, such as
small molecules, nucleic acids, viruses, imaging contrast
agents, and nanoparticles.3 CPPs are easily synthesized on
a large scale and because of their low molecular weight do not
trigger an immune response. Numerous CPP-conjugated drugs
are making their way to the bedside for reducing inammation
and pain, cancer therapy, curing heart diseases, anti-aging
medications and even for diagnostic purposes.4
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Based on their physicochemical properties, CPPs are classi-
ed into three groups: cationic, hydrophobic and amphipathic.
Amphipathic CPPs are composed of a hydrophobic part at one
end and a hydrophilic part at the other end. Poorly water-
soluble drugs (PWSDs) are hydrophobic molecules that oen
exhibit limited bioavailability. Using CPPs for increasing their
solubility and bioavailability is therefore the goal of many
research studies. Cationic CPPs frequently have the least affinity
for the PWSDS. Hydrophobic CPPs on the other hand can bind
to PWSDs but do not increase their solubility, whereas amphi-
pathic CPPs can bind to PWSDs from their hydrophobic part
and increase drug solubility with their hydrophilic part. The
hydrophilic part is usually composed of cationic amino acids.

In this study, we designed FAM-Y4R4 (Fig. 1) as an amphi-
pathic CPP to deliver curcumin to cells. Beside its therapeutic
property curcumine served as a model for PWSD. FAM is the
commercial name for 5-carboxyuorescein –a uorescent probe–
that is extensively used for labeling peptides. FAM-Y4 is the
hydrophobic part designed for biding to curcumin. R4 is both the
hydrophilic and the cell-penetrating part. Arginine is the most
effective amino acid for enhancing the cellular uptake of cationic
or amphipathic CPPs.5,6 The permeability of arginine residues
can be attributed to the ability of their guanidine group to form
hydrogen bonds with the negatively charged groups on the cell
membrane, such as carboxylic acid, sulfate, and phosphate.7

Unfortunately, extensive intermolecular cation–p interactions
between the sidechains of arginine and tyrosine residues led to
aggregation. These aggregates were rendered useless as they
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structure of FAM-Y4R4 peptide, with FAM as a 5-carboxyfluorescein fluorescent dye attached to the N-terminus.
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precipitated and did not enter the cells. Amphipathic peptides, in
general, have a tendency to aggregate or to form micelles.
Aggregation reduces the effective hydrophobicity of amphiphilic
peptides by concealing their nonpolar parts from the
surrounding aqueous environment.8 Sometimes amphipathic
peptides aggregated on the surface of the cells abolish their
uptake.9 Developing the strategies to inhibit amphipathic
peptides from aggregation is therefore crucially important.10 We
successfully solubilized the majority of peptide aggregates by
decorating the arginine side chains with p-sulfonatocalix[4]are-
nes (CX4). CX4 is a member of calixarene family. Calixarens are
efficient molecular host for variety of cargos including
peptides.6,11,12 Decoration of the arginine sidechain with CX4
liberated the arginines from the tyrosines and drastically
improved the solubility of the peptides. The solubilized peptide
demonstrated promising cell uptake and cargo-carrying capa-
bilities. This approach serves as a proof-of-principle for
addressing similarly-aggregated peptides resulting from intra-
molecular cation–p interactions involving lysine or arginine side
chains (as cation donors) and aromatic side chains of trypto-
phan, tyrosine, or phenylalanine (as p donors). It is worth noting
that CX4 also binds to lysine side chains,13 similar to arginine,14

and is able to prevent its binding to the aromatic side chains.
Curcumin has been identied as the most important active

ingredient in turmeric with a wide range of therapeutic benets
such as anti-cancer, anti-oxidant, anti-inammatory, anti-
thrombotic, and anti-microbial effects.15 However, its usage is
limited due to its poor aqueous solubility, low bioavailability,
and rapid metabolism. The aim of using a CPP is to increase the
solubility of curcumin and translocate it across the cell
membrane. Due to its pharmaceutical importance and its
aromatic structure, to bind to Y4, we chose curcumin as a PWSD
model to be carried with our peptide into the cells.

Materials and methods
Peptide preparation

FAM-Y4R4 was synthesized with the solid-phase peptide
synthesis (SPPS) method using the Fmoc strategy.16–18 We used
2-chlorotrityl chloride (CTC) resin as the solid phase. The
synthesized peptide was cleaved from the resin using a cleavage
© 2024 The Author(s). Published by the Royal Society of Chemistry
cocktail containing 90% triuoroacetic acid, 5% phenol, 2.5%
water, and 2.5% triisopropylsilane as a scavenger. The crude
peptide was precipitated using cold diethyl ether and subse-
quently dissolved in a solution consisting of 50% acetonitrile in
water. The crude peptide was puried with a reversed-phased
semi-preparative HPLC instrument equipped with a C18

column (21.2 × 150 mm, 5 mm). The purity of the peptide was
assayed by an analytical HPLC instrument. The accuracy of the
synthesis was conrmed by mass spectrometry. See the ESI† for
details of the synthesis, purication, and mass spectroscopy.
Dynamic light scattering (DLS)

FAM-Y4R4 solutions were prepared at a concentration of 8 mM in
10 mM phosphate buffer with a pH of 7. Both solutions with and
without 4 millimolar CX4 were prepared. The particle diameter
was measured using a NanoBrook Omni instrument from Mal-
vern, which was equipped with a 4 mW He/Ne laser at a wave-
length of 633 nm. The measurements were taken at a xed
detector angle of 173°, utilizing an avalanche photodiode detector.
Field emission scanning electron microscopy (FE-SEM)

Peptide solution by the concentration of 50 mMwere prepared in
the phosphate buffer. For dissolving the peptide aggregates,
CX4 was added to the peptide and the mixture was sonicated for
15 min followed by stirring at room temperature for an hour.
The FE-SEM images were obtained using a MIRA3 TESCAN-
XMU electron microscope at a voltage of 15 kV. The mean
particle diameters of the images were calculated using ImageJ.
Molecular dynamics (MD) simulation of the peptide
aggregation

The 3D structure of the FAM-Y4R4 peptide was modeled. Three
of 50 ns MD simulations were performed for 150 ns to sample
different conformations of FAM-Y4R4. The four most stable
monomer conformations of FAM-Y4R4 were extracted using
clustering analysis on theMD simulations trajectory of the FAM-
Y4R4 monomer. These four peptide conformations were
randomly placed in the two different simulation boxes with at
least a 6 Å distance between them. In each system, aer
RSC Adv., 2024, 14, 32460–32470 | 32461
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equilibration, the production run was carried out for 100 ns. All
MD simulation parameters and structural analysis were
explained in the ESI.†

Cellular uptake

MCF-7 and A549 cells were purchased from the Iranian Bio-
logical Resource Center. The cells were grown in DMEM/F12
culture medium containing 10% heat-inactivated fetal bovine
serum (FBS) and 1% of penicillin/streptomycin in a humidied
incubator with 5% CO2 and temperature xed to 37 °C. Cellular
uptake of the peptide and peptide/CX4 complex was conrmed
using ow cytometry, uorescence microscopy, and confocal
laser scanning microscopy (CLSM).

Flow cytometry. The cells were seeded at a density of 1 × 105

cells per well in 24-well plates and treated with varying
concentrations of the peptide and peptide/CX4 complex
(ranging from 100–1200 nM) for 1 or 18 hours in the incubator.
Aerward, the cells were washed three times with PBS, trypsi-
nized, and spun down. The cell pellets were resuspended in 800
mL of PBS, and their uorescence intensities were measured
using a ow cytometer. The data obtained were analyzed using
FlowJo soware, and the mean uorescence intensity (MFI) of
live cells was determined.

Fluorescent microscopy. The cells were seeded at a density of
1 × 104 cells per well in 96-well plates and incubated with FAM-
Y4R4 or FAM-Y4R4/CX4 for 18 h. Then the medium was removed
and the cells were washed three times with PBS. Finally, Tyrod's
solution was added to the wells and the images were taken by
a uorescent microscope.

Confocal laser scanning microscopy (CLSM). The cells were
seeded at a density of 1× 105 cells per well in 24-well plates with
coverslips and incubated with FAM-Y4R4 (50 mM) or FAM-Y4R4/
CX4 (50 mM/1 mM) for a duration of 18 hours. To stain the
nucleus, the cells were also treated with 6,4-diamidino-2-phenyl
indole (DAPI) dye (5 mg mL−1) for 10 minutes. Subsequently, the
cells were washed with PBS, and xed on coverslips using
paraformaldehyde (4%). The coverslips were mounted and the
images were captured using a Leica TCS SPE confocal micro-
scope which excited FAM with its 488 nm laser beam. The
pinhole was adjusted to capture images of the middle section of
the cells with the thickness of one Airy unit.

Measuring the binding constants

The binding constants (Ka) of the arginine sidechains to CX4
and the Ka of curcumin to tyrosine and phenol (as representa-
tives of the binding domain, Y4) were determined using the
following methods.

Fluorescence titration. Tyrosine was uorescently titrated
with curcumin. The uorescence spectra were acquired by
exciting tyrosine at 280 nm and recording the uorescence
intensities from 290 to 390 nm. The binding isotherm was
generated by plotting the uorescence intensity at lmax =

330 nm against the concentration of curcumin. The Ka values
were subsequently calculated from the plot using OriginLab
soware, which employed a non-linear regression algorithm for
the calculation.
32462 | RSC Adv., 2024, 14, 32460–32470
UV-vis titration. To further conrm the p-stacking interac-
tion between curcumin and the tyrosine sidechain, the binding
constant of curcumin to phenol (serving as a representative of
the tyrosine sidechain) was measured. Curcumin was spectro-
scopically titrated with phenol using an Analytik Jena Specord
S100 spectrophotometer. The binding isotherm was plotted at
lmax = 430 nm, and the binding constant was calculated using
OriginLab soware and the non-linear regression algorithm
described above.

Indicator displacement assay (IDA). To address the lack of
spectral signal for calculating the Ka of the arginine sidechains to
CX4, we employed the IDA method. In this approach, CX4
molecules were primarily loaded with the lucigenin (LCG) uo-
rophore. This resulted in the formation of the CX4/LCG complex,
where the uorescence of LCG was quenched. Subsequently, we
incubated CX4/LCG with FAM-Y4R4, causing the arginine side-
chains to replace LCG. The liberated LCG exhibited a uores-
cence turn-on effect, which was utilized to plot the binding
isotherm of the arginine sidechains to CX4.19 Finally, the Ka value
was calculated from the binding isotherm plot. Further details
regarding this method can be found in the ESI.†
In vitro cytotoxicity study

The viability of MCF-7 and A549 cells were assessed in the
presence of peptide, curcumin, peptide/curcumin, peptide/CX4,
peptide/CX4/curcumin or CX4 using the colorimetric 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. The cells were seeded at a density of 1 × 104 cells per well
in a 96-well plate and treated with different concentrations of
the aforementioned samples in triplicates for 18 h. The cell's
viability was assayed with the MTT stablished protocol. The
absorption of the treated and untreated cells at 570 nm was
measured using the BioTek Epoch2 microplate spectropho-
tometer. The results are presented as mean ± standard error.
The Tukey test was employed to determine the statistical
signicance with P-values < 0.05.
Results and discussion
Peptide design, synthesis and purication

We have designed FAM-Y4R4 which is composed of three parts:
tetraarginine as the cell-penetrating part, tetratyrosine as the
binding site and FAM as the uorescence label (Fig. 1). As
a result, this peptide is capable of: (i) entering the cells by its
tetraarginine part (ii) binding to hydrophobic cargos via its
tetratyrosine part and (iii) is uorescently traceable inside live
cells. The FAM molecule, being hydrophobic, is intentionally
attached to the Y4 part to ensure that all hydrophobic groups are
located on one side, away from the R4. This arrangement makes
FAM-Y4R4 amphipathic. The amphipathicity allows the peptide
to bind to hydrophobic cargos and simultaneously increase the
solubility of the cargo.

In the pursuit of nding shorter peptides capable of cell
penetration, researchers have explored truncated versions of
Tat37–72. Vivès et al. identied a positively charged, 13 amino
acid domain (Tat48–60) responsible for cellular uptake.20
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Subsequent research by Park et al. further truncated it to Tat49–
57 without signicant loss of penetration capability.21 In our
study, we opted for a shorter oligoarginine sequence instead of
the traditional R7–R15 due to synthetic concerns, such as low
yield associated with longer homorepeat of arginine. Adding
even a single arginine to any peptide sequence proved chal-
lenging during peptide synthesis. On the other hand, CPPs
shorter than eight amino acids, particularly oligoarginine
peptides with fewer than eight arginine residues, exhibit poor
cellular uptake.22 To address this issue, we compensated for the
poor cellular uptake of R4 by attaching it to CX4. The prepara-
tion of R4/nCX4 is easier and more cost-effective compared to
synthesizing R8. As a result, FAM-Y4R4 was synthesized with
a high yield, and the peptide purity is approximately 99% while
it exhibited promising cell uptake. The accuracy of the synthesis
was conrmed by the mass spectrum (Fig. S1†).
Peptide self assembly

The peptide underwent self-assembly, forming nanostructural
aggregates as observed through DLS and FE-SEM imaging
(Fig. 2).

The predominant particle sizes, as determined by DLS, were
approximately 3726 nm and 228 nm. We conducted circular
dichroism (CD) spectroscopy on FAM-Y4R4 in order to identify a-
helix or b-sheet structures. However, the CD spectrum did not
exhibit any characteristics of these secondary structures
(Fig. S2†).23 Upon adding CX4 to the peptide solution, some of
the aggregates completely dissolved, while the remaining
aggregates shrank into nanoparticles with a mean size ranging
from 74 to 180 nm. FE-SEM images were taken before and aer
the addition of CX4 to visualize the peptide aggregates. The
average diameter of the aggregates in the images was measured
to be 142 ± 19.1 nm. Following the addition of CX4, the mean
size of the aggregates in the images decreased to 42 ± 8.7 nm.
To explain this observation, we hypothesized that there was
a cation–p interaction between the sidechains of arginines and
tyrosines. Because when the guanidino group of the arginine
sidechains entered the CX4 cavity it became inaccessible for
interaction with the tyrosine sidechains, resulted in dissolving
the aggregates (Fig. 2A).19 To illustrate the cation–p interaction,
we performed a spectral titration of phenol, representing the
tyrosine side chain, with guanidine HCl, as the side chain of
arginine. The spectral titration yielded a binding isotherm,
from which a Ka value of 9.7 × 105 M−1 and the binding energy
of 8.13 kcal mol−1 was calculated (Fig. S3†). In general, smaller
cations exhibit stronger interactions with p systems. For
instance, the binding energies of Li+ and NH4

+ to benzene are 38
and 19 kcal mol−1 respectively.24 Since guanidino is larger than
these ions, its binding energy is comparatively lower. Numerous
studies have extensively reported the presence of cation–p
interactions within protein structures, wherein the side chains
of lysine or arginine interact with the side chains of phenylal-
anine, tyrosine, or tryptophan residues governing important
biological processes.24

To gain further insights into the aggregation mechanism, we
conducted MD simulations. The clustering of peptide MD
© 2024 The Author(s). Published by the Royal Society of Chemistry
simulations revealed four stable conformations of FAM-Y4R4

(Fig. S4†), randomly distributed in two separate boxes. Two
independent MD simulations, named MD I and MD II, were
conducted for a duration of 100 ns each. The radius of gyration
(Rg) value, which represents the average root mean square
distance of all atoms from the center of mass of the peptide, was
used to assess structural compactness. In both MD I and II
trajectories, the Rg values decreased from approximately 20 to
13 Å (Fig. S5A†), indicating a more compact structure. The
solvent-accessible surface area (SASA) value, which quanties
the surface area of the peptide interacting with solvent mole-
cules, also decreased throughout MD I and II, further support-
ing the compactness and aggregation of the peptides
(Fig. S5B†). Additionally, the aggregation process was associ-
ated with an increase in hydrogen bonding. The number of
hydrogen bonds formed between and across all peptides
increased during the MD I and II simulations (Fig. S5C†). To
visualize the aggregation process during the production MD
simulations, representative systems at 25, 50, 75, and 100 ns
were depicted (Fig. S5D†). These snapshots provide insight into
the kinetics of aggregation for the four FAM-Y4R4 peptides over
the course of the 100 ns simulations. Notably, MD II exhibited
faster aggregation kinetics, as evidenced by a more rapid
decrease in Rg and SASA values, as well as a quicker increase in
the number of hydrogen bonds.

The clustering of MD I and II trajectories depicted two more
stable clusters for the aggregated form of FAM-Y4R4. The
aggregated structure at 100 ns of MD I and II which are
belonged to the most stable clusters and the details of their
interactions are shown in Fig. 3 and S6.†

The distance map represents the distance between all
possible amino acid residue pairs of a biomolecule in the 3D
structure. The distance map of these aggregated peptides
showed short distances between some residues of these
peptides (Fig. 3B and S6B†). The hydrogen bonds and hydro-
phobic contacts (carbon atoms in contact with other carbon
atoms) as important non-covalent interactions and aggregation
driving forces were detected between all pairs of amino acids
(Fig. 3C and S6C†). More importantly, some other non-covalent
interactions such as cation–p and p–p are detected in this
aggregated form of FAM-Y4R4 (Fig. 3D).

A cation–p interaction is dened between a cationic side
chain of either lysine or arginine and an aromatic side chain
with a distance of less than 6 Å.25 The cation–p interactions
were detected between R–Y and R–FAM in these aggregated
structures which was conrmed by our experimental results
(Fig. 2 and S3†). The p–p interactions occur between two
aromatic rings with a distance and angle of less than 6.0 Å and
30°, respectively.26 The p–p interactions were detected between
Y–Y, Y–FAM, and FAM–FAM in these aggregated structures. All of
these interactions stabilized the aggregates.

Peptides lack well-dened secondary structures, which
necessitates a structural ensemble to describe their structure
and function. During the aggregation process, the peptides
undergo conformational motions and come close to each other,
which causes the formation and breaking of some non-covalent
interactions to reach a stable aggregated form. Aggregation is
RSC Adv., 2024, 14, 32460–32470 | 32463
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Fig. 2 (A) Schematic illustration of the cation–p and p–p interactions that drive peptide aggregation. Subsequently, the addition of CX4 triggers
the breakdown of these aggregates. (B) Size distribution of particles in a solution containing either the peptide or peptide/CX4 measured by
dynamic light scattering (DLS). (C) FE-SEM images depicting the morphology of the peptide and the peptide/CX4 aggregates, along with their
respective size distributions.
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a complex phenomenon with different inuencing factors, of
which amino acid sequence is one of the most important.27,28

Tyrosine is a hydrophobic amino acid with an aromatic side
chain. On the other hand, arginine is a positively charged amino
acid with a guanidino group, resulting in a cation. FAM contains
both aromatic and hydrophilic parts. Here, the most two stable
clusters were detected for aggregated structures. The peptide
aggregated structures are stabilized with different non-covalent
interactions explained above. Conventional hydrogen bonds are
the dominant interactions for stabilizing aggregated struc-
tures.29 But in these aggregated structures more stabilization
and ordering were offered with packing interactions between
two aromatic rings (p–p) and the side chain of arginine and
aromatic rings (cation–p). A wide range of roles in proteins has
been identied for interactions involving thep electron cloud of
aromatic rings. Cation–p and p–p interactions were high-
lighted in the stability of peptide and protein structures,25,30,31

and supramolecular assemblies.32–34 The cation–p interaction is
essential in the formation of the aggregate because in the
absence of the cation–p interactions, the p–p interactions
would lead to the formation of micelles or liposomes.
Cellular uptake

The uptake of the peptide with MCF-7 and A549 cells was
investigated using owcytometry and uorescence imaging.
Flowcytometry was utilized to quantify the amount of the
32464 | RSC Adv., 2024, 14, 32460–32470
peptide inside the live cells in terms of MFI values, as a function
of the peptide and CX4 concentration. The recorded MFI values
in Fig. 4 demonstrate that both FAM-Y4R4 and FAM-Y4R4/CX4
were uptake by the cells aer 18 hours of incubation. The
maximum cellular uptake of FAM-Y4R4 occurs at a concentra-
tion of 100 nM. However, as the concentration increases, the
cellular uptake decreases due to peptide aggregation. It is
important to note that peptide aggregation is a concentration-
dependent phenomenon,27,35 and very oen the cellular
uptake of peptide aggregates is lower compared to individual
peptide molecules. The solubilization of FAM-Y4R4 peptides
with CX4 has been observed to enhance the internalization.
Notably, FAM-Y4R4/CX4 exhibits the most efficient cell uptake at
concentrations equal to or greater than 900 nM of the peptide in
the presence of 4 mM of CX4. Previous studies have also shown
that CX4 can enhance the cell uptake of LCG, acting as its host
uorescent dye.19 A549 cells demonstrate higher uptake
compared to MCF7 cells. Repotente Jr et al. have also reported
higher cellular uptake of gold nanoparticles with A549 cells
compared to MCF7 cells.36 This higher uptake in A549 cells may
be attributed to their alveolar origin tissue.

Endocytosis and diffusion (direct penetration) are the main
cellular uptake mechanisms. The diffusion across the cell
membrane is faster than endocytosis. Eighteen hours was
a plentiful time for the cells to endocytose the peptide. To favor
diffusion, the peptide incubation time was shortened to one
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) The representation of the MD II system at 100 ns. (B) The distance map of the four FAM-Y4R4 peptides in the structure of panel A. (C)
The hydrogen bonds, and hydrophobic contacts between four FAM-Y4R4 peptides in the structure of panel A, and (D) some examples of other
non-covalent interactions such as cation–p and p–p.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 32460–32470 | 32465
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Fig. 4 Mean fluorescence intensity (MFI) values of MCF7 and A549 cells incubated with varying concentrations of FAM-Y4R4, with and without
4 mM of CX4, were measured after 18 hours (top) and 1 hour (bottom) of incubation.
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hour, and the MFI was remeasured (Fig. 4). The most effective
concentration of FAM-Y4R4 (100 nM) and FAM-Y4R4/CX4 (1200
nM/4 mM) – in which the maximum MFI values were obtained
aer 18 hours – was applied. The result showed that the peptide
in the presence and absence of CX4 diffused to the cells;
however, compared to the 18 hours experiment, a lower amount
of peptide molecules was found inside the live cells. The more
internalized peptide molecules aer 18 hours of incubation
indicates that endocytosis is more efficient than diffusion in
peptide uptake. Aer 1 h incubation, the MFI of peptide in the
presence of CX4 is fairly higher than the peptide alone which
means that CX4 has slightly facilitated the diffusion.37 Deco-
rating the hydroxyl group of CX4 with alkyl chains and incu-
bating with octaarginine has been shown to increase the
octaarginine cell entry via diffusion.6 Our results indicates that
CX4 alone – even in the absence of CX4 alkylation – paves the
way for diffusion. Nevertheless, endocytosis remains the main
uptake pathway, as the MFI values of FAM-Y4R4/CX4 are almost
ve times higher aer 18 hours of incubation.

In order to further validate the uptake and intracellular
distributions of the peptide, the cells were treated with FAM-
Y4R4 or FAM-Y4R4/CX4 and subjected to uorescence micros-
copy (Fig. S8†) and CLSM (Fig. 5). FAM-Y4R4, with and without
CX4, was abundantly observed in the cytoplasm of the cells.
FAM-Y4R4 is observable in the nucleus of some MCF7 and A549
cells (distinguished with the white arrows).

A similar observation has been reported for some amphipathic
CPPs such as Pep-1 (KETWWETWWTEWSQPKKKRKV). Its
32466 | RSC Adv., 2024, 14, 32460–32470
cationic domain (KKKRKV) can facilitate the transportation of the
peptide into the cell nucleus through nuclear pores. This cationic
domain is referred to as the nuclear localization signal (NLS).38

Pep-1 consists of a tryptophan-rich, hydrophobic domain fused to
an NLS domain. Despite their differences in length, both FAM-
Y4R4 and Pep-1 are amphipathic in nature, composed of an
aromatic-rich, hydrophobic domain fused to a cationic domain
that functions as an NLS. Detailed explanation of the mechanism
behind the direct penetration of guanidinium-rich molecules has
been given in the literature.7,39 The guanidino group of the argi-
nine side chains drives the internalization of arginine-rich CPPs,
including FAM-Y4R4, by creating pores in the cell membrane and
inducing membrane multilamellarity.
Supramolecular bindings of curcumin and CX4 to FAM-Y4R4

CPPs bind to their cargo either covalently or non-covalently
(supramolecularly). Covalently conjugating the CPP with its
cargo carries the risk of potentially altering the biological
activity of the cargo. Conversely, non-covalent binding allows
for reversible association between the cargo and CPP, enabling
the cargo to dissociate from the CPP intact. The CPP/cargo
supramolecular complex is able to traverse the cell
membrane, and upon reaching the cytosolic side, the CPP
dissociates from its cargo and undergoes proteolysis by cyto-
solic proteases; therefore, re-association with its cargo is not
possible. An additional advantage of this method is that the CPP
provides protection to its cargo, thereby increasing its serum
half-life.40
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Confocal microscopy images of MCF7 and A549 cells. The cells were incubated with FAM-Y4R4 (100 nM) or FAM-Y4R4/CX4 (50 mM/1mM)
at 37 °C for 18 hours. Cell nuclei stained with DAPI dye are represented in blue, while the peptides are represented in green. The white arrows
distinguish the peptide inside the nuclei.
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Curcumin contains aromatic chemical groups that can
interact with the sidechains of Y4 through a process known as p-
stacking (Fig. 6A). This interaction is characterized by
a decrease in the uorescence intensity of tyrosine and an
increase in the molar absorption of curcumin. We utilized these
spectral properties to outline the binding isotherms. To exclude
the nonspecic binding between the side chains of Y4 and R4 we
used tyrosine in the form of free amino acid instead of FAM-
Y4R4 for uorescence titration with curcumin (Fig. 6B).

We double demonstrate the binding of curcumin to the tyro-
sine side chain using a UV-vis spectrometer (Fig. 6C). We opted to
use phenol instead of FAM-Y4R4 as a representative of the tyrosine
sidechain during the spectral titration. Because our primary focus
was to investigate the p-stacking interaction between the
aromatic portion of Y4 and curcumin. The presence of FAM and
R4 in the spectral titration could potentially complicate the results
by inuencing the molar absorption of curcumin.
© 2024 The Author(s). Published by the Royal Society of Chemistry
We employed a 1 : 1 model (one host to one guest) in
a nonlinear regression algorithm28 to calculate the binding
constants. The Ka values obtained from uorescence and UV-vis
titration were found to be 1.6 × 105 M−1 and 4.6 × 106 M−1

respectively. Taking the average of these two values, the overall
binding constant was determined to be Ka = 2.38 × 106 M−1.
The ability of Y4 to bind strongly to curcumin is a promising
indication for considering our peptide for transporting other
PWSDs into live cells.

Curcumin is widely recognized as an insoluble molecule,
with a solubility of 30 nM (11 ng mL−1) in water.41 However,
when bound to the tyrosines of FAM-Y4R4, the solubility of
curcumin enormously increased to 400 nM. To assess the
solubility of curcumin in the presence and absence of the
peptide, we measured its absorption peak at 425 nm and
extrapolated the concentrations from the curcumin standard
curve.
RSC Adv., 2024, 14, 32460–32470 | 32467
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Fig. 6 Schematic representation of p-stacking interactions between two tyrosine side chains and a curcumin molecule (A). The binding
isotherms of curcumin (Cur) to tyrosine (Y) and phenol (Ph) were depicted in B and C respectively which were obtained through fluorescence and
UV-vis spectral titration, respectively. The insets show the spectral titrations.
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Arginine side chain enters the cavity of CX4. The average
binding strength of CX4 molecules to arginine side chains of
FAM-Y4R4 was measured with IDA method. The obtained
binding strength is Ka (CX4/R4) = 4.5 × 105 M−1 (Fig. S7†). CX4
can weakly bind to FAM with Ka (CX4/FAM) = 3.9 × 104 M−1.42
Cell viability and toxicity assays

To evaluate the toxicity of various samples including the
peptide, curcumin, the peptide/curcumin, the peptide/CX4, the
(peptide/curcumin)/CX4 and CX4 on the cells, MTT viability test
Fig. 7 Viability of MCF-7 cells (left) and A549 cells (right) after incubation
curcumin, FAM-Y4R4/CX4, or (FAM-Y4R4/curcumin)/CX4a. The concentr
and (FAM-Y4R4/curcumin)/CX4 complexes.

32468 | RSC Adv., 2024, 14, 32460–32470
was conducted (Fig. 7). The cells were treated with different
concentrations of the aforementioned samples for 18 hours.
The results indicated that at its highest concentration, FAM-
Y4R4 caused amaximum decrease inMCF-7 cell viability of 20%.
However, when combined with CX4 (FAM-Y4R4/CX4), the cell
viability decreased by 40%. This nding suggests that CX4
drives more peptides into the cells. In the mixture of FAM-Y4R4

and CX4, the concentration of CX4 was xed at 4 mM, which
was signicantly higher than the concentration of the peptide
in the micromolar range. This ensured an excess of CX4
with various concentrations of FAM-Y4R4, curcumin, CX4, FAM-Y4R4/
ation of CX4 was maintained at a maximum of 4 mM in FAM-Y4R4/CX4

© 2024 The Author(s). Published by the Royal Society of Chemistry
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molecules (by 80 times) to ensure accessibility to every argi-
nine's side chain. CX4, even up to 200 mM, did not signicantly
reduce the toxicity of MCF7 and A549 cells beyond 22% (results
not shown in the graph). In vivo studies have demonstrated that
CX4 exhibits no hemolytic toxicity at concentrations up to 5 mM
and does not induce non-specic immunological reactions.43

Curcumin exhibits cytotoxicity in a manner that is depen-
dent on the dosage administered. Notably, the FAM-Y4R4/cur-
cumin and the (FAM-Y4R4/curcumin)/CX4 complexes
demonstrated a more pronounced dose-dependent suppression
of cell growth compared to curcumin alone. To validate these
ndings, we conducted the toxicity experiment on A549 cells.
The results obtained for FAM-Y4R4 and CX4 were consistent with
those observed in the MCF7 cells. However, the peptide/CX4
complex exhibited higher toxicity in MCF7 cells. Conversely,
curcumin and peptide/curcumin showed equal toxicity in both
cell lines, while the (FAM-Y4R4/curcumin)/CX4 complex dis-
played greater toxicity in A549 cells compared to MCF7 cells.
This discrepancy can be attributed to the increased uptake of
the peptide/CX4 complex by A549 cells discussed earlier (Fig. 4),
resulting in a higher uptake of the toxic cargo (curcumin) when
complexed with the cell-penetrating peptide (CPP).

Various carriers for curcumin, including nanoparticles,
hydrogels, nanostructures, liposomes, polymeric micelles,
quantum dots, and polymeric blend lms have been docu-
mented.44 In a recent study, a cyclic peptide was synthesized
and utilized as a carrier for curcumin and doxorubicin. Both
covalent and supramolecular modications were employed to
bind curcumin with the peptide. The covalent modication of
curcumin resulted in reduced toxicity towards LLCPK, SKOV-3,
and CCRF-CEM cell lines. On the other hand, in consistency to
our toxicity results; the supramolecular binding of curcumin/
doxorubicin to the peptide exhibited enhanced efficacy in
killing cancer cells.45

Ratrey et al. used an octaarginine CPP (R8) to bind to cur-
cumin via cation–p interactions. The resulting complex of R8/
curcumin exhibited enhanced antibacterial and anticancer
activity compared to curcumin alone.41 However, directly
engaging the cargo with the sidechain of R8 may hinder its
direct penetration across the cell membrane.7 In contrast, our
peptide utilizes Y4, which exhibits a stronger affinity for cur-
cumin or any other PWSD (peptide-wrapped small drug),
enabling the R4 portion to bind to CX4 and fulll its role in
cellular penetration.

Conclusion

FAM-Y4R4/CX4 complex represents a novel amphipathic CPP
with promising potential. This complex consists of a binding
component (Y4) that hosts PWSDs, and a cell-penetrating
component (R4/CX4) that facilitates the entry of the peptide
into live cells. The shorter length of R4 in this peptide offers an
advantage, as it allows for more efficient synthesis compared to
conventional oligoarginine-based CPPs, which typically contain
7 to 9 arginine residues. Additionally, CPP aggregation oen
leads to reduced effectiveness, but the presence of CX4 in our
complex prevents the side chains of R4 from forming cation–p
© 2024 The Author(s). Published by the Royal Society of Chemistry
interaction with the Y4 sidechain that avoids aggregation and
enhances cell uptake. Importantly, our CPP complex signi-
cantly improves the solubility of curcumin and effectively
delivers it into live cells, thereby enhancing curcumin's anti-
cancer properties.
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