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Abstract: The study shows that RADA-F6 peptide with pH-responsive self-assembling 

nature can be effectively used as a drug delivery system for the sustained release of a potent 

anticancer drug 5-fluorouracil (5-FU) at basic pH. As 5-FU contains the aromatic pyrimidine 

ring, RADA-F6 system is suitable for entrapping an aromatic drug due to effective π–π stacking 

with phenylalanine and be able to show better controlled release behavior. The stability and 

controlled release nature of RADA-F6 in different conditions followed by 5-FU entrapment at in 

silico conditions was confirmed by molecular dynamics simulation taking RADA-16 as control. 

Cytotoxicity of the drug-loaded RADA-F6 was measured by MTT assay and cellular uptake by 

confocal microscopy. Physicochemical characterization and further Western blot analysis and 

flow cytometric studies confirm that RADA-F6 can be successfully used as an efficient vector 

for pH-sensitive, controlled 5-FU delivery system.
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Introduction
An autonomous, ordered organization of materials leading to the formation of specific 

pattern or structure can be termed as self-assembly. At nanoscale level, the molecular 

self-assembly depicts the information encoded in individual objects such as shape, size 

charge, etc.1 Molecular self-assembly utilizes noncovalent interactions such as ionic, 

hydrogen, hydrophobic, van der Waals, and coordination bonds to a greater extent. 

These contribute to the inherent features of the materials, which can be fine tuned by 

altering the interactions.

Self-assembling peptide-based biomaterials were able to uphold their application in 

various fields such as tissue engineering, drug delivery, etc, in recent times.2–4 They put 

forward an attractive platform for designing and synthesizing biomaterials consisting 

of hierarchical nanoarchitectures. Versatile chemical functionalities available through 

side chain of amino acids, in combination with each other, at specific conditions, 

open up new possibilities for the construction of nanomaterials with ultimate desired 

structure and chemical properties. The molecular structure, available charged groups, 

and concentration of peptide lead to the effective formation of self-assembling peptide 

nanofibrous scaffold (SAPNS).5,6 Tailoring the amino acid sequence, concentration of 

the peptide nanofiber, the effective loading and controlled release of drugs from the 

SAPNS can be achieved successfully. Depending upon the specific binding affinities 

between aromatic groups, the aromatic ring containing scaffold would serve as an ideal 

release system for the incorporated functional biomolecules.7,8 Increasing therapeutic 
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efficacy of such controlled drug delivery system (CDDS) can 

be achieved by incorporating suitable peptide architecture 

along with proper drug molecule.

Bioinspired and de novo designed self-assembling pep-

tides have been reported in literature earlier.9–12 RADA-16 

[CH
3
-CO-RADARADARADARADA-CO-NH

2
] is one of 

the SAPNS, which was proved to be effective in variety 

of applications such as encapsulation of proteins,13 growth 

factors,14,15 wound healing,16 scaffold for neural stem cell 

differentiation,17 in vivo bone regeneration, etc.18 Like a value 

addition to scientific traditional knowledge of RADA-16, we 

explored the property of pH-dependent self-assembly and 

controlled release property of an in silico designed peptide 

RADA-F6 [CH
3
-CO-RADARFDARADARADA-CO-NH

2
] 

by introducing phenylalanine at sixth position. RADA-F6 

displays the property of aromatic π–π interaction between the 

sequences followed by other noncovalent interactions, which 

will aid in self-assembly. RADA-F6 was studied further as 

a CDDS for 5-fluorouracil (5-FU), a major drug used in the 

treatment of colon cancer. Colon cancer continues to be the 

major malignancy, which is responsible for higher mortal-

ity rate globally.19 The treatment of 5-FU shows several 

shortcomings such as short biological half-life, poor absorp-

tion due to dihydropyrimidine dehydrogenase enzyme, and 

nonselective action against healthy cells of gastrointestinal 

tract and bone marrow.20,21 To overcome these limitations, 

drug needs to be administered in nanoformulations through 

a biodegradable, biocompatible CDDS.

In the present study, we have designed a sequence RADA-F6 

[CH
3
-CO-RADARFDARADARADA-CO-NH

2
], which 

exhibits the property of forming SAPNS. The introduction 

of phenylalanine leads to effective π–π stacking.7 The self-

assembling behavior, pH stability, and 5-FU release from 

RADA-F6 were analyzed by molecular dynamics (MD) stud-

ies taking RADA-16 as control. As 5-FU contains the aromatic 

pyrimidine ring,22 RADA-F6 system is suitable for entrapping 

an aromatic drug and shows better controlled release. This is 

the first report explaining physicochemical characterization 

and biological evaluation studies of a self-assembling pep-

tide for the release of 5-FU as an anticancer therapeutic. The 

drug-entrapped hydrogel can be given in oral route through 

pH-sensitive polymer-coated capsules.23

Materials and methods
Synthesis of peptide
RADA-F6 peptide was synthesized manually through 

solid-phase peptide synthesis. Fmoc Rink linker was 

utilized in order to get the peptide C-terminal as amide 

(Figure S1).

Preparation of hydrogel
RADA-F6 peptide (5 mg/mL) was dissolved in Milli-Q 

water and Tris–HCl buffer of pH 7.4 and observed for 

gelation behavior. After placing at room temperature for 

few minutes, a well-defined hydrogel was formed via the 

supramolecular self-assembling of the peptide (Figure 1). 

The 5-FU-loaded RADA-F6 was prepared by dissolving 

5-FU in buffer during the formation of SAPNS. For in vitro 

cytotoxicity experiments, different concentrations of 5-FU-

loaded RADA-F6 were prepared from a stock solution of 

Figure 1 Supramolecular self-assembling of peptide.
Notes: (A) 3D structure of RADA-F6, (B) 5-FU-entrapped RADA-F6 hydrogel, (C) blank RADA-F6 hydrogel.
Abbreviations: 5-FU, 5-fluorouracil; 3D, three dimensional.
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5-FU (5 mg/mL of Tris–HCl buffer, pH 7.4) in a serial dilu-

tion manner (peptide:5-FU; 20:1). Similarly, 5-FU-loaded 

RADA-16 hydrogel was prepared to compare the entrapment 

efficiency. Fluorescein isothiocyanate (FITC) (1% wt/v)-

loaded RADA-F6 hydrogel was also prepared for cellular 

uptake experiments.

TEM analysis
Morphological studies of RADA-F6 hydrogel were moni-

tored by a transmission electron microscope (TEM) (JEOL, 

Tokyo, Japan). Five microliters of peptide hydrogel was taken 

on a copper-coated formvar microscopy grid and pictures 

were taken using a Digital Micrograph and Soft Imaging 

Viewer software.

Fluorescence spectroscopy
Measurements of fluorescence were carried out using a 

FP-777 spectrofluorometer (JASCO International, Tokyo, 

Japan). Analysis was done at ambient temperature using a 

quartz cell with a 10 mm path length. In this study, 8-anilino-

1-naphthalenesulfonic acid (ANS) was used to investigate 

the self-assembly peptide fibers as reported in literature.24 

Emission spectra of ANS in aqueous solutions of RADA-F6 

at different concentrations were recorded and excited at 

λ
ex

=356 nm.

Circular dichroism measurement
Circular dichroism (CD) spectra were obtained using a 

JASCO J-820K spectropolarimeter. Wavelength scans were 

recorded at 0.5 nm intervals from 260 to 190 nm, using a 

0.1 cm path length quartz cuvette.25

Molecular dynamics simulation studies
To understand how acidic, neutral, and basic pH affects 

peptides conformation and to have a bird view of 5-FU 

release, we employed molecular dynamics simulations. Initial 

structure of the peptide was build using an external tool such 

as the PyMol builder. The chains were positioned manually 

in the vicinity of the nearby chain to form a bilayer sheet 

with four chains in each layer. Karlsberg+26 web interface 

was used to protonate all the titratable amino acid residues 

in order to have effective pKa values at different pH. MD 

simulations were conducted using GROMACS 4.5.4.27 After 

protonation, the peptides were solvated with the four-point 

transferable intermolecular potential charged molecules in a 

box of dimension (5.712×5.352×3.802 nm). Na and Cl were 

added at a physiological concentration of 0.15 M to provide 

charge neutrality. For each pH systems, initially energy was 

minimized with steepest descent method for 1,000 steps. 

After minimization, a 50 ps of MD simulation was performed 

with position restraints on the peptide to allow the relaxation 

of the solvent molecules.

During MD simulations, the peptide and rest of the sys-

tem were coupled separately to the temperature bath. The 

temperature was maintained close to the intended values 

(300 K) by weak coupling to an external temperature bath 

using a coupling time τT=0.1 ps. The pressure was kept 

constant at P
0
=1 by weak coupling to a bath of constant 

pressure with a coupling time τP=0.5 ps.28 Simulations 

were performed under constant pressure and temperature, 

using periodic boundary conditions and particle mesh Ewald 

electrostatics with short range interactions cutoff of 0.9 nm. 

LINCS algorithm29 was used to constrain all bond lengths. 

For the water molecules, the SETTLE algorithm30 was used. 

A relative dielectric permittivity, ε
r
=1, and a time step of 

2 fs were used. A twin-range cutoff was used for the cal-

culation of nonbonded interactions. The short-range cutoff 

radius was set to 0.8 nm and the long-range cutoff radius 

to 1.4 nm for both Coulombic and Lennard-Jones interac-

tions. No reaction field corrections beyond the long-range 

cutoff were included in the cutoff simulations. Interactions 

within the short-range cutoff were updated every time step, 

whereas interactions within the long-range cutoff were 

updated every five time steps together with the pair-list. 

All atoms were given an initial velocity obtained from a 

Maxwellian distribution at the desired initial temperature. 

MD simulations were run for 1 ns long in case of blank 

RADA-F6 and RADA-16. Then 5-FU-entrapped system of 

RADA-F6 and RADA-16 was simulated for 200 ns. Four 

molecules of 5-FU were kept inside the scaffold to monitor 

for controlled release.

In vitro drug release studies
In vitro release kinetics study of the drug was performed 

to assess the release behavior and stability of the peptide 

hydrogel in different pH conditions. Freshly prepared 

phosphate-buffered saline (PBS) of two different pH values, 

namely acidic (pH 2) and basic (pH 7.8), was opted for the 

experiment. Drug-loaded peptide hydrogel was taken in a 

dialysis membrane (molecular weight cutoff 500 kDa) and 

subjected to shaking at 50 rpm on a rotary shaker at 37°C. 

One milliliter of the reaction mixture was withdrawn at 

different time intervals. The amount of 5-FU released was 

estimated using a UV–Visible Spectrophotometer (Perkin-

Elmer, Lambda 25, Waltham, MA, USA) at an absorbance 

wavelength of 266 nm.

www.dovepress.com
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Cell culture
HCT-116 cells were purchased from American Type Culture 

Collection (ATCC, Manassas, VA, USA) and maintained in 

RPMI supplemented with 10% FBS at 37°C under humidified 

atmosphere containing 5% carbon dioxide. Until reaching 

70% confluence in tissue culture flasks, the cells were 

trypsinized with PBS solution containing 0.25% trypsin and 

0.03% ethylenediaminetetraacetic acid (EDTA). The cells 

were seeded into culture plate as desired and allowed to attach 

for 24 hours. RADA-F6 hydrogel containing 5-FU in cell cul-

ture medium was then diluted to specific concentrations and 

added into the cells. After incubation for predetermined dura-

tions, cells were subsequently analyzed for cellular uptake, 

cytotoxicity, apoptosis assay, and cell cycle analysis.

Cell uptake studies
To study cellular uptake, HCT-116 colon cancer cells were 

cultured in a 12-well plate containing a sterile glass cover 

slip in complete growth media at a density of 8×103 cells 

for 24  hours.  FITC-tagged RADA-F6 was added to the 

culture media at a concentration of 75 µM. After 3 hours 

and 45  minutes of incubation at 37°C, the cells were 

counterstained with Hoechst for 15 minutes. After PBS 

washing, the plasma membrane of cells was stained with Cell 

Mask™ (Thermo Fisher Scientific, Waltham, MA, USA) 

at 1 µM concentration for 2–4 minutes. Then they were 

washed twice with PBS and fixed with 4% paraformaldehyde 

for 30 minutes at room temperature. The cells were again 

washed twice with PBS and mounted using Fluoromount®. 

The slides were analyzed under a confocal laser scanning 

microscope (Nikon Eclipse Ti (AIR), Tokyo, Japan) at a 

wavelength of 405, 488, and 640 nm to view the blue, green, 

and red fluorescence, respectively. Images were captured at 

a magnification of 63× and a scan speed of 400 Hz.

Cytotoxicity assay
MTT reduction assay was performed to assess cell viability. 

Briefly, cells were seeded (5×103 cells/well) in a 96-well 

culture plate and incubated for 24 hours. Cells were treated 

with formulations of 5-FU (10–100 µM) for 24 and 48 hours. 

After the required duration, media were aspirated and 100 µL 

fresh media was added. Ten microliters (10% v/v) of MTT 

(5 mg/mL in PBS) was added to each well, and the plates 

were further incubated for 4 hours at 37°C. The assay deter-

mines cell viability based on the ability of mitochondrial 

dehydrogenase enzyme present in the metabolically active 

cells to convert water soluble yellow compound MTT into 

water-insoluble purple formazan crystals. Four hours after 

incubation, the medium was completely removed and crystals 

formed were dissolved in a 100  µL isopropyl alcohol. 

Therefore, the color yield is proportional to the number of 

metabolically active cells. The optical density was measured 

at 570 nm. Percentage of cell inhibition was calculated by 

the formula: [Absorbance of control – Absorbance of test]/

[Absorbance of control] ×100. Control cells are those cells 

treated with media alone.

Western blot analysis
Cells (1×106) were seeded in 60 mm culture dishes and treated 

with 5-FU (50 µM) for 24 hours. Cells were lysed and the 

total protein content was measured using Bradford’s reagent. 

Sixty micrograms of total protein was loaded for sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE). Immunoblotting was carried out using antibodies 

specific for poly(ADP-ribose) polymerase (PARP) and 

detected using the enhanced chemiluminescence method.

Cell cycle analysis
For flow cytometric analysis, 1×106 cells were seeded in 

60 mm culture dishes for 24 hours. 5-FU treatment (50 µM) 

was given for 24 hours. Trypsinized cell suspensions and 

floated cells were fixed in 70% ethanol. The samples were 

then placed at 4°C until cell cycle analysis. RNA was 

removed by RNAase treatment and stained with propidium 

iodide, and samples were analyzed for DNA content using 

a laser flow cytometer (Becton Dickinson FACS ARIA I; 

BD Biosciences, San Jose, CA, USA) system and results 

were analyzed using a DIVA software.

Statistics
All the measurements were done in triplicate, and results are 

expressed as arithmetic mean ± standard error of the mean.

Results
Preparation of self-assembled nanofibrous 
hydrogel of RADA-F6
Molecular weight of the peptide RADA-F6 (Figure S2) was 

determined by MALDI TOF and purity was checked by high-

performance liquid chromatography (HPLC) (Figure S3). 

The experimental value (1,789.2) agreed very well with the 

calculated value (1,789.2). Hydrogel formation was observed 

by adjusting the pH of Tris–HCl buffer at 7.4. Self-supporting 

elastic hydrogel at different conditions consisting of inter-

connecting fibrillar network was visualized in Figure 1. The 

loading of guest molecules (5-FU, FITC) was not found 

to alter the property of gelation of the synthesized peptide 

hydrogel. Three-dimensional (3D) structure of RADA-F6 

also shows the protrusion of the phenyl ring outside the single 
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RADA-F6 molecule, which was assumed to play a role in 

loading of aromatic guest molecules inside the nanofibrous 

matrix (Figure 1). Optimization of the gelation behavior 

with 5-FU further lead to the confirmation that SAPNS of 

RADA-F6 can be used for drug delivery applications.

Nanostructure of the hydrogels
Interior nanofibrillar morphology leading to the scaf-

fold formation was vividly visualized using TEM. 

Images of self-assembling hydrogel with and with-

out 5-FU  of  RADA-F6 and RADA-16 were shown 

in Figure 2A(a–d). But π stacking from F residue contributes 

some dense network in RADA-F6 compared with RADA-16. 

Both consist of crosslinked network of nanostructures, 

suggesting that the obtained hydrogel was constructed by 

interconnecting nanofibers. The nanofibers organize in a 

form of self-supporting, supramolecular, and stable scaf-

folds. The intensity of the nanofibers was more with 5-FU 

Figure 2 TEM and spectrofluorimetric analysis of hydrogels.
Notes: (A) TEM images: (a) blank RADA-F6, (b) RADA-F6+5-FU, (c) blank RADA-16, (d) RADA-16+5-FU. (B) (a) Spectrofluorimetric analysis of SAPNS of RADA-F6 at 
two different concentrations (150 and 300 μM) using ANS probe.
Abbreviations: TEM, transmission electron microscope; 5-FU, 5-fluorouracil; SAPNS, self-assembling peptide nanofibrous scaffold; ANS, 8-anilino-1-naphthalenesulfonic acid.
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loading compared to the free RADA-F6 at pH 7.4. The 

individual nanofibers formed were of 5–10 nm thickness and 

50–100 nm in length initially and leads to micrometers in 

size. After complete gelation, it is observed that the hydrogel 

matrix consists of dense fibrillar network of peptide, which 

leads to the formation of self-supporting hydrogel.

ANS fluorescent probe was used for the study, to ascer-

tain the amphiphilic nature leading to the self-assembly of 

the peptide. Fluorescence spectra of RADA-F6 nanofibers 

in ANS solutions exhibited an intense peak at 479 nm, 

which showed blue shift compared to spectrum of ANS 

solution, and the intensity was also increased. ANS shows 

emission when binds to a self-assembled peptide moiety at 

a hydrophobic region as described in literature. It is also 

evident from the spectrofluorimetric analysis that intensity 

of fluorescence is increased with increase in concentration. 

It can therefore speculate that specific hydrophobic pockets 

are essential for an ordered supramolecular self-assembly, 

which arises due to phenylalanine in the peptide sequence7 

(Figure 2Ba).

CD measurements revealed the formation of a well-

arranged antiparallel beta sheet of self-assembled peptides 

through the peaks of 196 nm and 215 nm (Figure 3Aa). 

The beta sheet arrangement was disruptive at higher basic 

pH namely 12.5, whereas it was stable at other two pH 

conditions. This substantiates the use of RADA-F6 as an 

efficient DDS at physiological pH. But the drug-entrapped 

system was not showing any significant change in the CD 

pattern. So it can be stated that the drug entrapment does 

not cause any significant change in the geometry of the 

peptide and no reaction takes place between 5-FU and 

RADA-F6 (Figure 3Ab).

Figure 3 CD spectra and comparison energy of hydrogel at different pH.
Notes: (A) CD spectra of RADA-F6 at different conditions: (a) blank RADA-F6 at three different pH, ie, at pH 3, 7.4, and 12.5; (b) comparison of CD pattern of RADA-F6 with 
and without 5-FU. (B) Comparison of energy and SASA of RADA-F6 and RADA-16 for 1,000 ps at different pH conditions (acidic [pH 2], neutral [pH 7], and basic [pH 7.8]).
Abbreviations: CD, circular dichroism; 5-FU, 5-fluorouracil; SASA, solvent accessible surface area: ps, picoseconds.

θ
λ

θ
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Elucidation of mechanism of self-assembly 
and controlled release in silico
MD simulation studies were able to alleviate in elucidating 

the mechanism of self-assembly process of the peptides. The 

newly formed system RADA-F6 at basic pH is at a lower 

energy level of ~10 kJ/mol from acidic pH (pH 2) condi-

tions and hence higher stability as illustrated in Figure 3B. 

At basic pH (pH 7.8), RADA-F6 system was quite stable 

compared to acidic and neutral environment. The introduc-

tion of phenylalanine leads to the formation of a stable 

system which is having a significant energy difference 

of ~200 kJ/mol with that of RADA-16 at three different pH 

conditions (Figures 3B and S4). The presence of phenyla-

lanine in RADA-F6 leads to the formation of well-ordered 

network of peptides with an additive π–π interaction. This 

is an important observation in terms of the stability of the 

designed system in experimental condition.

Solvent accessible surface area (SASA) of the peptide 

was measured. At basic pH, it was low up to 500 ps and found 

to be increasing, an added advantage for better controlled 

release property at basic pH (Figures 3B and S4). The earlier 

observation substantiates the fact that drug can be effectively 

loaded inside the peptide scaffold and a sustained release 

pattern of the drug can be observed from the nanofibrous 

scaffold. The orientation of the scaffolds at different pH and 

time interval suggests less hindered stable geometry at basic 

pH condition (Figure S5).

Further, the sustained release of 5-FU from RADA-F6 

was monitored from the simulation data. From Figure 4A, 

after 200 ns, the 5-FU molecules were started to diffuse 

from the scaffold matrix of RADA-F6. Of the four 5-FU 

molecules placed inside the scaffold, three come to the sur-

face of the peptide scaffold (Figure 4A). But in RADA-16, 

the initial drug molecules are still buried inside the scaffold. 

The energy variation graph during the simulation time was 

illustrated in Figure 4B. This says that RADA-F6 shows 

an energy difference of 13 kJ/mol at the starting point of 

simulation and at the end difference reaches up to 30 kJ/mol 

from the control. The difference still expected to increase 

as time passes by looking at the nature of the graph. The 

earlier observations suggest that RADA-F6 is a suitable 

candidate for controlled delivery of 5-FU. The Phe-5-FU 

interaction is sufficient to hold the drug in the peptide matrix 

and to deliver in a sustained manner. As controlled release 

occurs, the DDS attain stability during the course of time. 

A schematic representation of the 5-FU loading is shown in 

Figure S6. These observations were further confirmed by in 

vitro data of drug release.

Effective loading of 5-FU inside peptide 
nanofibrous scaffold of RADA-F6
In situ preparation of 5-FU-loaded RADA-F6 was accom-

plished by 5-FU encapsulation within the hydrogel network 

along with peptide self-assembly. 5-FU is soluble in water 

and organic solvents such as DMSO, ethanol, methanol, 

or acetone. We used water to solubilize 5-FU. The drug-

entrapped peptide hydrogels were further used for cell 

studies. The drug entrapment efficiency was 94.34%±0.86% 

for RADA-F6, whereas for RADA-16 it was 78.57%±1.2%, 

which indicates the effective loading of 5-FU inside the 

nanofibrous RADA-F6 is due to Phe-5-FU interaction.

To assess the release pattern of 5-FU from RADA-F6, 

in vitro kinetics studies were performed and compared to 

RADA-16. Major aim of the in vitro drug release studies 

was to illustrate the pH-sensitive drug release properties 

of the peptide hydrogel as given in Figure 5A. In acidic 

pH, low concentration of drug was released supporting the 

fact that the stability of the RADA-F6 was considerable for 

the controlled release. The drug release from RADA-F6 

increased as the pH of the buffer was increased. Kinet-

ics studies clearly indicated that the hydrogel matrix of 

RADA-F6 shows pH-sensitive drug release behavior than 

that of RADA-16. At pH 7.8, it was observed that the peptide 

hydrogel showed sustained release pattern over a period of 

time (Figure 5A).

Investigation of nanofiber uptake
The cellular uptake of RADA-F6 in colon cancer cell line 

HCT-116 was studied using FITC-tagged RADA-F6, and 

results showed that the nanofibrous RADA-F6 was internal-

ized as early as 4 hours of incubation. The confocal micro-

scopic images depict that the FITC-loaded peptides (Green) 

were localized in the cytoplasm of the cell, which can be 

visualized clearly by counterstaining it by plasma membrane 

stain (Cell Mask™-Red) and nuclear stain (Hoechst-Blue) 

(Figure 5B).

Significant cytotoxicity of the 
5-FU-loaded RADA-F6
MTT assay revealed that 5-FU-entrapped RADA-F6 exhib-

ited higher cytotoxicity than free 5-FU and 5-FU-entrapped 

RADA-16 over a range of experimental concentrations 

against tumor cell line (Figure 5C). After 24 hours, 23% 

inhibition of HCT-116 cells was observed when the cells 

were treated with 25 µM of 5-FU-entrapped RADA-F6, but 

free 5-FU inhibits 13% and control showed 14.6%. After 

48 hours of treatment with free 5-FU, a cytotoxicity of 31.1% 
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was observed whereas the 5-FU-entrapped RADA-F6 formu-

lation gave an inhibition of 60.8%. The significant amount 

of cytotoxicity of 5-FU-entrapped RADA-F6 hydrogel after 

24 hours was observed for all the concentrations. This is a 

crucial observation with regard to a CDDS. From the dose–

response curve, the IC
50

 value after 48 hours was less than 

10 µM for RADA-F6 with 5-FU, whereas for free 5-FU it was 

65.96 µM. Unmodified peptide RADA-16 with 5-FU showed 

49.92 µM as IC
50

 value (after 48 hours) and blank peptide 

showed negligible amount of inhibition, which confirms the 

biocompatibility of RADA-F6.

Western blotting to detect apoptosis
To understand the mechanism in induction of cell death, 

PARP cleavage assay was carried out. Immunoblotting was 

performed to detect the cleavage of PARP (116 kDa), a DNA 

repairing protein. PARP enzyme is involved in catalyzing 

poly(ADP-ribosyl)ation of a variety of nuclear proteins such 

Figure 4 Release pattern of peptide nanofibrous scaffolds.
Notes: (A) Dynamic behavior of peptide nanofibrous scaffolds and controlled release pattern of four 5-FU molecules entrapped. (B) Variation of energy of RADA-F6 and 
RADA-16 when 5-FU release was monitored for 200 ns.
Abbreviation: 5-FU, 5-fluorouracil.
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Figure 5 In-vitro drug release, cellular uptake and MTT assay of drug loaded hydrogel scaffold.
Notes: (A) In-vitro 5-FU release profile from RADA-F6 and RADA-16 at two different pH, namely, acidic (pH 2) and basic (pH 7.8). (B) Cellular uptake of RADA-F6 by 
HCT-116 cells after 4 hours of incubation. (C) MTT assay of 5-FU-loaded RADA-F6 and RADA-16 at 24 and 48 hours. All data represent mean ± standard deviation (n=3).
Abbreviation: 5-FU, 5-fluorouracil; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; DIC,  differential interference contrast; FITC, fluorescein 
isothiocyanate.

as lamins, histones, topoisomerases, and DNA polymerases 

with nicotinamide adenine dinucleotide as substrate.31 PARP 

activated by binding to DNA strand breaks, and was subse-

quently cleaved by caspase-3 into 89- and 24-kDa fragments 

that contain active site and the DNA-binding domain of the 

enzyme, respectively, during drug-induced apoptosis. This 

cleavage inactivates the enzyme by destroying its ability 

to respond to DNA strand breaks. Immunoblot analysis 
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demonstrated the cleavage of PARP with significant amount 

after 24 hours of treatment with 5-FU-entrapped RADA-F6 

over 5-FU-entrapped RADA-16 and free 5-FU. Since PARP 

cleavage is a hallmark of apoptosis, the result clearly shows 

the efficiency of 5-FU-entrapped RADA-F6 to induce 

apoptosis-mediated cell death (Figure 6A).

Effect on cell cycle progression in 
HCT-116 cells
The influence of 5-FU-entrapped RADA-F6 on cell cycle 

was analyzed by subjecting the nanoparticle-treated cells 

to cell cycle analysis by flow cytometry. Sub-G1 accumu-

lation of cells after 24 hours of treatment with RADA-

F6+5-FU indicates apoptosis. Here, we observed no cell 

cycle arrest in RADA-16 and RADA-F6. 5-FU alone 

demonstrated S-phase cell cycle arrest but upon entrap-

ment with RADA-F6 enhanced sub-G1 arrest (28.2%) than 

RADA-16 as carrier (20.3%). This depicts the superior 

apoptotic activation of RADA-F6 with drug entrapment 

(Figure 6B). This kind of differential growth inhibition 

was described in different human colorectal carcinoma 

cell lines earlier.32

Discussion
Ease of drug loading, high loading capacity, biocompatibil-

ity, reversible character, and biodegradability makes self-

assembling peptide-based nanostructures as an asset in the 

field of drug delivery.1,33,34 Unlike the polymer-based DDS, 

degradation products consist of polymer fragments with 

heterogeneous chain lengths which may present complex 

toxicity profiles. These peptide-based DDS give rise to amino 

acids and drug on degradation. The convenient design and 

synthesis, ease of drug loading, and felicitous physical and 

biological evaluation make RADA-F6 an admirable system 

for the pH-sensitive delivery of 5-FU. Unlike other aromatic 

amino acids (Tyr, Trp, and His), phenylalanine proves to 

be an ideal choice due to its charge and structure which 

retains the beta sheet geometry of RADA-16. Incorporation 

Figure 6 Western blot analysis and cell cycle analysis.
Notes: (A) Western blotting analysis of RADA-F6+5-FU to analyze the cleavage of PARP. (B) FACS analysis of RADA-F6 nanofibers containing 5-FU.
Abbreviations: 5-FU, 5-fluorouracil; FACS, fluorescence-activated cell sorting; PARP, Poly (ADP-ribose) polymerase.
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of phenylalanine at suitable position enhances the property 

of self-assembling behavior and is illustrated in silico and 

in vitro.

The peptide RADA-F6 showed considerable amount 

of gelation with the formation of nanofibrous scaffolds as 

demonstrated in TEM analysis. The initial nanofibers formed 

intertwine with each other in a sequential manner leading to 

the formation of well-ordered nanostructures (Figure 2Aa, b). 

Spectrofluorimetric analysis of RADA-F6 shows the forma-

tion of hydrophobic pockets inside SAPNS by blue shift in 

fluorescence. The presence of polar amino acids such as 

arginine and aspartic acid imparts hydrophilicity to DDS. 

Such an amphiphilicity is a desired character for the DDS 

to be effective.35–38 The inherent beta sheet geometry of the 

peptide was unaltered by the modification in sequence and 

drug loading, as observed in CD spectra. Superior amount 

of 5-FU loading inside the peptide matrix facilitated the use 

of RADA-F6 as an ideal tool for 5-FU delivery. The pro-

pensity about self-assembly, pH sensitivity, 5-FU loading, 

and sustained release from RADA-F6 was clarified by MD 

simulation studies. Further, the pH-sensitive drug release 

profile of 5-FU-entrapped RADA-F6 was able to substantiate 

the sustained release pattern of 5-FU (Figure 5A).

Our biological evaluation vividly depicts the efficacy of 

drug-entrapped peptide for anticancer activity. FITC-tagged 

peptide nanofibers were readily internalized by the HCT-116 

cells as seen in the confocal laser scanning microscope 

analysis. The biocompatibility of RADA-F6 can be witnessed 

by MTT assay (Figure 5C). The significant observation of 

high amount of cytotoxicity by the drug-loaded peptides 

was essential in case of an apt DDS. The drug-entrapped 

RADA-F6 imparts higher amount of cytotoxicity compared 

to the control in a dose- and time-dependent manner. Induc-

tion of cytotoxicity by apoptosis is highly desirable for DDS. 

Apoptosis is a process of an essential tissue homeostasis, and 

regarded as the ideal way to inhibit cancer cell growth.39 The 

induction of apoptosis by RADA-F6+5-FU from Western 

blotting analysis can be viewed as a promising result for 

the cancer treatment through peptide-based drug delivery 

systems. The flow cytometric analysis confirms the mecha-

nism of action of 5-FU at specific phases of cell cycle. The 

earlier observations strongly substantiate our hypothesis of 

RADA-F6 as an ideal DDS to 5-FU.

Conclusion
Combined physical and biological evaluation of RADA-F6 

peptide suggests that it can be successfully used as a pH-

responsive drug delivery system for 5-FU. The synthesized 

peptide showed spontaneous self-assembly providing specific 

pH conditions. The need of a biocompatible pH-responsive 

drug delivery system for 5-FU is inevitable for the treat-

ment of disease like colon cancer. RADA-F6 has its own 

significance  due to considerable stability, pH-dependent 

self-assembling nature, and as a CDDS for 5-FU. Higher 

stability of the peptide was noticeable from the energy graph 

and controlled release was evident from SASA data and 

MD simulation analysis. The antiparallel beta sheet peptide 

showed ergonomic appearance in TEM analysis with marked 

amphiphilicity. The controlled release of 5-FU at basic pH 

and higher cytotoxicity by the induction of apoptosis of 

drug-entrapped RADA-F6 was an added advantage to use 

it as an effective biocompatible pH-sensitive drug delivery 

system. Hence, we are proposing RADA-F6 as an oral DDS 

through pH-sensitive polymer-coated capsules for colon 

cancer treatment.
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