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ABSTRACT: This study reports the self-assembly and
application of a naphthalene diimide (NDI)-appended peptide
amphiphile (PA). H-bonding among the peptide moiety in
conjunction with π-stacking between NDI and hydrophobic
interactions within the alkyl chain are the major driving forces
behind the stepwise aggregation of the PA to form hydrogels.
The PA produced eﬃcient self-assemblies in water, forming
a nanoﬁbrous network that further formed a self-supportive
hydrogel. The molecule followed a three-step self-assembly
mechanism. At a lower concentration (50 μM), it forms
extremely small aggregates with a very low population of the
molecules. With an increase in concentration, spherical aggregates are formed above 450 μM concentration. Importantly,
this water-soluble conjugate was found to be nontoxic, cell permeable, and usable for cell imaging. Moreover, the aggregation
process and consequently the emission behavior are highly responsive to the pH of the medium. Thus, the pH responsive
aggregation and emission behavior has an extended biological application for assessing intracellular pH. The biocompatibility and
intracellular pH determining capability suggest it is a promising candidate for use as a supramolecular material in biomedical
applications.

■

INTRODUCTION
Self-assembly of a diverse range of molecules has aﬀorded competent and attractive approaches for designing various supramolecular constructs.1,2 Utilizing this concept, various nanoarchitectures can potentially be developed through structural
manipulation at the molecular level. Among all the diﬀerent
types of molecules being explored for developing self-assembly,
peptide-based molecules have found widespread use.3−6 Peptide-conjugated amphiphiles (PAs) usually possess the capability of forming a variety of nanoarchitectures ranging from
micelles, capsules, and vesicles to nanoﬁbers, ribbons, and tubes
in aqueous solutions.7−10 Over the years, PAs have emerged
as a new class of molecules owing to their remarkable selfassembly properties and potential applications in biomedical
and other ﬁelds. PAs, be they amphiphilc peptides, lipidated
peptides, or supramolecular peptide amphiphiles, are commonly capable of eﬃcient self-assemblies to form various nanostructures and hydrogels.11,12 These self-assemblies have found
applications in biomineralization, tissue engineering, drug
delivery, and functional nanomaterials to name a few.13−19
On the other hand, arylenediimides like perylenddiimide
(PDI) and naphthalenediimide (NDI) possess remarkable
properties like electron aﬃnity, molecular planarity, redox
© 2017 American Chemical Society

behavior, DNA intercalation, antimicrobial and anticarcinogenicity and hold promise for creating supramolecular functional
materials.20−28Among the arylenediimides, NDI is of particular
interest owing to its smaller size and ease of synthesis. Careful
improvisation and incorporation of the characteristic properties
of both NDIs and short peptides in conjugated structures could
lead to enhanced water solubility and also control over the
aggregation behavior through directional H-bonding interactions.24 Moreover, combining the inherent ﬂuorescence property of NDI with appropriate peptide sequences can lead to a
new generation of materials for in vivo and in vitro sensing.
This could eventually lead to the generation of forward-looking
materials capable of exhibiting a variety of potential applications
as biomaterials.
In the recent past, several studies have been found to be
reported on the self-assembly of diﬀerent types of NDI derivatives
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Scheme 1. (A) Chemical Structure of PA-1 Showing Diﬀerent Interactions and Functional Sites in the Molecule,
(B) Photograph of a 2 wt % (16.9 mM) Hydrogel of PA-1 in Water under UV light, and (C) Pictorial Presentation
of the Stepwise Hierarchical Aggregation of PA-1 to Form a Hydrogel

stepwise mechanism where the molecules undergo a three-step
hierarchical aggregation process. The noncovalent forces
such as hydrophobic interactions, π−π stacking, and hydrogen
bonding are behind the self-assembly process. This watersoluble conjugate was found to be nontoxic and cell permeable,
was used for cell imaging, and has an extended biological
application to assess intracellular pH.

in aqueous or organic medium for the development of functional materials with interesting applications.29−36 However, as
per the record, there are only a few reports on NDI-based
hydrogels and few describing the self-assembly of NDI−peptide
conjugates for the development of supramolecular soft functional materials.37−43
To this end, the development of ﬂuorescent nanostructures capable of penetrating the cell membrane and acting as a
cell imaging agent is an important area of research. Various
ﬂuorophore-appended peptides have been utilized for imaging
and monitoring self-assembly inside live cells.44−46 As the
ﬂuorescence technique provides insight into both physiological
and pathological processes in real-time, the development of
new ﬂuorescent peptide-based hydrogels with the advantages
of ﬂuorescence and self-assembly is highly desirable for biomedical applications. NDI, having strong emission as well as
self-assembly properties, could be an ideal candidate to develop
such a probe. Moreover, with appropriate peptide conjugation,
the self-assembly of NDI−peptide conjugates can be ﬁne-tuned
in a pH-dependent manner,47 which in turn might allow one to
probe the intracellular pH as well.
In this study, we have exploited the aforementioned strategy
toward developing a soft material like hydrogels by attaching
an NDI moiety to a short peptide. We report an asymmetric
NDI-based hydrogelator formed by attaching a C6H13- alkyl
chain to one end and a GKRGDS peptide sequence to the
other (Scheme 1). The RGDS fragment has been incorporated
with the aim to introduce its tumor homing and cell adhesion
properties and, henceforth, to play the twin role of a structural
component as well as a biological ligand.48,49 This peptide
amphiphile (PA-1, Scheme 1) was found to eﬃciently selfassemble in water at physiological conditions and form a ﬁbrous
network, which further formed a self-supportive hydrogel.
Detailed analyses of the formation of the hydrogel revealed a

■

EXPERIMENTAL SECTION

General. Fmoc-rink amide resin and protected amino acids were
purchased from GL Biochem (China). HBTU, diisopropylethylamine
(DIPEA), 1,4,5,8-naphthalenetetracarboxylic acid dianhydride (NDA),
n-hexylamine, 2-deoxy-D-glucose, methyl-β-cyclodextrin (MβCD),
cytochalasin D, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained from Sigma-Aldrich (USA).
Glycine and piperidine were purchased from Merck (India) and used
without further puriﬁcation. HPLC-grade dimethylformamide (DMF)
and acetonitrile were procured from Spectrochem (India) and Fisher
Scientiﬁc (India), respectively. MitoTracker Red CMXRos was
procured from Molecular Probes (USA). For sample preparation,
Milli-Q water with a conductivity of less than 2 μS cm−1 was used.
Chromatographic puriﬁcation of PA-1 was performed on Ultimate
3000 (Dionex). ESI-MS was performed with a Q-tof-micro quadrupole
mass spectrophotometer (Micromass). UV/vis data was recorded with
a PerkinElmer Lambda 35 spectrometer. Circular dichroism (CD)
experiments were performed on a Jasco J-1500 spectropolarimeter.
Fluorescence measurements were performed with a Fluoromax-4
spectroﬂuorometer (HORIBA). Dynamic light scattering and zeta
potentials were measured using Zetasizer Nano-ZS90 (Malvern). Confocal laser scanning microscopic (CLSM) images were recorded on a
TCS SP8 microscope from Leica, Germany. Synthetic detail and characterization data for the intermediate compounds are given in the
Supporting Information.
Synthesis of PA-1. PA-1was prepared manually by the solid-phase
peptide synthesis (SPPS) technique using Rink amide MBHA resin
and Fmoc strategy. The C6-NDI-G (Scheme 1A) unit was prepared
separately in solution phase using the earlier reported synthetic
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protocol (Supporting Information).41 After the deprotection of Rinkamide resin with a 20% piperidine/DMF solution, Fmoc-Ser-OH was
introduced and coupled to the resin followed by Fmoc deprotection
and coupling of the next Fmoc amino acids following the sequence.
In a typical coupling, 4 equiv of protected amino acid (with respect to
the loading of the resin), 4 equiv of HBTU, and 8 equiv of DIPEA
were taken in 5 mL of DMF (for 0.1 mmol scale) and stirred for 5 min
prior to addition of the mixture to resin. The reaction mixture was
shaken for 40 min and the resin was washed several times with DMF.
The Fmoc deprotection and coupling were repeated until the designed
peptide sequence was obtained. After Fmoc deprotection of the
N-terminal Fmoc-Lys(Boc)OH, the C6-NDI-G residue was ﬁnally
coupled to the N-terminal of the peptide sequence. Fmoc deprotection
reactions were carried out using DMF solution containing piperidine
(20%, v/v) for 15 min followed by thorough washing with DMF ﬁve
times. Cleavage from the resin and deprotection of the protecting
groups on the side-chains were performed concurrently with a mixture
95% triﬂuoroacetic acid (TFA) in dichloromethane containing 1%
triethylsilane (TES). After rotary evaporation, the cleaved peptides
were precipitated with cold diethyl ether, washed thrice with cold
ether, and then lyophilized.The crude peptide was puriﬁed using
semipreparative HPLC on a Luna 5 μm (C18) column (Phenomenex)
using a gradient of acetonitrile and water as the eluent for 20 min.
Overall yield after puriﬁcation was 63%. 1H NMR (D2O, 600 MHz):
δ 8.66−8.62 (q, J = 12 Hz, 4H), 5.02−4.99 (d, J = 18 Hz, 1H), 4.92−
4.90 (d, J = 12 Hz, 1H), 4.59−4.57 (t, J = 6 Hz, 2H), 4.38−4.35
(m, J = 6 Hz, 3H), 4.10−4.07 (t, J = 6 Hz, 2H), 3.95−3.80 (m, 6H),
3.22 (s, 1H), 3.12−3.10 (t, J = 6 Hz, 2H), 3.03−3.01 (t, J = 6 Hz, 3H),
2.83 (s, 1H), 2.75−2.71 (m, J = 6 Hz, 3H), 1.92−1.76 (m, J = 6 Hz,
5H), 1.74−1.67 (m, J = 6 Hz, 5H), 1.64−1.59 (m, J = 6 Hz, 3H),
1.54−1.44 (m, J = 6 Hz, 3H), 1.42−1.38 (m, J = 6 Hz, 2H), 1.36−1.28
(m, J = 6 Hz, 5H), 0.87−0.85 (t, J = 6 Hz, 3H) ppm. ESI-MS calcd
for [M + H]+ C43H58N12O13: 951.01; found: 951.45 [M + H]+ and
476.23 [M]2+.
Sample Preparation. The solution of PA-1 for diﬀerent
instrumental analyses was prepared by dissolving the required amount
in Milli-Q water and kept at room temperature before characterization.
All experiments were performed at room temperature unless otherwise
mentioned.
Preparation of the Hydrogel. In a typical experiment, 20 mg of
the peptide was dissolved by shaking in 1 mL of HPLC grade water
(pH 7) in a glass vial with i.d. of 10 mm at room temperature. The vial
was allowed to stand without any disturbance. After 24 h, a transparent
gel was obtained that did not ﬂow downward upon inversion of the
glass vial.
NMR Spectroscopy. 1H NMR spectra were recorded in heavy
water (D2O), DMSO-d6, or a DMSO-d6/water system on an Ascend
600 MHz (Bruker, Coventry, UK). In the case of the temperaturedependent NMR study of the hydrogel, a 72 h mature hydrogel of
PA-1 (3 wt %, 25.35 mM) in D2O was used, and the temperature was
varied from 295 to 348 K. Whenever necessary, spectra were
appropriately water suppressed for clarity.
DLS and Zeta Potential. The particle sizes of the samples were
measured at 298 K using a 632.8 nm He−Ne laser. The samples were
prepared in water, ﬁltered through appropriate ﬁlters to remove dust
particles if present, and then allowed to settle for 24 h before the
measurement.
Field Emission Scanning Electron Microscopy (FESEM).
FESEM samples were prepared by casting 10 μL of PA-1 solutions
on a silicon wafer and dried over CaCl2 in a desiccator overnight
before analyzing the samples on a Gemini SEM 300 (Sigma Zeiss)
instrument.
Transmission Electron Microscope (TEM). TEM samples were
prepared by casting 5 μL of PA-1 solutions on a 300 mesh Cu grid
with a thick carbon ﬁlm (Paciﬁc Grid Tech, USA) and held in air for
2−3 min. Excess solution was then blotted with tissue paper. With a
drop of 2% uranyl acetate solution, the sample was negatively stained
before removing the excess liquid with ﬁlter paper and ﬁnally dried
over CaCl2 in a desiccator. The images were recorded on a JEM-2100
(JEOL) microscope.

Circular Dichroism (CD). CD spectra of aqueous solutions of
PA-1 at various concentrations and pH were recorded by using a
1.2 mL quartz cuvette of 0.5 mm path length with a J-1500 (Jasco)
spectropolarimeter at RT. Spectra were collected at 1 nm intervals and
1 nm bandwidth from 200 to 600 nm.
Surface Tension. The surface tension of the surfactants at the
air/water interface was measured using a tensiometer (Jencon, India)
by du Noüy ring detachment method. Previously prepared concentrated aqueous solutions of the surfactants were added progressively
with Hamilton syringes to a measured quantity of water, gently stirred
for 2 min, and kept in a constant-temperature bath for 10 min without
disturbance to reach equilibrium. The surface tensions of these solutions were then measured in triplicate while maintaining the temperature. Measurement could not be performed beyond 0.7 mM concentration as erroneous data was obtained above that concentration
probably due to high viscosity of the solution.
Rheology. Rheology was measured using Anton PaarRC102
Rheometer (MCR 301, Austria). Oscillating rheology was used to
quantify the ﬁnal mechanical properties of the PA-1 hydrogel. For the
study, 1 mL of hydrogel was utilized. A 50 mm cone plate with a
1° angle conﬁguration was used, and the temperature was set constant
at 25 °C. Storage (G′) and loss (G″) moduli were measured at 0.01%
strain with angular frequency range from 0.1 to 300 rad/s.
Cell Culture. The murine macrophage cell line RAW 264.7 was
maintained at 37 °C/5% CO2 in RPMI 1640 (Invitrogen Life
Technologies, Carlsbad, CA) supplemented with 10% FBS (Gibco
BRL, Grand Island, NY), penicillin (100 U/ml), and streptomycin
(100 μg/mL).
MTT Assay. For the eﬀect of the compound on cell viability to be
assessed, MTT assay was performed. Brieﬂy, 104 cells were plated
in a 96-well plate and treated with diﬀerent concentration of the
compound for 4 h. Thereafter, MTT was added and incubated at
37 °C for 4 h. The formazan crystals were dissolved in the
solubilization buﬀer, and absorbance was recorded at 570 nm. The
extent of cell viability was ascertained as the percent decrease in
viability with respect to control or untreated cells.
Cellular and Subcellular Localization. Cells were plated onto
the coverslips at a density of 103 cells and treated with compound for
4 h. For colocalization experiments, cells were ﬁrst incubated with
MitoTracker Red-CMXRos and then treated with the compound as
mentioned earlier. The cells were then ﬁxed and mounted on slides.
For the uptake mechanism of PA-1 to be ascertained, diﬀerent
inhibitors or treatments were used to block internalization pathways.
First, 50 μM 2-deoxy-D-glucose, 5 mM MβCD, and 2 μM cytoD were
used to deplete cells of ATP, cholesterol, or inhibit actin polymerization. For the roles of serum protein in uptake of PA-1 to be studied,
cells were washed with serum-free media before addition of the PA-1
in nonsupplemented medium. Then, the cells were kept at 4 °C before
addition of PA-1 to understand whether low temperature aﬀects the
uptake of the nanoparticles. Cells were processed as mentioned before
and visualized under an Olympus IX81 microscope equipped with
an FV1000 confocal system using a 100× oil immersion Plan Apo
(N.A. 1.45) objective. The images thus captured were processed using
an Olympus Fluoview (Tokyo, Japan) (version 3.1a) and analyzed by
ImageJ program downloaded from National Institutes of Health
(//rsb.info.nih.gov) and mounted using Adobe Photoshop software.
Lambda Scanning. For the confocal lamda scan study, cells were
incubated with 500 μM of the compound and incubated for 4 h at
37 °C. Thereafter, the cells were ﬁxed and mounted on a glass slide,
and lambda scan was performed where the samples were excited at
350 nm and images were acquired in the emission range of 400−600 nm.
Diﬀerent regions of interest (ROI) of the acquired image were selected
manually, and the corresponding emission spectra were processed using
Olympus Fluoview (Tokyo, Japan) (version 3.1a) and mounted using
Adobe Photoshop software.

■

RESULTS AND DISCUSSION
Design, Synthesis, and Gelation. PA-1 was rationally
designed to incorporate possible noncovalent interaction sites
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Scheme 2. Synthetic Route for PA-1

to promote self-assembly in aqueous medium. The chemical
structure can be divided into three parts: the hydrophobic tail,
π−π interaction region in the form of NDI, and the tumorhoming sequence (RGDS).48,49 The peptide sequence not only
contributes to the biofunctionality of the PA but at the same
time provides enough hydrophilicity to solubilize the molecule
in water as well as hydrogen bond donor−acceptors to give
stability to the aggregated structure. The presence of two
positive (lysine and arginine) and one negative (glutamic acid)
amino acid side chain functionality in the peptide sequence
introduces pH responsiveness to the system. PA-1 was synthesized following the route mentioned in Scheme 2. The
C6-NDI-G part was synthesized utilizing an earlier reported
synthetic protocol.41 This fragment of the peptide was then
attached to the main peptide sequence via SPPS using the
“Fmoc” strategy on rink amide resin. The crude product was
puriﬁed using reverse phase HPLC to obtain the desired
product in good yield (63%) and characterized using NMR and
ESI-MS techniques (m/z = 951.45 [M + H]+ and 476.23
[M]2+). Dissolution of PA-1 in water by shaking and then
incubation at room temperature provided a transparent hydrogel (Scheme 1B). The minimum gelation concentration (MGC)
as noted was 16.9 mM (2 wt %, 16.9 mM). Notably, help of no
other organic solvent was required for solubilization and gelation
of PA-1. The hydrogel remained stable under ambient conditions
over a long period of time (more than 3 months). FESEM and
TEM analysis of matured (24 h) hydrogel samples showed the
presence of a ﬁbrous network (Figure 1A and B). The ﬁbers are a
few μm long with a diameter of ∼100 nm.
Stepwise Aggregation. For the mechanistic details of the
hydrogelation of PA-1 to be determined, the spectroscopic
properties of PA-1 in water were evaluated. The UV absorption
of this NDI−peptide conjugate in water showed two wellresolved absorption bands at 362 and 383 nm with a shoulder
at 345 nm, which is characteristic of the A0−0, A0−1, and A0−2
transitions arising from the NDI core.50,51 Figure 2A shows
the absorption spectra of PA-1 with increasing concentration.
It was observed that, with increasing concentrations of the
peptide conjugate, absorbance increases without any shifting
or broadening of peaks. However, the absorption (for both
362 and 383 nm) vs concentration plot (Figure 2B) shows an
inﬂection point in the enhancement of absorption. The change
was observed at a concentration of 0.050 mM. Similarly, the

Figure 1. FESEM (A, C) and TEM (B, D) images of aqueous gel or
solutions of PA-1 at diﬀerent concentrations. All images are taken from
72 h matured samples.

ﬂuorescence emission spectra (Figure 2C) of aqueous solutions
of PA-1 with increasing concentration exhibited (λex = 360 nm)
two emission bands near 392 and 413 nm whose intensities
were found to increase up to a concentration of around
0.050 mM and then gradually decrease (Figure 2D). The
inﬂection points in the absorption and emission spectra can be
considered as the minimum aggregation concentration
(MAC1) and are a typical feature for NDI-based molecules
where the NDI group forms aggregates through π−π interaction. A broad peak appearing in the emission spectra centered
at ∼500 nm signiﬁes the π−π stacking and was further conﬁrmed through recording the excitation spectra of a 0.075 mM
solution of PA-1 at 392, 413, and 500 nm (Figure S6). Though
the ﬁrst two wavelengths resulted in excitation spectra matching
with the absorption proﬁle, the spectrum recorded at 500 nm
was broad and structureless. The broad spectra conﬁrms the
aggregation at this concentration as well.
However, analysis of samples just above MAC1 (0.075 mM)
by FESEM showed no clear morphology. Further, the samples
were analyzed by DLS, and interestingly, a very small distribution of around 3−5 nm-sized particles were observed (data
not shown). All these results indicate that, above MAC1, the
molecules start stacking and aggregates are formed, but the size
3633
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Figure 2. Concentration dependent (A) absorption and (C) emission spectra of PA-1. Dependence of (B) absorption at 383 and 362 nm and
(C) emission at 413 nm on the concentration of PA-1.

Figure 3. (A) Intensity weighted distribution of particles obtained from DLS measurements of aqueous solutions of PA-1 at diﬀerent concentrations
(dilution from 0.9 mM), (B) average particle sizes obtained at varying concentrations of PA-1, and (C) surface tension vs concentration plot for
PA-1 in water. The experiments were carried out at room temperature.

and population of molecules in these aggregates are very small
and the aggregates are formed due to π−π stacking of the NDI
core as shown in Scheme 1B. These results also indicate a
possible multistep hierarchical aggregation of PA-1 molecules
to form the observed nanoﬁbers in the hydrogel state.
For the self-assembly process to be analyzed further, 0.9 μM
(beyond this concentration, the solution was viscous) aqueous
solution of PA-1 was analyzed by DLS measurements, and two
clear size distributions centered at 60 nm (major) and 392 nm
(minor) were observed (Figure 3A). This solution was
subjected to stepwise dilution and monitored by DLS measurements. Dilution of the solution to 0.8 mM lead to disappearance of the minor distribution at 392 nm. The distribution at
60 nm persisted until 0.45 mM concentration, and with further
dilution, no measurable particles were obtained (only a negligible distribution at 3 nm). A concentration-dependent particle

size distribution plot (Figure 3B) shows a sharp jump in the
average diameter at ∼0.45 mM, which remains unchanged until
0.8 mM. The experiment was repeated three times to ensure
reproducibility. In addition, for the minimum aggregation
concentration to be conﬁrmed, surface tension of the solution of
PA-1 with increasing concentration was recorded (Figure 3C).52
Two distinct inﬂection points were obtained in the concentration
vs surface tension plot at ∼57 and 0.46 mM. These inﬂection
points closely match the data obtained from the UV absorption
and dilution experiments. The dilution experiment along with
surface tension measurements clearly point toward a second order
aggregation above 0.45 mM concentration, which can be termed
MAC2. FESEM and TEM images of the sample of 0.5 mM
concentration showed spherical aggregates of 50−60 nm diameter
(Figure 1C and D). Additionally, CLSM images of the sample
were recorded, and similar spherical aggregates were observed.
3634
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Figure 4. (A) I0/I vs concentration of the PA-1 plot as obtained from the emission spectra; I0 = emission intensity at 413 when [PA-1] = 0.05 mM
and I = emission intensity at 413 at any concentration above 0.05 mM. (B) CD spectra of PA-1 at diﬀerent concentrations. (C) Dependence of the
CD intensity at 392 nm with PA-1 concentration (0.01−0.15 mM and in the inset, 0.1−0.6 mM range). (D) FESEM image of a 0.9 mM PA-1
solution in water (72 h matured) showing the presence of both spherical and ﬁbrous morphologies.

For further information about this secondary aggregation to
be obtained, the emission data was re-evaluated. The intensity
at MAC1 (0.050 mM) was observed to be the highest in the
concentration-dependent study; it was considered as I0, and
subsequent intensities (above MAC1) were considered as I.
When I0/I is plotted against concentration, a clear inﬂection
point at 0.442 mM is observed for both the emission bands
(392 and 413 nm) as can be seen in Figure 4A. The close
coincidence of this value with MAC2 observed from dilution
experiment suggests that, above this concentration range, the
molecules undergo a second order organization.
For more insight to be obtained on the second order aggregation and MAC2, we employed circular dichroism. A concentration-dependent study of PA-1 in water provided some
interesting results. The CD spectrum of PA-1 reveals that the
peptide part adopted a random coil conformation. However,
the presence of the chiral peptide sequence certainly aﬀected
the aggregation of the NDI core. Though there is no induced
circular dichroism (ICD) observed up to a concentration of
∼0.010 mM, above this concentration the ICD is clearly
visible (Figure 4B). A bisignate peak starts appearing above this
concentration with a negative-to-positive crossover near the
absorption maxima (350 nm).53,54 The negative-to-positive
switch indicates the formation of a right-handed helical aggregate.54 Upon increasing the concentration up to 0.6 μM, the
intensity of this bisignated band increases. However, when the
intensity of the peaks are plotted against the concentration of
PA-1, two sharp changes in the intensities are observed at

concentrations of 0.050 and 0.45 mM (Figure 4C). These
jumps in the intensities indicate possible changes in the aggregation patterns at these concentrations. Interestingly, these two
concentrations precisely match with MAC1 (0.050 as mM,
observed from UV and emission) and MAC2 (0.45 mM, as
observed from the dilution experiment), respectively.
In the present system, PA-1 presumably self-assembles in
three steps as shown in Scheme 1C. The NDI core of the
molecule formed smaller aggregates through π−π stacking, and
the minimum concentration at which this aggregation behavior
was observed was termed MAC1 (0.050 mM). Upon increasing
the concentration, these smaller aggregates further assemble to
form spherical aggregates of ∼60 nm diameter above MAC2
(0.45 mM). These spherical aggregates presumably undergo
third-order aggregation to form the ﬁbers that eventually lead
to the formation of the ﬁbrous network of the hydrogel.
Monitoring the third-order aggregation is diﬃcult as the system
becomes viscous and most of the analytical techniques cannot
be utilized. However, in the case of DLS measurements, the
appearance of a minor distribution of 392 nm (Figure 3) at
0.9 mM concentration is an indication of the third-order aggregation. The experiment was repeated several times to conﬁrm
the presence of the distribution at ∼400 nm. Unfortunately,
measurements with samples of higher concentration resulted in
erroneous results owing to the viscous nature of the samples.
Presumably, the spherical aggregates (60 nm) formed above
MAC2 further aggregated to form ﬁbers, and at 0.9 mM concentration, both types of aggregates were present. For this to be
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proven, FESEM images of the sample (0.9 mM) were recorded,
and as expected, spherical aggregates of ∼50−60 nm as well as
some small ﬁberlike structures could be seen in the sample after
careful analysis (Figure 4D). Upon increasing the concentration, the ﬁbers elongated in length, formed longer ﬁbers, and
ﬁnally resulted in hydrogelation. The minimum gelation
concentration can thus be termed MAC3.
As the gelation of PA-1 takes several hours, to obtain insight
into the possibility of any eﬀect of assembly time in addition
to concentration that may be contributing to aggregation, we
performed a time-dependent CD study. The intensity of the
CD signal corresponding to the NDI core (325−475 nm) was
enhanced with time up to 6 h (Figure S8). However, the signal
became structureless and broad. After 6 h, no further change
was observed in the CD signal. As the solution became viscous
after 8 h, measurements could not be performed after this time
period. From this study, it may be concluded that the molecules
aggregate in a thermodynamically controlled fashion,55 and the
ﬁbers obtain their optimal structure at 6 h and subsequently
the hierarchical aggregation of the ﬁbers leads to the formation
of the gel network.
Supramolecular Interactions Involved in the Aggregation. To obtain insight into the supramolecular interactions
involved in the aggregation process, we performed an 1H NMR
study of the hydrogel. A 25.35 mM (3 wt %, 25.35 mM)
hydrogel formed in D2O was subjected to temperature variation
(Figure 5A). At room temperature, all the peaks appeared

The temperature after which no further downﬁeld shift could
be observed can be considered as the melting temperature
for the hydrogel. Importantly, the melting temperature of the
3 wt % (25.35 mM) hydrogel of PA-1, as measured by the vial
inversion method, was found to be 63 °C and closely matches
with the temperature observed from the NMR study (65 °C).
The observed chemical shifts are the result of breaking the
noncovalent interactions involved in the aggregation process.
As external energy is provided to the aggregated structure,
the π−π stacking between the NDI moieties breaks, and the
protons shifted to higher chemical shift values.15 The same
explanation is also applicable for the hydrocarbon chains, which
were bound together through hydrophobic interactions at lower
temperature. An increase in temperature breaks this hydrophobic packing, and the protons appear at their respective
unbound positions. A similar eﬀect of temperature on the
protons corresponding to peptide sequence suggests a probable
hydrogen bonding interaction between the amino acids.
To verify the involvement of hydrogen bonding in the
aggregation process, we performed another set of NMR studies.
Proton NMR were recorded for solutions of PA-1 in DMSO-d6
(a solvent where the molecule does not aggregate) with varying
amounts of water. As can be seen in Figure 5B, four of the
amide protons from the peptide sequence could be identiﬁed in
DMSO-d6. As the water content increases, an upﬁeld shift is
observed for all of these protons.56,57 In the presence of water,
hydrogen bonding between carbonyl oxygens and amide NHs
start forming, and the extent of hydrogen bonding is enhanced
with more water molecules. Though measurements could not
be performed beyond 40% water, these results clearly show the
involvement of hydrogen bonding in the aggregation of PA-1.
pH Sensitivity. The presence of two positively and one
negatively charged side chain functionalities makes the hydrogel
pH responsive. HCl and NaOH solutions (1 M, 10 μL) were
placed separately at the top of two hydrogel samples (2 wt %,
16.9 mM in water). Within a few hours, the sample with acid on
top melted to a clear solution, whereas the other sample
remained unchanged. For understanding pH sensitivity, the
absorption, emission, and CD spectra of PA-1 were recorded at
diﬀerent pH levels. Drastic changes were observed both in the
absorption as well as emission behavior of PA-1 as we move
from acidic to basic pH (Figure 6). With increasing pH value,
both absorption and emission intensities of all peaks decreased.
However, up to pH 7, no change in the A0−0/A0−1 ratio, a
measure of aggregation, was observed as it remained constant at
1.19.51,58 Interestingly, in the basic domain, the ratio decreased
dramatically, and at pH 11, it reached a value of 0.85, which
signiﬁes strong π−π stacking between the NDI groups.
Moreover, a blue-shift of the absorption peaks by 25 nm was
observed along with broadening of the peaks. The shift in the
A0−0/A0−1 ratio in the case of basic medium, as well as the blue
shift, signiﬁes strong H-type aggregation of the NDI core
through π−π stacking in this case.59,60 A similar observation
was also obtained in the case of emission spectra (Figure 6B).
At higher pH, the broad peak at ∼500 nm resulting from aggregation becomes more prominent, suggesting strong aggregation
of the molecules in basic pH.
The eﬀect of pH on the CD spectra was monitored, and
interesting results were obtained. Solutions of PA-1 (0.5 mM,
above MAC2) in buﬀers of diﬀerent pH were subjected to
CD analyses. Notably, at highly acidic conditions, the peptide
adopts α-helical arrangement as observed from the CD signals
(Figure 6C). With increasing pH values, though the α-helical

Figure 5. 1H NMR spectra of PA-1-(A) in D2O at increasing
temperature and (B) in DMSO-d6 with increasing H2O content.
[PA-1] = 3 wt % (25.35 mM). All samples are matured for 72 h.

broad and structureless. With an increase in temperature, the
aromatic protons, 1H signals from the amino acid residues, as
well as the peaks corresponding to the aliphatic hydrocarbon
chain showed a downﬁeld shift. Along with the shift, the peaks
also showed proper splitting. The downﬁeld shift continued
until 65 °C, but after that, no further change was observed.56,57
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Figure 6. (A) Absorption, (B) emission, and (C) CD spectra of 75 μM solutions of PA-1 in buﬀers of diﬀerent pH. (D) Zeta potential values of
0.5 mM solutions of PA-1 in buﬀers of diﬀerent pH. All experiments were carried out at ambient temperature.

CD pattern remains, the intensity decreases, and at pH 7, a
random coil-type arrangement is observed. The random coil
nature is maintained in the entire basic range with continuous
enhancement of the signal intensity. For the overall charge on
the surface of the aggregates to be veriﬁed, ζ-potentials of the
solutions were measured (Figure 6D). Under highly acidic
conditions, the overall charge was observed to be positive and
remained positive up to pH 7. In the higher pH region, the
ζ-potential value decreases, and a negative overall charge is
observed in the entire range up to pH 11.
The above results describe the role of the amino acid side
chains in the formation of the hydrogel. Under acidic conditions, the overall charge on a single molecule is +2; thus, the
molecule becomes highly soluble, and the aggregation process
is aﬀected. Higher solubility eﬀectively leads to higher MAC3
(MGC), and thus in the presence of acid, the 1 wt % (8.45 mM)
gel melts (the MGC noted at pH 5 is ∼4 wt % (33.8 mM)). The
overall charge remains +2 up to pH 7. However, in basic pH, the
overall charge becomes −1, which decreases the solubility of
the molecule and results in the formation of gel at a lower concentration.
Rheology. It is essential to understand the mechanical
properties of the hydrogels as the mechanical strength or elastic
behaviors are directly linked to their applications. To evaluate
the mechanical properties of the hydrogel at neutral pH,
we measured the rheology of a 2 wt % (16.9 mM) hydrogel.
A linear viscoelastic frequency sweep response of PA-1 hydrogel shows plots of G′ and G″ (where G′ is dynamic storage
moduli and G″ is loss moduli) versus angular frequency (ω)
(Figure 7). It is found that G′ and G″ do not vary signiﬁcantly
within the applied range of ω and G′ > G″, suggesting high
elasticity of the hydrogels.

Figure 7. Frequency sweep of dynamic shear modulus for 2 wt %
(16.9 mM) 72 h matured hydrogel of PA-1.

Cytotoxicity. To evaluate the toxicity of PA-1, we performed
MTT assays on RAW264.7 murine macrophages (Figure 8A).
Compound PA-1 was administered to the cells at diﬀerent
concentrations (0.001−0.5 mM) for 4 h, and cell viability was
assessed. No signiﬁcant changes were observed in cell viability
as ascertained by MTT assay (p > 0.05, Figure 8A). The nontoxic nature of the peptide amphiphile makes it an ideal
candidate for biomedical applications.
Intracellular Localization. The noncytotoxic nature of the
PA encouraged us to test its ability for intracellular localization
and pH sensing inside live cells as discussed in the Introduction.
Macrophages being characteristic phagocytic cells are more
advantageous to discern this phenomenon in general, and thus
they were chosen for the cell-based studies. Intracellular localization
3637
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Figure 8. (A) Cell viability using MTT assay and (B) staining of RAW264.7 cells using PA-1 (blue). The cells were merged over bright ﬁeld to
ascertain intracellular localization. (C) Lambda scan images at the indicated wavelengths and (D) the corresponding emission intensity vs
wavelength plots.

Figure 9. Subcellular localization of the compound (green) was ascertained using MitoTracker (red) by analyzing the merged images. The
colocalized pixels give an idea of the degree of correspondence between the luminescence of the green and red pixels.

can be utilized to eﬀectively probe the intracellular pH. To
further understand the subcellular localization of this compound, we looked for its colocalization with that of MitoTracker,
a ﬂuorescent probe that labels mitochondria. We chose
mitochondria above other organelles as the mitochondrial
matrix is alkaline due to constant transport of protons across
the inner membrane by the components of the electron
transport chain, and PA-1 showed aggregational properties in
solution upon increasing pH. The microscopic data revealed
good correspondence between the luminiscence pattern of the
compound and MitoTracker (Figure 9). These results unequivocally demonstrate that PA-1 is cell permeable and has an
extended biological application to assess intracellular pH or
subcellular staining.
Cellular Uptake. To understand the mechanism of uptake
of PA-1, we incubated cells at diﬀerent conditions like lowering of temperature or serum deprivation or in the presence of
inhibitors. Uptake was nearly abolished at 4 °C (94.2% decrease
with respect to control), indicating either membrane rigidiﬁcation

studies showed a scattered cytoplasmic distribution of PA-1
(Figure 8B). As the compound showed prominent aggregation
properties in solution upon increasing the pH of the solution,
we tried to understand whether this property of the compound
can be used to determine the pH at diﬀerent cellular locations.
To this end, lambda scan mode from 400 to 600 nm was
employed at an excitation wavelength of 350 nm. In both
region of interest (ROI)-1 and ROI2, three bands appeared at
approximately 450, 500, and 580 nm (Figure 8D). In the case
of ROI2, the band at 500 nm is much higher than that in the
case of ROI1. As seen in case of the pH-dependent emission
property analyses of PA-1, the band at ∼500 nm signiﬁes the
presence of aggregated molecules. These observations support
the fact that, at speciﬁc locations within the cell (ROI2), the
probe aggregated strongly due to the presence of an alkaline
atmosphere; thus, the intensity of the band at ∼500 nm was
enhanced signiﬁcantly, whereas in neutral or lower pH, the
aggregation is not pronounced and eﬀectively resulted in a
lower intensity band at 500 nm (ROI1). Thus, the molecule
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Figure 10. Mechanism of uptake of PA-1 by macrophages. (A) Representative image of cells exposed to diﬀerent conditions (4 °C or serum starved)
or treated with inhibitors (50 μM 2-deoxy-D-glucose (2-DDG), 5 mM MβCD, 2 μM cytoD, and (B) ﬂuorescence intensity of the images acquired
depicted as percent relative uptake.

concentration, the smaller aggregates were transformed into
spherical aggregates of ∼60 nm diameter. Hierarchical aggregation of these spherical aggregates further leads to the
formation of ﬁbers that eventually form the ﬁbrous network
capable of immobilizing water molecules to form the hydrogel.
The hydrogel was found to be pH sensitive, and at higher pH,
the aggregation was found to be stronger than that under acidic
conditions. PA-1 was found to be nontoxic as ascertained by
MTT assay. The PA functioned as contrast agents for cell
imaging, and intracellular localization studies showed a
scattered cytoplasmic distribution of the compound. As the
compound again showed stronger aggregation in vitro upon
increasing the pH of the solution, we were able to exploit this
property of the compound to determine the pH at diﬀerent
cellular locations. Furthermore, uptake of PA-1 seems to be an
active phagocytic process as treatment with 2-deoxy-D-glucose,
MβCD, or cytoD greatly aﬀected its internalization in
macrophages. These results unequivocally demonstrate that
PA-1 is actively taken up by the cells, is nontoxic, and has an
extended biological application to assess intracellular pH.

or energy depletion can play a role in the uptake process.
To understand the same, we treated the cells with 2-D-deoxyglucose, which showed a 62.8% decrease in PA-1 uptake with
respect to control, indicating that energy depletion indeed plays
important roles in PA-1 uptake (Figure 10). On the other hand,
serum starvation showed a 39.1% decrease with respect to
control, indicating serum proteins have roles in the uptake
mechanism, albeit to a lesser extent. In contrast, cholesterol
depletion or inhibition of actin polymerization resulted in a
similar (54.9 or 56.1%, respectively) decrease in cellular uptake
of PA-1 as opposed to control, indicating that membrane
composition or actin polymerization can both play important
roles in the uptake of PA-1. The ﬂuidity of the membrane
changes upon cholesterol depletion resulting in disruption of
lipid rafts, which aﬀects internalization of particles. Actin
polymerization also plays important roles in phagocytic processes. A similar decline observed upon treatment with these
inhibitors and the fact that these are energy-dependent
processes, ATP depletion would deﬁnitely result in a higher
decline in uptake. Overall, the results indicate that phagocytosis-mediated uptake may be the major mechanism by
which PA-1 is internalized within the cells. How other cell types
might behave in uptake of this molecule is subject to further
study. However, there are studies that have shown that nanostructures are maximally engulfed by macrophages in contrast
to other cells, but uptake of nanoparticles was seen in all of
them, albeit to lesser extent.61 The uptake may also be inﬂuenced by its functional group, uptake kinetics, diﬀerentiation of
the cell in context, and opsonisation by serum proteins.62 Thus,
diﬀerent cells may behave diﬀerently in uptake of the nanomaterials in context and warrants detailed study for individual
cell types. However, future work with this PA warrants investigation as to whether they are immunogenic in nature to be used
for drug-release purposes, which can further be studied using
the macrophage cells.
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