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ABSTRACT: The study of controlling the morphology for designing
advanced supramolecular architectures by tuning the molecular motif at the
elemental level has been rarely carried out. Here, we report the synthesis of
a nicotinic acid-conjugated selenopeptide, which induced the formation of
an unbranched mesoscale elongated tubular morphology. We rationally
designed two additional peptides to find out the decisive role played by the
nitrogen atom (in nicotinic acid) and selenium (in the peptide backbone)
toward the formation of the mesotube. We found that the peptide, devoid
of nitrogen, forms a fibrillar structure, whereas the peptide without
selenium self-assembled into a cylindrical filled rodlike morphology. Here,
we report an entirely different class of peptide inspired from the
selenopeptide chemistry that forms a tubular structure and unambiguously
establish that both nicotinic acid and selenium are essential toward the
formation of such mesotubes.
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■ INTRODUCTION

Molecular self-assembly of biomolecules renders a route to
nanofabrication and is an excellent chemical methodology to
design a new class of nanostructured materials.1−3 Proteins and
peptides, as building blocks for supramolecular self-assemblies,
are particularly important for the fabrication of different
biomimetic functional materials.4,5 Contrary to complex
protein molecules, small peptides have more control over the
different noncovalent interactions responsible for the for-
mation of self-assembled supramolecular structures.6,7 The
ease of peptide synthesis and manipulation as well as control
over peptide length enable fabrication of different nano-
structured materials such as nanofibers, nanoribbons, nano-
tubes, nanorods, and vesicles having different sizes and
properties.8−11 Such self-assemblies are commonly used to
produce different soft biogenic materials with various tunable
properties in nanotechnology and medicine.12−16 For example,
the pendent groups on the surface of self-assembled peptide
nanocarriers have been tuned for site-specific drug deliv-
ery.17,18 It has also been demonstrated that the assembly
inspired from Aβ 42 peptide can be used to provide a scaffold
for stem cell differentiation.19 In addition, the nanoscale
peptide assembly has been reported to exhibit significant
pyroelectric activity along with other physical properties.5,20−22

Selenocysteine (Sec) is found at the active sites of life-
making enzymes such as glutathione peroxidases, thioredoxin
reductases, iodothyronine deiodinases, and formate dehydro-
genases23−25 It has been shown that selenium plays a vital role

in intra−/intermolecular Se···Se, Se···N, Se···O, and Se···H
interactions.26−28 In recent years, structural studies of synthetic
peptides have attracted interest to illustrate various types of
interactions like peptide−peptide and protein−peptide, which
provide deep insights to design new biomolecules with specific
biological importance.29 It should be emphasized that there is a
lack of literature on the structural studies of selenopeptides,
mainly using nuclear magnetic resonance (NMR) spectrosco-
py, which further limits the exploration of various morpho-
logical and biomimetic studies.30,31 Moreover, whether
selenopeptides can indeed form any specific, organized
nanostructures such as tubes, fibers, rods, and spheres are
barely reported in the literature. We have recently reported the
synthesis of a new class of small homoselenopeptides, which
tend to self-assemble in acetonitrile.32

Peptide bioconjugates, a class of compounds that combine
peptides with other biomolecules, provide a platform to
develop new biomaterials.33,34 Such conjugates specifically and
uniquely improve the activity of biomolecules due to their
biofunctionality, biodegradability, and biocompatibility.35,36

The self-assembly of peptides with different biomolecules
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such as biotin, porphyrin, and nucleotides has been explored
by many research groups.36−38 In this regard, small peptide
conjugates are very helpful to understand the role of different
noncovalent interactions in supramolecular self-assem-
blies.33,34,39,40 For instance, aromatic π interactions have
been utilized in nanotube fabrication of homodipeptide
phenylalanine (F) and are exploited to morph wide
nanostructures using different aromatic substituents.41,42 The
transformation of a fibrillar biotin nanostructure to a soft
spherical morphology upon conjugation with di-tryptophan
emphasizes the importance of heteroatoms in the π stacking
interaction along with the hydrogen bonding and van der
Waals interactions.36

While studying the morphology of different heteroseleno-
peptide self-assemblies, we found that nicotinic acid conjugates
of di-selenopeptide form mesoscale tubular aggregates. It is
worth noting that the design and preparation of tubular
structures have attracted great attention due to the wide range
of potential applications in the field of medicine, sensor, and
microelectronics.43 For example, a graphene electrode
modified with a folic acid-conjugated FF nanotube is used to
detect cervical cancer cells that are overexpressed with folate
receptors.44 In addition, polymer conjugates of cyclic poly-
(HPMA) nanotubes have been successfully shown to act as a
nontoxic drug delivery agent.45 Wang et al. have demonstrated
that nanotubes of a polyoxometalate-based metal−organic
framework exhibited high catalytic activity to detoxify sulfur
compounds with oxygen.46 A broad spectrum of organic and
inorganic materials having a diameter from nanometer to
micrometer has been prepared using polymers, biomolecules,
carbon, ceramics, and metals.43 The processing of these
mesoscale materials has been described by different research
groups using various methods; however, peptide-based hollow
tubes with an elevated diameter of few hundred nanometers
(>300 nm) are barely reported in the literature.47 Though the
constitutive molecular structure dictates the size of the tubular
assemblies, the chemical modification of the building blocks
often failed to produce larger-diameter nanotubes.48 It should
be emphasized that such assemblies are exploited as an efficient
catalyst for many chemical reactions owing to the continuous
exposed surface over an extended area.49−51 In addition, due to
the structural benefits, such tubular structures can serve as a
template for synthesis of wider nanowires and nano-
particles.41,52,53

Peptide conjugates of nicotinic acid provide several health
benefits to human and animal skin-care activities. These
compounds are reported to penetrate the basal layer of skin
and help perform various metabolic reactions in the cell.54

Nicotinic acid, a member of the vitamin B family,
physiologically exists as nicotinamide and is a precursor for
the formation of coenzymes NAD and NADP.55 It is well
known that NAD/NADP+ is required to complete the
glutathione peroxidase (GPx) catalytic cycles.56 The utilization
of nicotinic acid in this work as conjugates to selenopeptides
directly emerges from the reported concomitant occurrence of
NAD/NADP+ with the selenoprotein GPx.57 However,
surprisingly, such selenopeptide conjugates are not encoun-
tered in the peptide chemistry. Moreover, this simple
heterocyclic aromatic compound can easily be attached as a
conjugate, which directly allows us to check the role of a single
heteroatom in determining the morphology of the self-
assembled supramolecular structure. Here, we have reported
the formation of nicotinic acid-conjugated selenopeptide

mesotubes via various biophysical techniques. Furthermore,
we have investigated the paramount importance of both
nitrogen (N) and selenium (Se) in mesotube formation of
nicotinic acid−Sec(Bzl)−Sec(Bzl) conjugates.

■ EXPERIMENTAL SECTION
General Remarks. A Rink Amide AM resin was purchased from

Novabiochem. N,N′-Diisopropylcarbodiimide (DIC), 2-(1H-benzo-
triazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU),
and hydroxybenzotriazole (HOBt) were purchased from Sigma-
Aldrich. Fmoc−Sec(Bzl)−OH was prepared using a previously
described procedure, and HPLC-grade solvents, dimethylformamide
(DMF), dichloromethane (DCM), methanol, and diethyl ether, were
used.58

Solid-Phase Peptide Synthesis. The solid-phase peptide
synthesis (SPPS) of the nicotinic acid/benzoic acid conjugates of
(seleno)peptide was performed manually using the Fmoc protocol.59

In brief, 80 mg of Rink Amide resin was swelled for 1 h in DMF
followed by deprotection of the amine group. Fmoc−Sec(Bzl)−-OH
(0.2976 mmol) was dissolved in DMF, and HOBt (0.2976 mmol) and
DIC (0.5952 mmol) were added to this solution. The mixture was
added to the resin and stirred for 6 h. After the completion of the
reaction, the resin was filtered and washed with DMF, methanol,
DCM, and diethyl ether consecutively under vacuum. Then, a 30% v/
v piperidine solution in DMF was used to remove the Fmoc
protecting group by shaking for 25 min followed by washing with
DMF, methanol, and DMF and a deprotection procedure repeated
two times. The same procedure was applied to introduce other Sec/
aminophenylpentanoic acid residues in the peptide chain with Fmoc−
Sec(Bzl)−OH/Fmoc-L-2-aminophenylpentanoic acid (0.1488
mmol), HOBt (22.78 mg, 0.1488 mmol), and DIC (46.08 μL,
0.2976 mmol). On the other hand, few changes were applied for the
coupling of nicotinic acid and benzoic acid. A mixture of nicotinic
acid/benzoic acid (0.1488 mmol), HOBt (0.1488 mmol), TBTU
(0.1488 mmol), and DIC (0.2976 mmol) in DMF was added to the
resin and stirred overnight. After coupling, the resin was washed with
DMF, methanol, DCM, and diethyl ether.

Resin Cleavage. The peptide loaded on resin was treated with
trifluoroacetic acid (TFA, 1650 μL) and water (100 μL) in the
presence of phenol, thioanisole, and ethanedithiol scavengers for 3 h,
and the cleaved peptide was precipitated in chilled diethyl ether kept
at −5 °C for overnight. Finally, centrifugation was carried out and
diethyl ether was then decanted. This step was repeated thrice,
resulting in a white precipitate. Yield: 30−35% (with respect to resin).

Peptide 1. 1H NMR (400 MHz, DMSO) δ 9.03 (d, J = 1.6 Hz,
1H), 8.91 (d, J = 8.0 Hz, 1H), 8.71 (dd, J = 1.6, 3.2 Hz, 1H), 8.32 (d,
J = 7.6 Hz, 1H), 8.21 (m, 1H), 7.56−7.49 (m, 1H), 7.45 (s, 1H), 7.31
(s, 1H), 7.30−7.13 (m, 10H), 4.82−4.71 (m, 1H), 4.46 (m, 1H), 3.88
(s, 2H), 3.81 (s, 2H), 3.03−2.82 (m, 2H), 2.82−2.62 (m, 2H). 13C
NMR (101 MHz, DMSO) δ 172.33, 170.68, 165.60, 152.49, 149.09,
140.07, 140.01, 135.79, 130.02, 129.28, 128.85, 128.76, 126.97,
126.93, 123.92, 54.38, 53.37, 27.19, 27.15, 25.69. 77Se NMR (76
MHz, DMSO) δ 238.125, 230.616; HRMS (ESI+): calcd. for
C26H28KN4O3Se2, [M + K]+ 643.0128; found, 643.0160.

Peptide 2. 1H NMR (400 MHz, DMSO) δ 8.63 (d, J = 7.9 Hz,
1H), 8.24 (d, J = 7.6 Hz, 1H), 7.87 (m, 2H), 7.52 (s, 1H), 7.50−7.48
(m, 1H), 7.48−7.46 (m, 1H), 7.46−7.44 (m, 1H), 7.30−7.14 (m,
11H), 4.78−4.68 (m, 1H), 4.51−4.43 (m, 1H), 3.87 (s, 2H), 3.81 (s,
2H), 3.00−2.83 (m, 2H), 2.82−2.65 (m, 2H). 13C NMR (126 MHz,
DMSO) δ 172.31, 170.91, 167.03, 140.11, 140.01, 134.46, 131.93,
129.29, 128.84, 128.77, 128.73, 128.01, 126.96, 126.93, 66.01, 54.44,
53.29, 27.16, 25.75. 77Se NMR (76 MHz, DMSO) δ 237.486,
230.351; HRMS (ESI+): calcd. for C27H29N3NaO3Se2, [M + Na]+

626.0437; found, 626.0437.
Peptide 3. 1H NMR (400 MHz, DMSO) δ 9.01 (d, J = 1.8 Hz,

1H), 8.73 (d, J = 7.6 Hz, 1H), 8.71−8.66 (m, 1H), 8.19 (dt, J = 8.0,
1.9 Hz, 1H), 7.92 (d, J = 8.2 Hz, 1H), 7.53−7.44 (m, 1H), 7.29 (s,
1H), 7.27−7.09 (m, 10H), 7.01 (s, 1H), 4.51−4.42 (m, 1H), 4.28−
4.19 (m, 1H), 2.64−2.51 (m, 4H), 1.86−1.64 (m, 4H), 1.63−1.50
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(m, 4H). 13C NMR (101 MHz, DMSO) δ 173.91, 171.74, 165.66,
152.40, 149.14, 142.47, 142.41, 135.72, 130.10, 128.72, 128.69,
128.66, 126.14, 126.10, 123.82, 54.13, 52.45, 35.34, 35.28, 32.26,
31.58, 28.01, 27.77; HRMS (ESI+): calcd. for C28H32N4NaO3, [M +
Na]+ 495.2367; found, 495.2367.
Fourier Transform Infrared (FTIR), Circular Dichroism, and

Fluorescence Spectroscopy. The infrared (IR) spectrum of
peptide 1 in acetonitrile was recorded using a PerkinElmer Spectrum
One FTIR spectrometer. Each spectrum was scanned thrice and the
average was taken for the final plot. Thioflavin T (ThT) (0.25 mM)
was prepared in acetonitrile for the ThT fluorescence study. This ThT
solution was mixed with the solution of peptide 1 (0.25 mM) in
acetonitrile and the spectrum was collected using a Varian Cary
Eclipse fluorescence spectrophotometer in standard quartz fluores-
cence cuvettes of 1 cm path. Similarly, the emission spectrum of Nile
Red (NR) was also collected. All the spectroscopic measurements
were performed at room temperature (25 °C).
Transmission Electron Microscopy(TEM), Scanning Electron

Microscopy (SEM), and Atomic Force Microscopy (AFM)
Measurements. Peptides 1, 2, and 3 (0.25 mM) in acetonitrile
were drop-cast on a 400 mesh carbon-coated copper grid and kept in
a vacuum desiccator for overnight. TEM images were collected using
a Philips CM 200 transmission electron microscope at an accelerating
voltage of 200 kV. For SEM imaging, the samples were drop-cast on
an aluminum foil and dried over 24 h under evacuated conditions.
SEM images were collected (10 μL) using a JEOL JSM-7600F field
emission gun scanning electron microscope. For AFM measurement,
10 μL of peptide 1 in acetonitrile was dropped on a freshly cleaved
mica sheet and dried in a vacuum desiccator for overnight. The AFM
measurement was performed in a tapping mode using an atomic force
microscope (Asylum Research, USA) with a 300 kHz silicon nitride
cantilever. It is noted that unlike other many peptides,60 we were
unable to monitor the time-dependent morphological change as the
growth was very rapid and the self-assembly occurred within the
sample preparation time (a few minutes after the dissolution of the
sample). Furthermore, all other experimental conditions such as
solvent and temperature were kept identical for all the three
(seleno)peptides reported here.
Wide-Field Fluorescence Microscopy/Spectroscopy. A

home-built laser-based epifluorescence setup based on an inverted
optical microscope (Nikon Eclipse TE2000-U) was employed for the
fluorescence imaging/spectroscopy of nicotinic acid-conjugated
mesotubes. The sample (0.25 mg/mL of peptide 1) was stained
with 100 μM ThT in acetonitrile. An aliquot of 10 μL of this solution
was drop-cast on a coverslip for spatial visualization. The same
procedure was employed for NR imaging/spectroscopy with a 100
μM NR staining concentration. The details of the home-built setup
are provided elsewhere.61 In brief, 405 and 532 nm DPSS lasers
(Laserglow, models: LRD-0405-PFR-00050-05 and LRS-0532-PFM-
00200-03) were used to excite the ThT- and NR-stained peptide 1
assemblies, respectively, using an objective lens (1.49NA, 60× Nikon,
TIRF), which illuminate a 50 × 50 μm2 sample area. The emissions
from the sample were collected using the same objective lens and
passed through an appropriate dichroic mirror and bandpass filters
(445−530 nm and 590−700 nm for ThT and NR, respectively) and
were eventually imaged using an air-cooled CCD camera (DVC-
1412AM). Typically, images were collected at 100 ms exposure time
and averaged over 20 frames before further image processing. For
spatially resolved spectroscopy measurements of NR-bound peptide 1,
a combination of a slit and a transmission grating (70 g/mm) was
placed just before a sCMOS camera (Hamamatsu ORCA-Flash4.0
V3). The spectral images were collected using a 545 longpass filter at
300 ms exposure time and averaged over 10 frames. The laser power
was varied between 100 and 250 μW for a better single-to-noise ratio.
ImageJ (NIH) was used for background subtraction and further image
processing. All the experiments were performed at room temperature.

■ RESULTS AND DISCUSSION
All the new peptides were synthesized using the conventional
SPPS method using the Rink Amide AM resin as a solid
support. The resin was treated with a mixture of Fmoc-
protected amino acid/nicotinic acid/benzoic acid; DIC, HOBt,
and TBTU dissolved in DMF followed by resin cleavage with
TFA and precipitation in ice-cold diethyl ether (Scheme 1).

The synthesized (seleno)peptides were characterized by high-
resolution mass spectrometry (HRMS) and NMR (1D and
2D) spectroscopy techniques. The peptide powder was
dissolved in acetonitrile at a concentration of 0.25 mg/mL
and sonicated in a hot water bath till a clear solution appeared.
The solution was then cooled down to −4 °C unless it visually
became turbid and was stored for 3 days before any
characterization.
The NMR spectra of the peptides are straightforward, and all

the correlations were recognized in a very facile manner. The
1D and 2D spectra of all the peptides were recorded in
DMSO-d6 (1H, 13C, 77Se, and correlation spectroscopy
(COSY) spectra are shown in the Supporting Information).
The proton signals of the peptides were assigned based on
their position, coupling constant, and integration, and all
crosspeak correlations justified with the 2D NMR spectra. In
all the peptides, the chiral proton peaks were in the range of
3.8−5 ppm and correlation with the secondary amide proton
was in the range of 7.5−9.5 ppm in the COSY spectra. In the
77Se NMR spectra, two peaks were observed in the range of
230−240 ppm, which indicate the presence of monoselenide
from Se.
First, we employed SEM to study the morphology of the

peptide self-assemblies. The low-magnification SEM micro-
graph of peptide 1 (Figure 1a) shows the high density of
unbranched well-ordered extremely long tubular structures.
Such hollow morphology is very evident from the opening end
of tubes along with the contrast difference between the center
and the shell. Blown-up images of the opening of the tubes are
shown in Figure 1b. Here, it is important to note that all the
tubular structures are remarkably straight with a persistent
length of more than a few microns, and bent morphology has
not been observed. In addition, the nearly circular opening
ends of the tube suggest that the assembly did not collapse on
the substrate even under dry state, which is in contrast to the
frequently observed tubular structures made up of peptides
inspired from protein residues.9,62,63 This is further supported

Scheme 1. Synthesis of Designed Peptides 1, 2, and 3 Using
Fmoc−Sec(Bzl)−OH as a Precursor
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by the topological profile shown in Figure S15 obtained using
an AFM in the dry state where the height (∼250 nm) is much
larger than that of the softer nanotubes reported earlier62 and
is comparable to the lateral dimension of the tubes. It should
be noted that the lateral aspect in the AFM provides the
convolution of the size of the tube and tip’s radius of curvature,
which causes an apparent larger size of the mesotube. The high
persistent length (> few μm), circular opening ends, and an
intact morphology (not collapsed) on the substrate indicate
that the tubular assembly of peptide 1 is rather inflexible and
therefore is not a soft tube.64 Moreover, to determine the
structure of the tubes in solution, we performed a cryo-SEM
analysis. The cryo-SEM images proved that the tubular
construction (Figure S16) is retained in solution, which
eliminates the possibility of drying artifacts on the substrate.
The SEM images show that the tube diameter is not very

homogeneous and sometimes varies along the tube. To obtain
reliable information about the distribution of diameter and to
explore the tubular assembly, we employed TEM. TEM images
of the peptide 1 assembly without any negative staining show
an unbranched elongated long mesoscale tubular structure, as
shown in Figure 2. The high persistent length and unusually
straight morphology is again evident from the TEM images,
consistent with the SEM data. Figure 2b shows the statistical
distribution of the tube’s diameters with a mean of ∼500 nm.
To generate the distribution of the tube diameter, we
selectively chose those tubes whose radius does not change
much beyond the long tubular axis. It should be noted that the
striking contrast difference between the shell and the center of
these tubes is difficult to be observed due to the stiffer organic
mesoscale architecture. However, tubes with a smaller
diameter (<300 nm) can be observed at a higher resolution,
and one of those is shown in Figure 2c (right panel). It should
be pointed out that the wall thickness of the tube cannot be
measured exactly from the SEM images, as the spatial
information below 10 nm is not reliable. Moreover, the
TEM analysis is unable to provide the wall thickness of these
stiffer mesoscale organic tubes.
To understand the conformation of the peptide in the

tubular structure, we employed FTIR spectroscopy. The
spectra of the tubular assembly exhibits a peak at 1632 cm−1

at the amide I region (Figure 3a).65 This peak is consistent
with the β-sheet-like conformation similar to the previously

reported dipeptide nanotubes and amyloid fibrils62 for which
the band at 1437 cm−1 corresponds to the −CH2 deformation
mode.66 The molecular arrangement of peptide 1 in the
tubular assembly is further studied by X-ray fiber diffraction
(Figure 3b), which shows two prominent reflections at 4.75 Å
and 9.90 Å. We assign the peak at 4.75 Å to the inter β-sheet
distance arising from the tubular assembly.67 The occurrence
of one kind of morphology (∼mesotube) in solution as
confirmed by cryo-SEM, the β-sheet conformation of the
morphology from FTIR, and the well-ordered arrangement of
the peptides in the structure indicate that the observed
mesotube has a contiguous uniform conformation along the
tube.
The formation of the mesotube from a short peptide is

fascinating when viewed in the context of nanotube formation
from amyloid β peptide-inspired fragments. It has been
reported that Aβ (16−22), a fragment of a biologically
relevant Aβ (1−42) peptide, can form a nanotube at pH = 2,
which exploits the β-sheet lamination tendency of amyloid
fibrils.62,63 Moreover, a dipeptide of phenylalanine based on Aβ
(19−20) self-assembles into discrete nanotubes, which shows
similar biophysical properties to amyloid fibrils.41 In order to
find out the amyloidogenic nature of our peptide assembly,
fluorescence enhancement of the benzothiazole dye ThT was

Figure 1. Self-assembly of nicotinic acid-conjugated selenopeptide
(peptide 1) into a well-ordered tubular morphology. (a) Low-
magnification SEM image of a region full of tubular supramolecular
architectures. (b) Four regions of interest showing individual tubes at
a higher magnification. The scale bar in the right panel of (b) is 500
nm.

Figure 2. Morphological investigation of the peptide 1 assembly. (a)
TEM image of highly dense exceptionally straight tubes elongated to
several microns; (b) statistical distribution of diameters from 144
individual mesotubes; and (c) individual mesotubes at a higher
magnification. The scale bar in the right panel of (c) is 500 nm.

Figure 3. Molecular arrangement of peptide 1 (0.25 mg/mL). (a)
FTIR spectrum of the amide I region and (b) X-ray fiber diffraction
highlighting the reflections of two major repeating units in the
mesotube architecture.
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monitored.68 We have found enhanced fluorescence of ThT
upon the addition of peptide 1, which indicates the presence of
an amyloidogenic core in the tubular structure (Figure 4a).

The spatial visualization of ThT fluorescence enhancement
from the tubular structure was performed by employing
epifluorescence microscopy by casting the solution on a
substrate. Figure 4b shows the fluorescence micrograph
obtained from 100 μM ThT and 0.25 mg/mL of peptide 1
in acetonitrile. The augmented fluorescence and the high
persistent length of the tubular assembly are clearly visible
from the exceptionally straight spatially separated tubular
structure against a weak background. Interestingly, the higher
contrast of the ThT fluorescence intensity along the edge
compared to the center of tubes provides strong evidence for
the hollow structure of the supramolecular assembly. Visual-
ization of the hollow structure by fluorescence microscopy
with a dimension just 2−3 times higher than the diffraction
limit (∼200 nm) is only possible if tubes do not collapse on
the substrate and thereby support the stiff nature of the tubular
morphology.
To explore the polarity of the exposed surfaces of these

supramolecular structures, we incubated the tubular assembly
with another amyloid-binding dye, NR,69 of 100 μM in
acetonitrile and collected the spatially resolved emission
spectra from the separated mesotubes. The emission spectra
of NR exhibited different extent of Stokes shift in different
solvents depending on the polarity70 as shown in Figure S18a.
Therefore, the spectroscopy result of individual mesotubes
stained with NR can predict the local polarity of the
environments where they are bound. Figure S18b shows that
NR binds to the peptide 1 tubes, and the emission spectrum
(Figure 4c) collected from 32 spatially resolved tubes (red, full
circle) are more hydrophobic than acetonitrile (red open
circle), and the dielectric constant corresponds to ∼20.
In order to find out the role of nicotinic acid and Se in the

context of tube formation, we have synthesized two peptides
using the same methods. Peptide 2, without nicotinic acid, was
designed to find out the involvement of N (nicotinic acid),
while peptide 3, without Se, was designed to form a
supramolecular assembly through noncovalent interactions.

The design of such peptides where elements are replaced
directly at the atomic level has rarely been done before. The
SEM images shown in Figure 5a show that peptide 2 is capable

of forming a self-assembled nanostructure. Here, the nanofibril
formation is very evident. However, no tubular assembly like
peptide 1 self-assembly was observed for peptide 2. We
conducted a TEM analysis to check whether this nano-
morphology is made up of very small diameter tubes or not.
The TEM image shown in Figure 5b shows that these are
indeed nanofibrils and not a tube and the structures are not as
straight as peptide 1, reflecting a lesser stiffer nanostructure.
These results indicate that the N atom of nicotinic acid in
peptide 1 is crucial for mesotube formation. Figure 5c shows
the distinct morphology of peptide 3 self-assembly compared
to peptide 1 and peptide 2. Here, a rodlike long straight
morphology is evident; however, the majority of the structures
are filled rods, while we rarely find them to be hollow. The
right panel of Figure 5c shows one such filled rod recorded at a
higher magnification from the area shown as a dotted line in
the left panel. Figure 5d shows the TEM image of the self-
assembled structure of peptides 3 that has a rodlike
morphology. The morphological analysis of peptide 3 indicates
that the Se atom facilitates mesotube formation in peptide 1.
Surprisingly, the equimolecular mixture of peptides 2 and 3
does not produce any tubular morphology but instead forms
spatially segregated filled rods and nearly network structures
analogous to their individual peptides (Figure S19).
Based on the above facts and observations, we infer that

both the Se atom and the N atom of nicotinic acid in the
dipeptide play an essential role in mesotube formation. The
existing literature on diverse kinds of intra- and intermolecular
interactions with Se atom26−28 along with the necessity of both
N and Se atoms indicates that Se···N interactions or the
conformational changes induced by the Se and N atoms in the
dipeptide 1 are likely to morph the supramolecular assembly
into a mesotubular structure. It is relevant to mention that it

Figure 4. Amyloidogenic nature and surface polarity of peptide 1
mesotubes. (a) ThT fluorescence enhancement when bound to
mesotubes (green, filled circle) compared to an unbound scenario
(green, open circle). (b) Fluorescence image of ThT-labeled peptide
1 mesotubes spin-cast on coverslips. (c) Normalized fluorescence
spectra of solvatochromic dye NR collected from spatially separated
32 mesotubes (red, filled circle) and bulk NR (red, open circle).

Figure 5. The role of Se and N (in nicotinic acid) atoms toward
mesotube formation. (a) The left panel shows the low-magnification
SEM image of a region of peptide 2 (0.25 mg/mL) self-assembly as a
fibrillar morphology. The right panel shows the highlighted area under
a higher magnification. (b) TEM image of peptide 2 (0.25 mg/mL)
assembly. (c) The left panel shows the SEM image of a field of
discrete peptide 3 (0.25 mg/mL) self-assembly. The right panel shows
the highlighted region when viewed under a higher magnification as a
cylindrical filled rod. (d) TEM image of peptide 3 (0.25 mg/mL)
assembly.
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still remains unclear as to why certain selenopeptides form
nanoscale amyloid fibrillar assemblies,32 while peptide 1 (or 3)
assembles into a much larger, mesoscale tubular (or rodlike)
architecture.
We propose a plausible molecular construction of the

tubular architecture from peptide 1, schematically depicted in
Figure S20. The similarity of the biophysical characteristics to
the amyloid fibril/nanotube structure indicates that amyloidlike
aggregation likely induces, perhaps indirectly, a mesoscale
tubular architecture. The FTIR peak at 1632 cm−1 and the
enhanced emission of ThT suggest that the array of peptide 1
strands arranged to form the secondary structures resembles
cross β-sheets. The noncovalent interactions that connect
these small peptides to form a strand within β-sheets and the
laminations among the β-sheets are likely to be induced by
Se···N interactions or the conformational organization by the
Se and N atoms. The X-ray fiber diffraction indicates that such
strands within the individual β-sheet are separated by 4.75 Å,
while the β-sheets are laminated 9.90 Å apart. Based on the
amyloidogenic signature of the tubular morphology,62 the β-
sheets are arranged parallel to the tube axis, while the β-strands
run perpendicular to the axis (Figure S20). A detailed
molecular simulation62 of these peptides with Se as a
heteroatom can perhaps provide deeper insights into the
molecular interaction(s) leading to mesoscale tubular
structures and corroborate the validity of our model.

■ CONCLUSIONS
We report the design and synthesis of the nicotinic acid
conjugates of selenopeptides by the SPPS method and found
that the various intra−/intermolecular noncovalent interac-
tions (involving Se) resulted in self-aggregation into a
mesoscale elongated stiff tubular architecture. This compound
provides a new building block for the formation of a peptide-
based tubular morphology, which has wide applications but
limited to a few molecular platforms. Furthermore, we have
demonstrated that both N (in nicotinic acid) and Se atoms are
the key elements for the formation of such mesotubes by
designing appropriate peptides. Moreover, this work lays a
platform to study the broad kind of morphology, which stems
from the delicate balance of the supramolecular interactions of
the peptides at the elemental levels, and to control the nature
of peptide aggregation in the future. This reported peptide
with a diameter of few hundred nanometers will open up a
wide range of applications in catalysis, drug delivery,
biosensors, and biomineralization.
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